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ABSTRACT 

Eleanna Martha Lyman Varangis: Persistent Neurocognitive Effects of Concussion in Middle-

Adulthood 

(Under the direction of Kelly S. Giovanello & Kevin M. Guskiewicz) 

 

Past studies on the persistent effects of concussions on neurocognitive health have 

suggested that former athletes in younger and older adulthood are at risk for persistent cognitive 

impairment, functional neural inefficiency, and loss of structural neural integrity. However, few 

studies have focused on the effects of concussions on these measures in former athletes in 

middle-adulthood in order to gain a more complete picture of neurocognitive health in the 

lifespan of former athletes. The present study utilized a sample of former collegiate athletes to 

examine neurocognitive health in middle-adulthood via cognitive testing, a functional magnetic 

resonance imaging scan assessing neural connectivity during a memory binding task, and 

analysis of white matter integrity along tracts implicated in the neuropathology of concussive 

and neurodegenerative injury. Based on past research, former athletes with a history of 

concussions were hypothesized to perform worse on tasks involving high demands on cognitive 

control and memory, and to show impaired modulation of functional connectivity and 

compromised structural neural integrity. Results from these analyses showed few differences 

between athletes with and without a history of concussions: athletes with a history of 

concussions performed within the normal range on standard cognitive assessments, performed 

equivalently to athletes with no history of concussions on a task of memory binding, and showed 

no evidence of reduced white matter integrity. However, former football players with a history of 
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concussions showed inefficient patterns of functional connectivity between a task-relevant and 

task-irrelevant network. Thus, concussion history may not be consistently associated with 

widespread neurocognitive dysfunction in middle-adulthood, but it may be associated with 

inefficient recruitment of cognitive neural networks during a challenging cognitive task. These 

results have implications for the long-term neurocognitive health of these former football 

athletes, and raise concerns about the effects of concussion history on more subtle expressions of 

reduced cognitive reserve throughout the aging process.  
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I. INTRODUCTION 

  In the study of the persistent effects of concussions on neurocognitive health, there are 

several considerations to be made in evaluating risk for development of persistent impairment. 

Existing research has primarily been stratified based on cause of concussion (all-cause vs. sport-

related concussion) and time since injury (acute vs. long-term effects). As such, there are four 

key subdivisions in the field of concussion research: acute effects of all-cause concussions, long-

term effects of all-cause concussions, acute effects of sport-related concussions, and long-term 

effects of sport-related concussions. Over the past few decades, extensive research has probed 

the acute effects of all-cause and sport-related concussions, and has begun to examine the long-

term effects of all-cause concussions, but it is the last category, the long-term effects of sport-

related concussions, that has yet to be fully explored and arguably represents the greatest risk to 

current and former athletes.  

Studies on the effects of acute concussion have suggested that in the short-term, 

symptoms of concussion can be divided into three primary categories: somatic symptoms, 

cognitive symptoms, and affective symptoms (McCrea et al., 2003). In most cases, these 

symptoms resolve within 7-10 days (McCrea et al., 2003), however recovery may be more 

difficult or more prolonged for individuals who have experienced concussions in the past 

(Collins et al., 2002; Guskiewicz et al., 2003; Schulz et al., 2004). Additionally, recently concern 

has been raised over whether recurrent discrete concussive injuries might result in accumulated 

damage in the brain, giving rise to long-term health concerns in aging (Manley et al., 2017; 

Omalu et al., 2005).  
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Studies examining the effects of a single concussive injury (regardless of cause) have 

been able to thoroughly characterize the effects of a single isolated injury; however, these fall 

short in their ability to adequately detail the effects of concussions as they occur in an athletic 

environment. Concussions that occur in an athletic environment are made more complicated by 

the fact that in many athletic environments, head impacts may be an inherent element of athletic 

participation, and concussive or sub-concussive events occur frequently in practice and 

competition (CDC, 2007; Kerr et al., 2015; Prevention, 2011). As such, athletic concussions may 

represent a substantially different mechanism and type of injury that could make athletes in 

particular more vulnerable to experiencing multiple concussions, and thus more vulnerable to the 

consequences of head impacts and concussive injuries.  

One point of controversy in the field of concussion research is the debate over whether 

discrete concussions or repeated sub-concussive hits to the head are responsible for the long-term 

dysfunction observed in athletes with a history of participation in contact sport who have 

sustained concussions. Several studies have pointed towards repeated blows to the head as the 

culprit (Bailes, Petraglia, Omalu, Nauman, & Talavage, 2013; Baugh et al., 2012; Churchill, 

Hutchison, Di Battista, Graham, & Schweizer, 2017; Gavett, Stern, & McKee, 2011; McAllister 

& McCrea, 2017; Miyashita, Diakogeorgiou, & Marrie, 2017; Montenigro et al., 2017; R. A. 

Stern et al., 2011), or early exposure to contact sport (Stamm, Bourlas, et al., 2015; Stamm, 

Koerte, et al., 2015), while others have maintained that it is multiple unique concussive events 

and not subconcussive impacts that are associated with these patterns of impairment (Gysland et 

al., 2012; also see studies cited below). Thus, in addition to elucidating the types of deficits that 

can be observed in former contact sport athletes, it may also be necessary to determine whether 

these deficits are associated with history of specific concussive episodes, or are a result of 
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cumulative neural injury from repetitive head impacts sustained through participation in contact 

sport.  

Based on the current state of concussion research, it is clear that there remains much to be 

clarified about the scope of the long-term effects of repeat sport-related concussions or 

subconcussive episodes. Since we know athletes to be at heightened risk for sustaining a 

concussive/subconcussive injury, and since many of the long-term effects of repeat head impacts 

have yet to be fully explored, this is an area of critical importance in protecting former, current, 

and future athletes. Further, in the studies reviewed below, it is evident that there is also a gap in 

our study of such long-term effects: most studies on the long-term effects of concussions either 

study recently active younger athletes or athletes who have been retired from participation in 

sport for decades. While these studies provide us with important context for the long-term effects 

of concussions we might expect to see in former athletes, they gloss over a large period of 

middle-adulthood that may provide critical information about how the long-term effects of head 

impacts may change or develop over the lifespan. 

In order to target an under-studied question in this missing age group, the present study of 

athletes in middle-adulthood specifically focused on the effects of concussion history and head 

impacts on three different indices of neurocognitive health: (Aim 1) behavioral measures of 

cognitive function, (Aim 2) functional connectivity between neural networks during a cognitive 

task, and (Aim 3) indices of white matter health and integrity. Participants in the current study 

were former collegiate football athletes with or without a history of participation in football 

(non-contact athletes and football athletes), and within the sample of football players, with and 

without a history of concussions (low concussion football and high concussion football). All 

participants (non-contact and football athletes) completed tasks measuring each primary domain 
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of cognition (attention, working memory, inhibition, language, and memory) and a diffusion 

tensor imaging (DTI) scan assessing whole-brain white matter integrity, and former football 

athletes also completed a task of memory binding during a functional magnetic resonance 

imaging (fMRI) blood oxygen level-dependent (BOLD) scan measuring functional connectivity 

during the encoding portion of the in-scanner task. The combination of these measures enabled a 

more holistic view of the effects of neural insult sustained earlier in life on long-term 

neurocognitive health. 

Below, I review the existing research assessing the long-term effects of repeat sport-

related concussion on cognitive performance, neural functioning, and structural neural integrity 

in order to inform the present study of these indices within a sample of former athletes in middle-

adulthood. First, I review literature on the persistent cognitive deficits in younger and retired 

athletes with a history of concussion, and discuss how domain of impairment (attention, working 

memory, inhibition, language, and memory) varies critically as a function of time since injury. 

Second, I describe literature within the field of concussion discussing the utility of fMRI as a 

tool for studying the long-term effects of concussion history on neural functioning and efficiency 

in younger and older adults with a history of concussions. Lastly, I discuss research on the 

effects of concussion history on white matter integrity as a function of time since injury, 

covering the effects observed soon after concussion through those seen in older adults with a past 

history of concussions.  

Aim 1: Effects of Concussion on Cognitive Measures 

Recent research has focused on the potential for concussive symptoms lingering beyond 

the acute recovery phase. One subset of lingering symptoms that the scientific community has 

increasingly focused on is that of cognitive symptoms, specifically regarding their potential link 
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to neurodegenerative disease (Lehman, Hein, Baron, & Gersic, 2012). Thus, many studies to date 

have examined the effect of concussions on cognitive outcomes in both younger and older adults. 

Some of these studies have found no effect of concussion history on cognitive functioning. 

However, relatively more studies have suggested some link between concussion history and 

deficits in one of five key domains of cognition: attention, working memory, inhibition, 

language, and memory. 

No effects on cognitive tasks. Some researchers who have examined the persistent 

effects of concussion history on cognitive health in young adults have found no effect of 

concussion history or exposure to head impacts on cognitive measures (Bruce & Echemendia, 

2009; Collie, McCrory, & Makdissi, 2006; Guskiewicz, 2002; Straume-Naesheim, Andersen, 

Dvorak, & Bahr, 2005). However, a crucial aspect of these studies is that none examined neural 

indices of cognitive health. In fact, several additional studies that found no effect of concussion 

history on cognitive status in young adults did document an effect of concussion history on 

neural health as measured through volumetric analysis of structural MRI (Meier, Bellgowan, 

Bergamino, Ling, & Mayer, 2015), as well as functional analysis of event-related potentials 

(Broglio, Pontifex, O'Connor, & Hillman, 2009; De Beaumont, Brisson, Lassonde, & Jolicoeur, 

2007; Theriault, De Beaumont, Tremblay, Lassonde, & Jolicoeur, 2011). Thus, despite some 

studies in young adults indicating no lingering effects of concussions or head impacts on 

cognitive health, history of head impacts may have some long-term effects on neurocognitive 

functioning that may come to affect cognitive functioning later in life. Further, since no studies 

assessing the long-term cognitive effects of concussions in older adults found no cognitive 

deficits linked to concussion history, it could be the case that these persistent neural effects in the 
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absence of cognitive deficits in younger adults are associated with risk for future cognitive 

impairment.   

Effects on tasks of attention. One of the deficits associated with a history of 

concussions in young adults is in attentional processing. Attention is a domain of cognition 

critical towards the ability to direct cognitive processing resources towards specific, relevant 

aspects of the environment, while suppressing processing of irrelevant aspects of the 

environment. Past research on attentional processing in young adults with a history of multiple 

concussions found deficits in basic aspects of attention in this sample (Baillargeon, Lassonde, 

Leclerc, & Ellemberg, 2012; Terry et al., 2012). These deficits point to the fact that even at a 

young age, deficits in a core cognitive domain may arise as a function of past concussive injury. 

Additionally, in the only existing study specifically assessing neurocognitive functioning in 

middle-adulthood, former football players who had a higher genetic risk for accrued brain injury 

from head trauma (APOE-ε4 positive) showed deficits in attentional processing (Kutner, 

Erlanger, Tsai, Jordan, & Relkin, 2000). Despite these early-emerging persistent deficits in 

attentional processing in young adults, no studies examining cognitive functioning in older adults 

with a history of concussions have found deficits in attentional processing. Thus, these studies 

suggest that these deficits in attention that are linked to concussion history emerge early, but 

their absence in older adulthood suggests that over time they may be masked in the context of 

high variability in cognitive function during cognitive aging. Based on findings in young adults 

that concussion history is linked to deficits in attention, the present study utilized a flanker task 

as a measure of attentional processing to see whether these deficits persist in middle-adulthood. 

Effects on tasks of working memory. Another deficit commonly seen in younger 

athletes with a history of concussion is that of working memory. Working memory draws heavily 
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upon attentional resources in requiring attention to specific items in order to hold them in 

memory briefly and perform some degree of manipulation on them while doing so (Baddeley, 

1992a, 1992b; Baddeley & Della Sala, 1996). Thus, it is not surprising that alongside deficits in 

attentional processing, younger individuals with a history of concussion may also show deficits 

in working memory (Baillargeon et al., 2012; Gardner, Shores, & Batchelor, 2010; Terry et al., 

2012). Similar to the studies showing deficits in attention in younger adults but not older adults, 

there have been no studies in older adults suggesting that concussion history has a significant 

effect on working memory in the context of aging. Based on findings in young adults that 

concussion history is linked to deficits in working memory, the present study utilized a list 

sorting task as a measure of working memory abilities to see whether these deficits persist in 

middle-adulthood. 

Effects on tasks of inhibition. Inhibition is one of the two domains of cognition that 

shows persistent deficits in both younger and older adults with a history of concussions. Tasks of 

inhibition primarily assess one’s ability to actively suppress response or attention to specific 

types of targets or stimuli. Two studies in young adults with a history of concussions have 

documented a persistent deficit in inhibitory function (Moore et al., 2015; Pontifex, O'Connor, 

Broglio, & Hillman, 2009), and inhibition was explicitly noted as a domain that shows deficits in 

a meta-analysis of the persistent effects of concussion on cognitive function (Belanger, Spiegel, 

& Vanderploeg, 2010). Additionally, inhibition is a domain that has been implicated in several 

studies examining the persistent effects of concussions on cognitive function in older adults. 

Three studies in older adults showed that older individuals with a history of concussions showed 

deficits in their ability to inhibit an inappropriate response (De Beaumont et al., 2009; Goswami 

et al., 2015; Stamm, Bourlas, et al., 2015). Thus, both older and younger adults may be equally at 
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risk for deficits in inhibitory processing as a result of history of concussive injuries sustained 

earlier in life. Based on findings in both younger and older adults that concussion history is 

linked to deficits in inhibition, the present study utilized a color-word Stroop task as a measure 

of inhibitory processing to see whether these deficits can also be observed in middle-adulthood. 

Effects on tasks of language. One deficit seen only in older adults with a history of 

concussion is that of language function and processing. Language is crucial towards the ability to 

communicate effectively and appropriately, using information one has learned in the past about 

words and word meaning to generate novel utterances and ideas. Studies in older adults with a 

history of concussions have found deficits in language production and comprehension alongside 

deficits in memory (Hart et al., 2013; Stamm, Bourlas, et al., 2015; Tremblay et al., 2013) and 

inhibitory processing (Stamm, Bourlas, et al., 2015). Thus, deficits in language may be observed 

in older adults with a history of past concussions, and may be likely to co-occur with deficits in 

other domains of cognition that also play a key role in successful language production and 

comprehension (i.e., memory and inhibition). Based on findings in older adults that concussion 

history is linked to deficits in language, the present study utilized the Controlled Oral Word 

Association Task (COWAT) task as a measure of language production fluency to see whether 

these deficits have already begun to arise in middle-adulthood. 

Effects on tasks of memory. Lastly, and notably, one of the most common deficits 

reported in the context of cognitive deficits associated with concussion history is that of memory. 

Specifically, the deficits observed are primarily in the domain of long-term, explicit memory, or 

memory for specific stimuli and events after a delay. While this deficit is not very commonly 

observed in young adults with a history of concussion (Belanger et al., 2010; Iverson, 

Echemendia, Lamarre, Brooks, & Gaetz, 2012), it is very frequently documented in studies of 
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older adults with a history of concussions (De Beaumont et al., 2009; De Beaumont et al., 2013; 

Ford, Giovanello, & Guskiewicz, 2013; Guskiewicz et al., 2005; Hart et al., 2013; Pearce et al., 

2014; Randolph, Karantzoulis, & Guskiewicz, 2013; Stamm, Bourlas, et al., 2015; Strain et al., 

2015; Thornton, Cox, Whitfield, & Fouladi, 2008; Tremblay et al., 2013). Further, in the study 

mentioned above assessing neurocognitive functioning in middle-adulthood, former football 

players who were older (in this case in their 30s) and had a higher genetic risk for accrued brain 

injury (APOE-ε4 positive) showed a deficit in memory (Kutner et al., 2000). Based on the above 

studies, it is clear that a deficit in memory is a common consequence in adults with a history of 

past concussions. Since memory function is known to decline in healthy aging (F. Craik & 

Jennings, 1992; F. I. Craik, 1990, 2008; Dennis & Cabeza, 2008; Grady & Craik, 2000; Luo & 

Craik, 2008), as well as in neurodegenerative disease (Albert et al., 2011; Greene, Hodges, & 

Baddeley, 1995; Hodges, Salmon, & Butters, 1990; McKhann et al., 2011; Morris & Baddeley, 

1988; Perry & Hodges, 1996; Petersen et al., 1999; Sperling et al., 2011; Tromp et al., 2015), this 

pattern of deficits in memory in this population may reflect either accelerated patterns of aging, 

or early emergence of neurodegenerative disease. Thus, studying patterns of memory impairment 

associated with a history of past concussions is crucial towards gaining an understanding of the 

effects of concussions on the aging process. Based on findings in older adults that concussion 

history is linked to deficits in episodic memory, the present study utilized the Hopkins Verbal 

Learning Task (HVLT) task as a measure of episodic memory function to see whether these 

deficits have already begun to arise in middle-adulthood. 

Concussions and neurodegenerative disease. Recent efforts to better characterize the 

neural underpinnings of the cluster of long-term symptoms associated with a history of multiple 

concussions have linked repetitive head trauma to a novel diagnosis of Chronic Traumatic 
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Encephalopathy (CTE; Baugh et al., 2012; Gavett, Stern, & McKee, 2011; McKee et al., 2009; 

Stern et al., 2013; Stern et al., 2011). CTE is characterized as a disorder marked by an extensive 

assortment of cognitive (i.e., memory, inhibition, attention) and psychiatric (i.e., depression, 

psychosis) problems (Omalu et al., 2006; Omalu et al., 2005). It is a neurodegenerative disease 

currently distinguished from existing diagnoses of MCI and AD by the distribution and extent of 

neuropathology present at autopsy. While tau tangles are a diagnostic neuropathological feature 

in MCI/AD and CTE, the tau tangles in MCI/AD show an initial affinity for medial temporal 

lobe and then spread to other limbic and neocortical regions (Braak & Braak, 1995, 1997). Tau 

tangles in CTE are more diffusely distributed throughout the cortex in superficial cortical layers, 

sulcal depths, and perivascular regions (McKee et al., 2009; Omalu et al., 2005; Small et al., 

2013). However, there is a great degree of overlap in the cognitive profiles of MCI/AD and CTE, 

with primary cognitive deficits in explicit memory and inhibitory function (Albert et al., 2011; 

Baugh et al., 2012; Gavett et al., 2011; Greene et al., 1995; McKee et al., 2009; McKhann et al., 

2011; B. I. Omalu et al., 2005; Perry & Hodges, 1996; Stern et al., 2011; Weiner et al., 2012).  

In a recent study, Wagner et al. (2012) assessed biomarkers for predicting MCI to AD 

conversion and found that cerebrospinal fluid (CSF) tau levels were directly related to memory 

performance on a task of memory binding (Wagner et al., 2012). Specifically, after studying 

groups of members of a specific category (e.g., banana, grapes, apple, orange), individuals with 

MCI/AD performed similarly to age- and education-matched control participants for free recall 

of target objects, but showed less memorial benefit when provided with a relevant category cue 

(e.g., fruit). This reduction in the ability to benefit from the cue was directly related to tau levels 

(as measured via CSF). Given the high degree of memory impairment as a function of 

concussive injury, and since individuals with MCI/AD show a relationship between tau burden 
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and memory binding performance, the present study will utilize a similar memory binding task in 

order to assess memory in another population known to have high levels of neural tau deposition: 

those with a history of concussive injuries. 

Aim 2: Effects of Concussion on fMRI Measures 

 One tool gaining popularity as a tool for assessing the neurocognitive effects of 

concussion is fMRI collected in the context of a cognitive task. A benefit of task-based fMRI 

relative to structural MRI or resting state fMRI is its ability to measure online neural activation 

occurring in the context of cognitive challenge. In acute concussion fMRI has been shown to be 

predictive of recovery time (Lovell et al., 2007), and is considered a more sensitive measure for 

detecting lingering impairment after resolution of symptoms during the recovery period (Chen et 

al., 2004; Dettwiler et al., 2014; Keightley et al., 2014; Pardini et al., 2010; Ptito, Chen, & 

Johnston, 2007; Talavage et al., 2014). Thus, beyond the initial recovery period from concussion, 

fMRI has the potential for illuminating lingering neurocognitive differences that may go 

undetected by standard cognitive assessment.   

Persistent effects of concussion on neural functioning during cognitive task. While 

fMRI has been utilized extensively as a measure of residual neural change following acute 

concussive episodes, few studies have utilized it as a measure of neural functioning in samples of 

individuals who sustained multiple concussive events in the past. One study using multiple 

cognitive tasks in the context of an fMRI scan found no neurological differences in activation 

related to history of concussions in a sample of young adults (Terry et al., 2012). However, two 

studies in older adults that utilized memory binding tasks in the context of an fMRI scan found 
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functional neural inefficiencies* associated with a history of concussions either in the absence of 

behavioral differences in performance (Terry, Adams, Ferrara, & Miller, 2015), or alongside 

deficits in mnemonic performance (Ford et al., 2013). Thus, while fMRI differences may not be 

observed in young adults with a history of concussions, they may be more readily found in 

samples of older adults with a history of concussions. Additionally, since tasks differed 

drastically between the studies mentioned above in older and younger adults, it may also be the 

case that fMRI differences associated with concussion history may be more likely in the context 

of a memory task that taxes medial temporal lobe regions known to be affected by repeated 

concussive events. Since studies in older adults found functional neural differences as a function 

of concussion history during memory tasks, yet a study in younger adults found no differences 

between concussion groups during multiple shorter cognitive tasks, the present study utilized a 

task of memory binding in the context of an fMRI scan in order to assess differences in 

functional neural efficiency as a result of concussions sustained earlier in life. 

Univariate vs. connectivity analysis. The three fMRI studies mentioned above utilized a 

univariate fMRI analysis which examines whole-brain or ROI-based differences in blood oxygen 

level dependent (BOLD) signal based on group and task condition. However, recent trends in 

neuroimaging research have begun utilizing functional connectivity analyses to measure 

network-scale differences in neural activation between groups. Unlike univariate analyses, these 

network-based approaches employ empirically-based network analyses to guide analysis of 

activation across functionally-defined neural networks. Of particular note is the emphasis on 

analysis of a neural network known as the default mode network (DMN), a network thought to 

                                                      
* In Terry et al. (2015) these consisted of hypoactivation of task-relevant regions during a paired associates learning 

task. In Ford et al. (2013) these consisted of hypoactivation of task-relevant regions and hyperactivation of regions 

not associated with better performance on the memory task. 
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be engaged primarily during rest and mind-wandering thought (Dosenbach et al., 2007; Esposito 

et al., 2006; Greicius, Supekar, Menon, & Dougherty, 2009; Laird et al., 2009). While this 

network is traditionally studied during resting state fMRI scans, recent studies have examined 

how this network is engaged during a cognitive task, and have found that it “decouples” from 

task-related networks during performance of a task, such that correlated activity between task-

relevant and task-irrelevant (DMN) networks ceases in the presence of a task (Fox et al., 2005; 

Grady et al., 2010; Prakash, Heo, Voss, Patterson, & Kramer, 2012). 

Recently, this network-based approach to fMRI analysis has especially gained traction 

within special populations, such as older adults with and without neurodegenerative disease and 

individuals with a history of traumatic brain injury, due to its analysis of complex large-scale 

networks known to be structurally affected by brain aging and traumatic brain injury (Fujiyama 

et al., 2016; Jones et al., 2015; Xiao, Yang, Xi, & Chen, 2015). Importantly, unlike younger 

adults, older adults do not show the same degree of decoupling between the DMN and task-

specific networks, and this lack of disconnect between networks negatively correlates with 

performance on the task (Miller et al., 2008; Prakash, Heo, Voss, Patterson, & Kramer, 2012).   

Since both older adult and former football player populations report deficits in memory, the lack 

of default mode and task-specific network decoupling may underlie this memory impairment, 

and thus is of particular interest to the present study as a sign of neural processing inefficiency.  

While this type of connectivity research has specifically focused on the DMN and 

executive function-related task networks (Grady et al., 2010; Prakash et al., 2012; Uddin, Kelly, 

Biswal, Castellanos, & Milham, 2009), no studies have focused on the relationship between an 

episodic memory network and the DMN or another task-irrelevant network during an in-scanner 

memory task. Specifically, since the traditional definition of the DMN includes medial temporal 
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lobe regions that may be task-relevant in the context of memory tasks (Greicius, Krasnow, Reiss, 

& Menon, 2003), the DMN may not be an appropriate task-irrelevant network in examining 

relationships between a task-relevant and task-irrelevant network in the context of a memory 

task. Recent studies by Stern, Habeck, and colleagues (2014 & 2016), however, utilized a set of 

12 cognitive tasks to map out cognitive networks across the lifespan (Habeck et al., 2016; Y. 

Stern et al., 2014). These 12 tasks were comprised of 4 sets of 3 tasks corresponding to the 

different “reference abilities” or cognitive domains: Episodic Memory, Fluid Reasoning, 

Perceptual Processing Speed, and Vocabulary. The authors then examined regions showing 

relative increases and decreases in BOLD signal within each of the 12 tasks, as well as across 

tasks corresponding to each of the 4 reference abilities. These regions comprised task-related 

“networks” that were spatially and functionally distinct across participants of all ages (Habeck et 

al., 2016). Critically, these regions identified as significantly activated or deactivated were 

observed in the context of specific cognitive tasks. Since the regions were not identified based on 

identification of default or task-irrelevant networks from resting state and comparing this 

network to a task-based network identified in the context of a specific cognitive task, this 

suggests that these regions co-activate or co-deactivate during specific cognitive processes, and 

not only when comparing to rest. As such, these networks may represent regions that are 

necessary to engage during the cognitive process (activated regions), as well as the 

corresponding regions that are necessary to deactivate during the cognitive process (deactivated 

regions). Of primary interest to the current study is set of regions shown to be 

activated/deactivated in the context of the 3 memory tasks. While all memory tasks show similar 

trends in BOLD activation/deactivation patterns, the task that best mapped onto these patterns 

was the paired associate learning task (Habeck et al., 2016). Since the task in the present study 
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assessed memory for word pairs, these memory-positive (regions showing increased BOLD 

signal during memory tasks) and memory-negative (regions showing decreased BOLD signal 

during memory tasks) networks may enable analyses assessing the behavioral outcomes of 

different patterns of connectivity. Additionally, to mirror previous studies examining 

relationships between networks and their effect on behavioral outcomes in older adults (Miller et 

al., 2008; Prakash, Heo, Voss, Patterson, & Kramer, 2012), the connectivity analyses presented 

here specifically focus on the correlation between memory-positive and memory-negative 

networks, and its effect on behavior during the in-scanner task.  

Aim 3: Effects of Concussion on DTI Measures 

 DTI is another imaging modality becoming increasingly popular in the search for a 

neuroimaging biomarker of concussive injury. The primary metrics of DTI, Mean Diffusivity 

(MD), Fractional Anisotropy (FA), Axial Diffusivity (AxD), and Radial Diffusivity (RD) 

measure diffusion of water molecules along white matter tracts; white matter damage via 

traumatic brain injury, disease, aging, or other mechanisms results in these white matter tracts 

becoming “leaky” and showing less efficient diffusivity of water along these tracts (high MD and 

RD, low FA and AxD). As a diffuse axonal injury, repeat concussive events are known to cause 

some degree of axonal shearing and white matter damage as a function of brain movement inside 

the skull causing stretching and contracting of white matter fibers during this coup-contrecoup 

injury (Gennarelli, 1993; Hamberger, Viano, Säljö, & Bolouri, 2009). Research using DTI in 

acute concussion has pointed towards its utility in identifying white matter damage as a direct 

result of acute concussive injury, that may or may not be associated with symptom expression 

and severity (in acute concussion: Gardner et al., 2012; in post-concussion syndrome: Khong, 

Odenwald, Hashim, & Cusimano, 2016). Authors of these studies suggest that generally DTI 
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may be a sensitive tool for detecting acute changes in white matter integrity as a function of 

concussive injuries. Additionally, and importantly, these studies also indicate that DTI metrics 

may be a useful tool for examining more persistent effects of concussions on neural health, even 

in the absence of behavioral indices of impairment. 

Two previous studies have utilized DTI to assess long-term white matter abnormalities 

linked to concussion history in samples of younger adult athletes. These studies suggest that even 

months after resolution of concussive symptoms, young adults with a history of concussions, 

relative to those with just one concussion, show some abnormalities in their white matter 

integrity (Bazarian, Zhu, Blyth, Borrino, & Zhong, 2012; Henry et al., 2011). Since white matter 

integrity is crucial for efficient long-range neural communication, these early-emerging insults to 

white matter integrity may have consequences when considering white matter integrity also 

naturally declines with age, and is associated with accompanying detriments to neurocognitive 

functioning. 

Additionally, a few studies have examined the long-term effect of concussions on white 

matter integrity in aging populations. All three studies have found some effect of concussions or 

onset of football/head impact exposure on DTI metrics of white matter integrity (Casson, Viano, 

Haacke, Kou, & LeStrange, 2014; Clark et al., In Press; Stamm, Koerte, et al., 2015). Thus, in 

addition to acute effects of concussions on white matter integrity, and more enduring effects of 

concussion history on white matter in younger adults, these abnormalities may persist throughout 

adulthood and interact with normal patterns of white matter integrity loss in aging.  

Relevant to the current study, three previous studies have examined DTI metrics in active 

amateur soccer players (Lipton et al., 2013), current and former boxers (Wilde et al., 2016), and 

retired professional Canadian Football League athletes (Multani et al., 2016) in middle-
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adulthood. These studies found some effect of repeated head impacts, years of participation in 

boxing, and participation in contact sport (respectively) on white matter integrity in this age 

range. However, little is known about the exact risk factors for development of these white 

matter abnormalities. For example, these may be linked to unique concussive events, or they may 

arise as a function of repeated subconcussive head impacts. As such, the present study’s focus on 

former athletes with a history of participation in either contact or non-contact sports in middle-

adulthood helps illuminate how white matter integrity may be related to concussion history or 

exposure to subconcussive impacts a decade or more post-injury. 

Whole-brain DTI statistics vs. tractography. There are many ways to analyze DTI 

data, but the two most commonly used analyses are tract-based spatial statistics (TBSS) analysis 

and tractography (probabilistic or deterministic). TBSS analyses first standardize DTI images to 

a normalized template, then mask each individual DTI image with a standard white matter 

skeleton to examine group differences in FA, MD, RD, and AxD within standard white matter 

tracts (Smith et al., 2006). This method allows for whole-brain analysis of white matter integrity, 

and enables easy comparison between subjects due to the strict normalization parameters used. 

Probabilistic tractography (i.e., TRActs Constrained by Underlying Anatomy, or TRACULA), 

on the other hand, estimates and reconstructs the location and direction of each major white 

matter tract (forceps major of the corpus callosum, forceps minor of the corpus callosum, 

unicinate fasciculus, inferior longitudinal fasciculus, superior longitudinal fasciculus temporal 

pathway, superior longitudinal fasciculus parietal pathway, thalamic radiation, corticospinal 

tract, and cingulum) within each subject’s own DTI images based on each subject’s segmented 

structural scans (Yendiki et al., 2011). Thus, unlike TBSS, there is no normalization to a standard 

template, which makes some parameters more difficult to compare between groups, however 
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there is better overall estimation of the size and location of white matter pathways due to this 

lack of normalization. As such, this method allows for comparison of FA, MD, RD, and AxD in 

each major fiber tract, as defined by each subject’s own anatomy, between groups without 

having to pull these metrics from regions specified in a standard white matter template. 

Previous research in concussion (Chamard et al., 2013; Cubon, Putukian, Boyer, & 

Dettwiler, 2011; Fakhran, Yaeger, Collins, & Alhilali, 2014; Narayana et al., 2015; Sasaki et al., 

2014; J. F. Strain et al., 2017) and neurodegenerative disease (Bosch et al., 2012; Damoiseaux et 

al., 2009; Liu et al., 2011; Mayo, Mazerolle, Ritchie, Fisk, & Gawryluk, 2017; van Bruggen et 

al., 2012) has used TBSS to study the effects of concussion or neuropathology on white matter 

integrity, and has found it useful in assessing differences between control and patient groups. 

However, some recent studies in other patient populations known to be affected by white matter 

damage (i.e., PTSD, epilepsy, ALS, bipolar disorder, etc.) have found TRACULA to also be 

useful in assessing differences in white matter integrity between patient and control groups, and 

have also found behavioral relationships between white matter integrity in specific tracts and 

symptom expression or severity (Ji et al., 2017; Kreilkamp, Weber, Richardson, & Keller, 2017; 

Olson et al., 2017; Sarica et al., 2014). Since concussion and neurodegenerative disease are 

similarly characterized by white matter damage, the present study utilized both TBSS and 

TRACULA to study the effect of repeat concussions or head impacts on white matter integrity 

across the whole brain via comparison to a normalized white matter skeleton (TBSS) and via 

estimation and reconstruction of specific white matter tracts in each participant’s own DTI data 

(TRACULA). Further, based on past research using DTI data in concussion and 

neurodegenerative disease, the present study confined TRACULA analyses to specific tracts 

known to be affected by concussion or MCI/AD pathology: unicinate fasciculus (Chamard et al., 
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2013; Douaud et al., 2011; Fakhran et al., 2014; Goswami et al., 2015; Liu et al., 2011; Mayo et 

al., 2017; Niogi et al., 2008; J. Strain et al., 2013), inferior longitudinal fasciculus (Bazarian, 

Zhu, Blyth, Borrino, & Zhong, 2012; Chamard et al., 2013; Liu et al., 2011; Mayo et al., 2017; 

Murugavel et al., 2014; Narayana et al., 2015; Niogi et al., 2008), superior longitudinal 

fasciculus temporal pathway & superior longitudinal fasciculus parietal pathway (Chamard et al., 

2013; Douaud et al., 2011; Liu et al., 2011; Mayo et al., 2017; Narayana et al., 2015; J. Strain et 

al., 2013), forceps major and minor of the corpus callosum (Chamard et al., 2013; Douaud et al., 

2011; Hakun, Zhu, Brown, Johnson, & Gold, 2015; Henry et al., 2011; Khong et al., 2016; Liu et 

al., 2011; Mayo et al., 2017; Narayana et al., 2015; Niogi et al., 2008; Stamm, Koerte, et al., 

2015; J. Strain et al., 2013; J. F. Strain et al., 2017; Tremblay et al., 2014; van Bruggen et al., 

2012; Van Hecke et al., 2010; Zhang et al., 2010), and cingulum (Chamard et al., 2013; Douaud 

et al., 2011; Liu et al., 2011; Mayo et al., 2017; Niogi et al., 2008; Stebbins & Murphy, 2009; 

van Bruggen et al., 2012; Van Hecke et al., 2010). By utilizing both TBSS and TRACULA, the 

present study allowed for comparisons between the results produced by both types of DTI 

analyses in evaluating their utility in identifying white matter damage in this population. 
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II. THE PRESENT STUDY 

Based on past studies on the effects of concussions on neurocognitive health in younger 

and older adults, the present study addressed questions about how young adult concussion-

related cognitive deficits may develop into older adult deficits in a sample of former National 

Collegiate Athletic Association (NCAA) athletes between 30-45 years old. Participants included 

former NCAA football players with a history of 4 or more sport-related concussions (FC+), 

former NCAA football players with a history of 0 or 1 sport-related concussions (FC-), and 

former NCAA non-contact athletes with no history of concussion (C-). Using these three specific 

samples of former athletes enabled evaluation of the unique effect of concussion history (FC+ vs. 

FC- and C-) and the unique effect of football participation or exposure to repetitive head impacts 

on cognitive functioning (FC+ and FC- vs. C-). Examining cognitive functioning within these 

three groups of former athletes in middle-adulthood is central in capturing the timeframe of 

development of cognitive impairments linked to head impacts in former athletes.  

Additionally, based on prior research in MCI patients directly linking tau burden to 

performance on a task of memory binding (Wagner et al., 2012), the present study also utilized a 

task of memory binding to assess memory performance within another population known to have 

high levels of neural tau deposition: those with a history of head impacts and/or concussive 

injuries. If such a task is truly sensitive to tau protein density, individuals with a history of 

concussions (therefore at higher risk for tau deposition) should show poorer performance on this 

task than individuals with no history of concussions (lower risk for concussion-related tau 

deposits).  



21 

Further, this measure of memory binding was collected in the context of a functional 

magnetic resonance imaging (fMRI) scan in order to examine how functional connectivity during 

encoding of these pairs of words may be associated with later cued recall, and with metrics of 

neural and cognitive health. We utilized fMRI data to measure the relationship between task-

relevant (i.e., memory-positive) and task-irrelevant (i.e., memory-negative) networks in order to 

assess neural efficiency† during encoding of novel word pairs (Habeck et al., 2016; Y. Stern et 

al., 2014). Given previous studies showing neural inefficiency linked to concussion history in the 

context of a cognitive task (Dettwiler et al., 2014; Ford et al., 2013), individuals with a history of 

concussions may show a reduction in the ability to suppress the memory-negative network 

relative to the memory-positive network during encoding of word pairs of varying semantic 

relatedness. Further, based on studies in older adults indicating a relationship between lack of 

network decoupling and poorer task performance (Miller et al., 2008; Prakash et al., 2012), 

decoupling of networks should be positively correlated with task performance, such that those 

who are better able to segregate the networks show higher accuracy and fewer errors on the task. 

In addition to examining the effect of past concussions on functional connectivity during 

the task, it is also critical to examine the effect of concussions on structural integrity and 

connectivity through DTI. Accordingly, white matter integrity was assessed through TBSS and 

TRACULA across the whole brain, and within specific white matter tracts known to be affected 

by concussions and neurodegenerative disease within each of the three groups of former athletes. 

Due to the white matter injury implicated in concussions, individuals with a history of 

concussions may show reduced white matter integrity, and this may contribute towards both the 

efficiency of their functional network connectivity, as well as their ability to successfully 

                                                      
† Here conceptualized as appropriate suppression of the memory-negative network during the in-scanner task. 
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perform the in-scanner memory task. By evaluating the integrity of white matter structures and 

relating them to behavioral performance on a cognitive task, knowledge may be gained about 

how axonal injury affects neural functioning and cognitive performance in individuals who have 

ceased participation in contact sports. 

Current research in cognitive neuroscience has focused on integrating results across 

multiple imaging modalities in order to gain a more comprehensive picture of how structure and 

function interact in influencing cognitive performance. Further, since functional connectivity 

analyses inform the study of both functional and structural neural connections, the combination 

of functional and structural neuroimaging analyses is crucial towards gaining a holistic view of 

dynamic and static neural connectivity. Past studies utilizing a combination of functional and 

structural neuroimaging have been inconsistent in finding direct relationships between white 

matter structure and function during a variety of tasks (Fujiyama et al., 2016; Greicius et al., 

2009; Hirsiger et al., 2016; Xiao et al., 2015), and thus the current study furthers this line of 

research in an attempt to better understand that relationship. Additionally, this study represents 

the first study to utilize a combination of functional connectivity and structural neuroimaging 

analyses alongside traditional cognitive tasks to examine neurocognitive function in a sample of 

retired athletes, and as such represents an important application of cognitive neuroscientific 

techniques to the field of concussion research.   

Specific aims. Using cognitive tasks along with two different imaging methodologies, 

the aims of the study are three-fold: (Aim 1) characterize cognitive impairment associated with a 

history of concussive and/or subconcussive injury, (Aim 2) identify functional connectivity 

biomarkers of relational memory performance in a sample of former collegiate football athletes, 

and (Aim 3) examine the relationship between measures of white matter integrity and measures 



23 

of functional connectivity and relational memory performance. Aim 1 examined cognitive 

performance in a sample of retired collegiate athletes, and probed the effects of concussion 

history as well as experience playing football on cognitive function. Aim 2 assessed differences 

in functional connectivity based on concussion history in former collegiate football athletes, and 

its relationship to behavioral metrics of relational memory performance. Aim 3 measured white 

matter integrity in all former collegiate athletes, and tested the role of structural integrity as a 

mediator of the relationship between functional connectivity and task performance. Hypotheses 

for each of the three primary aims of the study are detailed below after a detailed description of 

the methods and procedures used in the present study. 
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III. METHODS 

Participants 

The present project was a component of an NCAA-funded funded Phase II prospective 

study of a cohort of collegiate athletes who completed prior baseline testing as college students 

between the years 1999-2001. Paper rosters of athletes who participated in the baseline testing 

conducted during that timeframe were consulted in order to query alumni organizations from the 

original participating schools for contact information for these former athletes. Phase I of the 

study was an online survey that asked questions regarding football experience and current health 

status; a total of n=163 participants completed Phase I (see Figure 1). This information was used 

to assess eligibility for participation in the in-person assessments comprising Phase II of the 

study; a total of n=75 participants who completed Phase I of the study were deemed eligible for 

participation based on their interest in further research, lack of MRI contraindications, and lack 

of endorsement of exclusionary criteria. For the parent Phase II study, former collegiate football 

athletes (n=54) were recruited from the database of eligible participants who completed the prior 

baseline and Phase I portions of the study. The former athletes were between the ages of 34-41 

(M=37.728, SD=1.567) years old. Non-contact control participants (n=5) were matched with 

football athletes based on gender, relative age, and concussion exposure. Potential control 

participants were male and participated in collegiate (NCAA) non-contact sports (baseball, 

swimming & diving, fencing, track & field, golf, and cross country) between 1999-2001. 

Qualifying participants were contacted for interest and provided with the necessary consent 

forms. From the sample of 54 participants (n=49 football athletes, n=5 non-contact controls), 40 
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former NCAA athletes who completed their study procedures at UNC-Chapel Hill were recruited 

for participation in the neuroimaging portions of this study: 21 former football players who were 

identified as having 4 or more previous concussions (FC+), 14 matched football players who 

sustained 0 or 1 previous concussions (FC-), and 5 age-, education-, and sex-matched non-

football athletes with no history of concussions (C-). Exclusion criteria for former football 

players included: history of brain surgery, non-English speaking, any contraindications for MRI 

(including claustrophobia, pacemaker, surgical clips, pins, plates, screws, metal sutures, or wire 

mesh), and participation in professional football lasting longer than 2 years. Exclusion criteria 

for non-contact athletes included participation in football, history of concussion, traumatic brain 

injury, or brain surgery, non-English speaking, and any contraindications to MRI as listed above. 

Of the 40 participants above who completed the neuroimaging components of this study, 7 were 

excluded from some of the analyses presented below based on quality of neuroimaging or 

behavioral data: 2 C- participants did not complete the finalized functional sequences, and 7 

more participants (n=2 C- participants, and n=5 FC+ participants) completed these functional 

sequences but their BOLD data were not appropriate for the connectivity analyses presented here 

due to phase shifts present in their concatenated time series data (see Figure 1).   

Measures and Procedures 

Cognitive assessment (Aim 1). In order to assess cognitive functioning within this 

sample, the present study utilized measures representing each of the cognitive domains found to 

be persistently affected by concussion during specific age ranges: attention (young adults), 

working memory (primarily young adults), inhibition/executive function (younger and older 

adults), language (older adults), and memory (primarily older adults). Participants from all 3 

groups completed all cognitive assessments in order to examine the effect of both concussion 
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history (FC+ vs. FC- and C-) and exposure to football-related repetitive head impacts (FC+ and 

FC- vs. C-) in this sample. To measure each domain, the present study utilized a Flanker task as 

a measure of attention (Akshoomoff et al., 2014; Tulsky et al., 2014; Zelazo et al., 2014), a list 

sorting task as a measure of working memory (Akshoomoff et al., 2014; Tulsky et al., 2014; 

Weintraub et al., 2013), a color word Stroop task as a measure of inhibition/executive control 

(Comalli, Wapner, & Werner, 1962; MacLeod, 1991; Stroop, 1935), the Controlled Oral World 

Association Task (COWAT) as a measure of language production (Loonstra, Tarlow, & Sellers, 

2001; Ruff, Light, Parker, & Levin, 1996), and the Hopkins Verbal Learning Test (HVLT) as a 

measure of memory function (Shapiro, Benedict, Schretlen, & Brandt, 1999). Additionally, to 

ensure that groups did not differ in premorbid intelligence (Holdnack, 2001), participants also 

completed the Wechsler Test of Adult Reading (WTAR).  Participants completed these six tasks 

as part of a larger neuropsychological battery; however, the focus of the present study is on those 

domains known to be sensitive to the long-term effects of concussive injury. 

In-scanner task (Aims 1-3). All participants completed an Associated Cued Recall 

(ACR) task developed in our laboratory that is based on an established task of free and cued 

recall known to be sensitive to neural tau burden (Wagner et al., 2012). The task was comprised 

of 4 lists of 20 word pairs that varied in associative strength (see Table 1): 40 low-association 

words (i.e., muscle-head), and 40 no association words (i.e., palace-lemon). Number of word 

pairs in similar studies of verbal paired associate learning included between 32-140 word or 

object pairs, and thus the present study’s 80 pairs are considered a moderate number of paired 

associate stimuli (Cameron, Yashar, Wilson, & Fried, 2001; Duncan, Tompary, & Davachi, 

2014; Ford et al., 2013; Han et al., 2007; Henson, Shallice, Josephs, & Dolan, 2002; Tompary, 

Duncan, & Davachi, 2015). Words were generated by the English Lexicon Project database 
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(Balota et al., 2007) and included frequent concrete nouns containing between 4 and 7 letters 

each. Word pairs were then created by cross-referencing words that were generated from the 

English Lexicon Project database with word associates in the University of South Florida Free 

Association Norms database (Nelson, McEvoy, & Schreiber, 2004). Low association pairs were 

represented by cues for which targets had been infrequently generated in response to the cue 

(average association strength = 0.007), and no association pairs were cues for which the target 

had never been generated in response to the cue (association strength = 0). Pairs of words were 

then counterbalanced such that each cue word (i.e., “diamond”) was paired with a low (“stone” – 

List 1) and no (“ship” – List 2) association target across two different lists. Similarly, word pairs 

were also counterbalanced such that each target word (i.e., “gold”) appeared as a low (“thread” – 

List 2), and no (“smoke” – List 1) associate with a cue word. As such, each participant in the 

current study saw the same 80 cue words and 80 target words, but the pairing depended upon the 

experimental condition. Within the task, word pairs were blocked by association type, such that 

each run contained only word pairs of the same association type (i.e., all 20 pairs in each block 

were either low or no association pairs). Additionally, run type alternated such that participants 

never had two association types back-to-back (i.e., Low-No-Low-No or No-Low-No-Low). As a 

result, based on these counterbalances, two lists of words and four possible task orders generated 

8 different counterbalancing conditions, which were randomly assigned to the participants.  

In addition to word pairs, participants also saw pairs of strings of consonants during the 

task. Consonant strings were generated using a random consonant string generator, and matched 

the word pairs in length. These pairs were generated in order to include a control condition in the 

scan session that was matched in stimulus appearance (4-7 letters per “word”, 2 “words” per 

screen) and letter-based content (consonants instead of words). As such, this enabled later 
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analyses to compare the word-based, mnemonic experimental conditions (Low and No 

Association word pairs) with an appropriate letter-based, non-mnemonic control condition 

(consonant string pairs). 

Each block was constructed in the same order: 12-second fixation screen, 10 pairs of 

words presented on the screen one at a time (6 seconds per pair), 12-second fixation screen, 10 

pairs of consonant strings presented on the screen one at a time (6 seconds per pair), 12-second 

fixation screen, 10 pairs of words (6 seconds per pair), 12-second fixation screen, 10 pairs of 

consonant strings (6 seconds per pair), 12-second fixation screen, 15-second test instructions, 

then a 2-minute cued recall test of all 20 word pairs presented on the screen one at a time (6 

seconds per cue). Participants were instructed that they would view 4 blocks of 20 word pairs 

each, and to think of a sentence utilizing the two words. They were also informed that they 

would see pairs of strings of consonants, and were told to “read” the consonants from left to 

right. Participants were told that once all the word and consonant pairs have been shown, they 

would be tested on their memory for the second word in each word pair by being shown the first 

word in the pair and being asked to speak the second word in the pair aloud. Word and consonant 

string pairs appeared on the screen for 5.5 seconds each, followed by a 0.5 second fixation screen 

(scanned; see Figure 2). Once participants had seen all 20 word pairs and 20 consonant string 

pairs in Block 1, they were shown each of the 20 cue words from that run in random order 

separately on the screen (5.5 seconds each, 0.5 second fixation afterwards), and were asked to 

speak aloud the target word that appeared previously with that cue word (unscanned). The same 

procedure was used for runs 1 through 4. The task lasted approximately 28 minutes (7 minutes 

per run: 5 minutes scanned encoding, 2 minutes unscanned retrieval).  
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Task-based functional BOLD data (Aim 2). Magnetic resonance images were acquired 

using a Siemens Prisma 3T MRI scanner. Participants’ heads were held in place using cushions 

and a headrest. The scan protocol began with a localizer scan, which was followed by two BIAS 

scans (body coil and head coil), a perfusion-weighted image, a susceptibility-weighted image, a 

high resolution T1-weighted scan (160 1mm slices, TR=1750ms, TE=4.38ms), a T2-weighted 

dark fluid scan, a T2-weighted scan, field mapping scans (AP and PA directions), two 7-minute 

resting state scans (PA and AP directions), DTI sequences, and finally the four 5-minute task-

based BOLD functional runs. However, the analysis in the current paper focuses exclusively on 

the data from the task-based functional scans and the DTI scans. Functional scans were collected 

during all four BOLD runs. Whole brain, gradient-echo, echo planar images (fifty interleaved 

3mm slices, TR=2000ms, TE=30ms, Flip angle=80º, 3 x 3 x 3 mm) were acquired at an angle 

parallel to the long axis of the hippocampus as identified during the T1 scan.  

Structural diffusion imaging data (Aim 3). The diffusion weighted images were 

acquired with 96 interleaved axial slices by using an echo planar imaging (EPI) sequence that 

covered the whole brain. The acquisition parameters were as follows: TR = 4803 ms, TE = 69.60 

ms, and spatial resolution = 1.5 × 1.5 × 1.5 mm3. A total volume of 83 directions were acquired, 

where one volume was without diffusion gradient (� = 0) and the remaining 83 volumes were 

with diffusion gradient of �=2,000 s/mm2. The acquisition time was approximately 7 minutes. 

Data Analysis Procedures 

Cognitive assessment data analysis (Aim 1). First, age-standardized scores on the 

cognitive assessments were used, such that scores represent performance relative to an age-

standardized normal score. In order to assess the effects of concussion history and experience 

playing football on cognitive status within this sample, 6 (cognitive task domains: attention, 
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working memory, inhibition/executive function, language, memory, premorbid IQ) separate one-

way ANOVAS (group: FC+ vs. FC- vs. C-) were conducted to see whether there were any 

differences in cognitive performance or premorbid IQ based on concussion history or football 

participation history. ANOVAs were conducted independently since some tasks were 

standardized using different standardization criteria, making an omnibus 6 (cognitive domain) x 

3 (group) omnibus ANOVA inappropriate for these data. As such, in order for a difference to be 

considered significant, the p-value threshold was Bonferrroni adjusted to be less than 0.0083. 

Further, in order to assess whether actual number of concussions were predictive of performance 

on the cognitive tasks of interest, correlational analyses were performed in order to test any 

linear relationship between concussion history and cognitive task performance (p<0.0083).  

In-scanner task data analysis (Aims 1-3). Behavioral task data were first scored for 

accuracy on cued recall (number correct per condition divided by 40 total word pairs per 

condition). Since Wagner et al. (2012) found a specific deficit in benefit from the cue during 

cued recall, the primary analysis for this data was a 2 (Concussion History: FC+ vs. FC-) x 2 

(word relatedness: low vs. no) ANOVA. Using this test enabled examination of the effects of 

concussion history on overall performance (main effect of concussion history), effects of word 

relatedness on overall performance (main effect of word relatedness), and any effects of 

concussion history on the ability to benefit from word relatedness (2-way interaction).  

In addition to examining correct responses, errors were also analyzed to examine the 

potential effect of concussion history on number of errors and types of errors made. Specifically, 

any incorrect target words generated during retrieval were coded as either recombined (target or 

cue word from a different pair generated in response to the cue word) or new (non-list word 

generated in response to the cue word). Error types were analyzed using a 2 (Concussion 
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History: FC+ vs. FC-) x 2 (error type: recombined vs. novel) ANOVA. Using this test enabled 

examination of the effects of concussion history on overall performance (main effect of 

concussion history), differences in overall types of errors generated (main effect of error type), 

and any effects of concussion history on the difference in production of types of task errors (2-

way interaction).  

Lastly, correlational analyses were conducted to assess whether there is a linear 

relationship between actual number of concussions sustained and behavioral performance. 

Specifically, number of concussions sustained was correlated with task accuracy (p<.025 for 

statistical significance), and number of errors generated (p<.025 for statistical significance).  

Functional connectivity data analysis (Aim 2). Images were preprocessed using 

SPM12 (Wellcome Department of Cognitive Neurology, London, UK) software implemented as 

a suite of commands in MATLAB (MathWorks, USA). Images were co-registered with each 

participant’s anatomical scan, slice-time corrected, realigned, normalized and smoothed using a 

Gaussian 8mm kernel. 

Time series data were then extracted using REX (Duff, Cunnington, & Egan, 2007) from 

regions that show increases or decreases in activity in the context of memory tasks (Habeck et 

al., 2016; Y. Stern et al., 2014). The areas identified by Habeck et al. (2016) showing increases 

in activity during memory tasks were considered the “task positive” network, while areas 

showing decreases in activity during the memory tasks were considered the “task negative” 

network. Prior studies validated that a paired associate learning task loads heavily and 

consistently upon this memory positive network, and found them to be largely unchanged with 

age and consistent across multiple samples (Habeck et al., 2016; Y. Stern et al., 2014). The 

coordinates from these two networks were used to generate 3mm-radius spheres in WFU 
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PickAtlas (Maldjian, Laurienti, Kraft, & Burdette, 2003) for each coordinate in each network, 

yielding 15 regions belonging to the memory-positive network and 19 regions belonging to the 

memory-negative network. Individual, preprocessed, BOLD time series data was then extracted 

from all 34 regions. In order to examine connectivity between these 2 networks, two methods 

were used and compared: (1) simple correlational analysis comparing average correlation 

coefficient among nodes within and between the two networks as a function of task condition, 

and (2) confirmatory factor analysis assessing the contemporaneous and lagged relationships 

between the two networks as a function of task condition. For all connectivity analyses, only 3 of 

the 4 conditions were analyzed: consonant pairs, low association pairs, and no association pairs‡.  

Correlational connectivity analyses. In order to perform the first connectivity analysis, 

time series data were concatenated by condition (fixation, consonants – 240 instances, low 

association – 120 instances, no association – 120 instances), then correlation matrices were 

generated for each of the 3 conditions of interest by correlating activity within each of the 34 

ROIs with activity in each of the other ROIs. Cells within this matrix were then binned into 3 

categories: within-task-positive-network correlation, within-task-negative-network correlations, 

and between-network correlations (see Figure 3). Cells within each category were then averaged 

in order to generate 3 metrics per condition: average within-task-positive-network correlation, 

average within-task-negative-network correlation, and average between-network correlation. 

These correlation coefficients were then Fisher transformed in order to ensure that they 

approximated a normal distribution. Then, a 2 (Concussion History: FC+ vs. FC-) x 3 (condition: 

consonants, low association, no association) x 3 (network: task-positive, task-negative, between-

network) mixed ANOVA was conducted to test whether network correlation strength is 

                                                      
‡ The fixation condition was not included as a baseline in these analyses due to concerns that participants may have 

been actively rehearsing recently-learned word pairs during these 5 12-second rest periods of the task. 
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modulated by task condition (2-way interaction), and whether concussion history affects this 

modulation (3-way interaction). Additionally, correlational analyses were performed in order to 

assess the relationship between task accuracy (low accuracy and no accuracy; p<.025 for 

statistical significance), task error rates (recombined and new; p<.025 for statistical significance), 

and corresponding between-network connectivity (i.e., test correlation between low accuracy and 

between-network connectivity during low association blocks; between no accuracy and between-

network connectivity during no association blocks; or between either type of error rate and 

between-network connectivity during no association blocks since errors are more likely to occur 

during difficult task conditions).   

Dynamic factor analytic connectivity analyses. In order to perform the dynamic factor 

analytic connectivity analyses, time series data was concatenated by condition (fixation, 

consonants, low association, no association), then a lagged time series was generated for each 

condition representing activity within each ROI in each condition at time t-1. Next, a standard 

dynamic factor analytic design was employed for each condition, in which the latent variables 

being estimated were the “memory-positive” and “memory-negative” networks, and ROIs 

corresponding to each network were set to load only on their pre-specified corresponding latent 

network. Estimation of these models was conducted using Bollen’s automated model-implied 

instrumental variable selection algorithm (Bollen, 1996; Bollen, 2001; Bollen & Bauer, 2004), 

along with a two-stage least squares estimator. First, a baseline model with no lagged effects was 

estimated in order to examine contemporaneous between-network (latent variable) p-technique 

correlations (contemporaneous bidirectional network connectivity; see Figure 4), then a 

secondary model with directed lagged effects was estimated in order to examine directed 

relationships between networks over time (cross-lagged directed connectivity; see Figure 5; 
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Fisher, Bollen, Doyle, Lindquist, & Gates, 2016). For the first model, a 2 (group: FC+ vs. FC-) x 

3 (condition: consonants, low association, no association) mixed ANOVA was conducted to test 

whether this correlation between networks is modulated by task condition, and whether 

concussion history affects this modulation (see Figure 4). For the cross-lagged effect model, a 2 

(group: FC+ vs. FC-) x 3 (condition: consonants, low association, no association) x 2 (direction: 

negative-to-positive vs. positive-to-negative) mixed ANOVA was conducted to test whether the 

direction of the cross-lagged effect of one network on the other is modulated by task condition, 

and whether concussion history affects this modulation. Additionally, correlational analyses were 

performed in order to assess the relationship between task accuracy (low accuracy and no 

accuracy; p<.025 for statistical significance), task error rates (recombined and new; p<.025 for 

statistical significance), and corresponding between-network connectivity for models 1 and 2. 

Structural integrity data analysis (Aim 3). In order to measure whole-brain differences 

in FA between groups, a tract-based spatial statistics (TBSS) analysis was performed. First, DTI 

data were converted from dicom to 4D nifti format, and b-vector and b-value files were 

generated for each participant. Next, the data were fed into a standard FSL DTI processing 

stream including eddy current and motion correction, brain extraction, and reconstruction of the 

diffusion tensor (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012; Smith et al., 2004; 

Woolrich et al., 2009). Each participant’s FA images then completed TBSS preprocessing, 

regularization, post-regularization, and pre-stats (minimum FA value=0.2), before being 

compared between concussion (C- and FC-vs. FC+) and football participation (C- vs. FC- and 

FC+) groups (Smith et al., 2006).  

Next, in order to measure differences in white matter integrity between groups within 

more specific individually spatially-defined, a probabilistic tractography analysis was performed 
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using FreeSurfer’s Tracts Contrastrained by Underlying Anatomy (TRACULA) DTI analysis 

toolbox (Dale, Fischl, & Sereno, 1999; Fischl et al., 2002; Fischl et al., 2004; Yendiki et al., 

2011). First, each participant’s T1 image was segmented in FreeSurfer in order to generate high-

resolution segmented brain masks for each participant. Next, DTI data were preprocessed in a 

standard TRACULA preprocessing pipeline, including eddy-current compensation, computing 

head motion parameters, intra-subject registration (to individual T1 scan), inter-subject 

registration (to standard MNI template), creation of cortical and white-matter masks (based on 

FreeSurfer segmented T1), tensor fitting, and computation of anatomical priors for white-matter 

pathways. 

Then preprocessed images were fed into FSL’s bedpostX pipeline, which uses a ball-and-

stick model of diffusion to estimate probability distributions of parameters of this model at every 

voxel in order to reconstruct the white matter pathways (Behrens, Berg, Jbabdi, Rushworth, & 

Woolrich, 2007). Finally, 18 white matter pathways were reconstructed based on these 

probability distributions in each participant, and FA, MD, AxD, and RD data was extracted from 

the 14 pathways corresponding to white matter tracts implicated in concussions and 

neurodegenerative disease (forceps major, forceps minor, L&R uncinate fasciculus, L&R inferior 

longitudinal fasciculus, L&R superior longitudinal fasciculus temporal pathway, L&R superior 

longitudinal fasciculus parietal pathway, and L&R cingulum). The extracted weighted FA, MD, 

RD, and AxD values were then clustered by tract (i.e., left uncinate fasciculus was combined 

with right uncinante fasciculus to generate one measure of integrity in the uncinate fasciculus), 

and compared in 4 separate (FA, MD, RD, AxD) mixed 5 (tract: corpus callosum, uncinate 

fasciculus, inferior longitudinal fasciculus, superior longitudinal fasciculus, and cingulum) x 3 
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(group: C-, FC-, FC+) ANOVA to test for an effect of group or an interaction between group and 

tract on each measure of white matter integrity.  

Multi-modal analyses (Aim 3b). Additionally, in order to test the relationship between 

structural integrity, functional connectivity, and task performance, a partial correlation analysis 

was conducted. Aim 2 involves testing the correlation between functional connectivity between 

networks and task performance, while aim 3 includes testing the role of structural integrity in this 

relationship proposed in aim 2. To do so, a partial correlation analysis was conducted among 

between-network functional connectivity, task accuracy, and average weighted FA/MD/RD§ 

across all tracts (mediator) for both task conditions (low and no relatedness). This analysis 

thereby tested whether the relationship between functional connectivity and task performance 

could be explained by differences in white matter integrity. 

Additionally, to integrate all primary measures included in the present study, a regression 

analysis was performed, examining which of the primary variables might aid in predicting 

concussion history in a former athlete. As such, parameters in the following equation were tested 

to determine which measures might significantly predict lifetime number of concussions 

sustained: 

Number of concussions = β0 + β1(Flanker) + β2(List Sort) + β3(Stroop) + β4(COWAT) + 

β5(HVLT) + β6(WTAR) + β7(Low Accuracy) + β8(No Accuracy) + β9(ACR Errors) + 

β10(lagged negative-to-positive network connectivity in low condition) + β11(lagged 

negative-to-positive network connectivity in no condition) + β11(average weighted FA) + 

β11(average weighted MD) + β11(average weighted RD) + ε 

Hypotheses 

                                                      
§ Due to high overlap in the calculation of MD and AxD, analyses examining multiple metrics of DTI in parallel 

only examine FA, MD, and RD. 
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Cognitive Task Data (Aim 1). Based on previous studies showing deficits in attentional 

processing/inhibitory function and some onset of memory dysfunction within a sample of former 

football athletes in middle-adulthood (Kutner et al., 2000), I hypothesized to observe deficits in 

football players (FC+ and FC-) relative to non-contact controls on the Flanker task (attention), 

Stroop task (inhibition), list-sorting task (working memory), and HVLT (memory), but no 

differences between athletes and controls on the COWAT (language). Additionally, given the 

increased risk for cognitive dysfunction in the group who sustained multiple past concussions 

(FC+), I hypothesized that they would perform worse than former football players with no 

concussion history (FC-) and controls (C-) on each of the tasks mentioned above. Such results 

would support previous findings that older, former football players with a history of participation 

in football show generally worse cognitive functioning even in middle-adulthood (Kutner et al., 

2000). Further, they would also suggest that such deficits may begin before the “normal” onset 

of the cognitive symptoms of neurodegenerative disease (Risacher et al., 2009; Weiner et al., 

2012), and before onset of cognitive decline associated with normal healthy aging (F. Craik & 

Jennings, 1992; F. I. Craik, 1990, 2008; Grady & Craik, 2000).  

In-Scanner Task Data (Aims 1-3). Based on previous use of a similar task in a sample 

of individuals with MCI (Wagner et al., 2012), I hypothesized that former collegiate athletes at 

higher risk for neural injury that mirrors that of neurodegenerative disorders such as MCI (FC+) 

to show poorer performance overall on this task than individuals with the same degree of 

experience playing football but no concussion history (FC-). Further, given the potentially 

disrupted language production/processing and ability to draw on semantic linguistic knowledge 

in individuals with a history of concussions (Hart et al., 2013; Stamm, Bourlas, et al., 2015; 

Tremblay et al., 2013), I hypothesized that individuals with a history of concussion (FC+) will 
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specifically show a lessened benefit of the cue word, even when the cue and target are highly 

semantically related. Thus, individuals with a history of concussions may be less able to rely on 

contextually relevant semantic knowledge to aid in their completion of the cued recall task. 

Further, I hypothesized that former athletes with a history of concussions (FC+) will show higher 

error rates overall, specifically driven by relatively more recombined pair errors than new word 

errors in this group. Since these individuals are at greater risk for damage to medial temporal 

lobe structures given their history of repeated mTBI, they may show difficulty binding specific 

pairs of words together, and thus may be more likely than FC- to produce more recombined 

errors in which they generate a different word presented during the experiment (non-target list 

word) in response to a cue word.   

Functional Connectivity (Aim 2). I hypothesized that, while participants are encoding 

word pairs, between-network connections would be significantly weaker than when participants 

are viewing pairs of strings of consonants, since distinction between these two networks during 

the memory task is critical for neural efficiency and task success (Grady et al., 2010; Uddin et 

al., 2009). More specifically, as word pairs became less semantically related (no vs. low), these 

networks would become increasingly distinct, since unrelated words are harder to bind together 

than related words and thus require greater segregation of task-relevant and task-irrelevant 

networks. I also hypothesized that FC+ participants (relative to FC-) will show less functional 

distinction between the 2 networks (higher correlation between networks) during encoding of 

word pairs due to early-onset of age-related decrements in neural efficiency within this group 

(Browndyke et al., 2013; Persson, Lustig, Nelson, & Reuter-Lorenz, 2007; Prakash et al., 2012).  

For the correlational connectivity analyses, I hypothesized the two networks to show 

decreasing connectivity as the task moves from consonant pairs (non-word, non-mnemonic) to 
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low relatedness pairs (low mnemonic burden) to no relatedness pairs (high mnemonic burden) in 

the FC- group, but no (or reduced) difference among the three conditions in the FC+ group. In 

the bidirectional dynamic factor analytic model, I hypothesized a similar trend as in the 

correlational connectivity analyses. However in the cross-lagged dynamic factor analytic model, 

I hypothesized this effect would be observed in the positive-to-negative direction if this effect 

were driven by compensatory activation of ancillary networks, or in the negative-to-positive 

direction if this effect were driven by intrusion of the task-irrelevant network on the task-relevant 

network. Specifically, in the absence of a relationship between network connectivity and 

behavior, I would expect greater positive-to-negative connectivity in the FC+ group, but if 

network connectivity is related to behavior, I would expect greater negative-to-positive 

connectivity in the FC+ group. 

In relating behavioral task data to functional connectivity metrics, I hypothesized that 

cued recall accuracy on the task would be negatively correlated with the correlation between the 

two networks during the corresponding task condition, such that individuals who show lower 

correlations between the memory-positive and memory-negative networks during encoding 

would show higher accuracy on the task. Similarly, I hypothesized that error production would 

be positively correlated with the connectivity between networks during the no relatedness 

condition. This effect is consistently reported in other studies assessing the relationship between 

the DMN and task-specific networks (Eichele et al., 2008); specifically, research has shown that 

older adults show difficulty suppressing the DMN relative to the task-specific network and that 

this has direct effects on behavioral performance (Prakash et al., 2012; Uddin et al., 2009; Grady 

et al., 2010). 
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Additionally, employing a more simplistic correlational connectivity analysis method 

alongside a novel dynamic factor analytic connectivity analysis method affords the opportunity 

for comparisons between these two methods in how they explain trends in the data. Given the 

higher level of within-subject variability accounted for in the dynamic factor analytic 

connectivity analysis, and its ability to test directional connectivity effect, I hypothesized that it 

would perform better in identifying correlational patterns between connectivity and behavioral 

outcomes on the task. Further, I hypothesized that any correlations between directed network 

connectivity (cross-lagged directed connectivity analysis) and behavior to be stronger than 

correlations between bidirectional (correlational connectivity analysis and contemporaneous 

bidirectional network connectivity analysis) and behavior, since cross-lagged connectivity 

analyses are better able to capture the temporal contingency of connectivity between the two 

networks, thus potentially capturing aspects of dynamic cognitively-driven network flexibility.  

Structural Integrity (Aim 3). Past studies investigating the long-term effects of 

concussions on neural integrity have found mixed results as to the effect of concussions on white 

matter integrity in younger (Bashir et al., 2012; Bazarian et al., 2012; Cubon et al., 2011; Niogi 

et al., 2008; Zhang et al., 2010) and older adults (Stamm, Koerte, et al., 2015). Based on these 

studies I hypothesized that I would find compromised structural integrity in individuals with a 

history of multiple past concussions (FC+), relative to former football players with no history of 

concussions (FC-) and participants with no history of participation in contact sports (C-).  

Importantly, however, when relating this structural integrity to functional connectivity 

and behavioral task data, I hypothesized that structural integrity would mediate the relationship 

between functional connectivity and task performance. As such, there would be a relationship 

between functional connectivity between networks and performance on the task; however, it may 
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also be the case that structural integrity accounts for a significant amount of this relationship 

(Fujiyama et al., 2016; Greicius et al., 2009; Hirsiger et al., 2016; Xiao et al., 2015).  
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IV. RESULTS 

Cognitive Assessments (Aim 1) 

 After running parallel one-way (group: C-, FC-, FC+) ANOVAs for each cognitive task 

of interest, there was no significant difference between groups on any of the tasks of interest (see 

Table 2; Figures 6-11). One ANOVA revealed a marginally significant difference between 

groups on the COWAT (see Figure 10), such that FC- participants scored lower on this task than 

C- participants (p=0.013), but both groups were not significantly different from FC+ participants 

(C- p=0.098; FC- p=0.440). However, after correcting for multiple comparisons, this difference 

was no longer significant. Additionally, since age-standardized scores were analyzed, means 

could be compared to the population mean; all group means fell within the normal population 

mean (HVLT: M=50, SD=10; all others: M=100, SD=15) for all tasks (see Figures 6-11). 

Further, there was no correlation between performance on any of the tasks and number of 

concussions sustained (see Table 2).  

In-Scanner Task (Aims 1-3) 

 A 2 (Concussion History: FC- vs. FC+) x 2 (Relatedness: Low vs. No) mixed ANOVA 

revealed a significant effect of relatedness on accuracy (F1,33=166.851, p<0.001), but no effect of 

concussion history (F1,33=0.177, p=0.677), and no interaction between relatedness and 

concussion history (F1,33=0.039, p=0.844). The main effect of relatedness showed that all 

participants had significantly higher accuracy in the low relatedness condition (M=0.762; 

SD=0.132) than the no relatedness condition (M=0.445; SD=0.205; see Figure 12). Additionally, 

a 2 (Concussion History: FC- vs. FC+) x 2 (Error Type: Recombined vs. New) mixed ANOVA 
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revealed a significant effect of error type on error rates (F1,33=5.248, p=0.028), but no effect of 

concussion history (F1,33=0.315, p=0.578), and no interaction between error type and concussion 

history (F1,33=1.404, p=0.245). The main effect of error type showed that all participants 

produced significantly more recombined errors (M=3.857; SD=3.561) than new errors 

(M=2.821; SD=2.609; see Figure 13).  

Additionally, neither accuracy (rlow=0.056, p=0.747; rno=0.014, p=0.937) nor error type 

(rrecombined=0.281, p=0.101; rnew=0.199, p=0.251) was significantly correlated with number of 

concussions sustained.  

Functional Connectivity (Aim 2) 

 Correlational connectivity analysis. A 2 (Concussion History: FC- vs. FC+) x 3 (Task 

condition: Consonants vs. Low Relatedness vs. No Relatedness) x 3 (Network: Memory Positive 

vs. Memory Negative vs. Between Network) mixed ANOVA revealed a significant effect of task 

condition (F2,28=4.022, p=0.023) and network (F2,28=44.469, p<0.001), but no main effect of 

concussion history (F1,28=0.033, p=0.857), and no interactions between task condition and 

concussion history (F2,28=1.590, p=0.213), network and concussion history (F2,28=0.240, 

p=0.787), task condition and network (F4,28=1.710, p=0.153), nor concussion history, task 

condition, and network (F4,28=0.655, p=0.624). The main effect of task condition suggested that 

overall ROIs showed greater connectivity within and between networks during the no association 

condition (M=0.454, SD=0.137), than during the consonants condition (p=0.023; M=0.396, 

SD=0.142), but neither the consonants condition (p=1.000) nor the no association condition 

(p=0.201) was significantly different from the low association condition (M=0.400, SD=0.159). 

The main effect of network suggested that overall between-network connections (M=0.339, 

SD=0.137) were significantly weaker than both within-memory-positive (p<0.001; M=0.466, 
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SD=0.120) and within-memory-negative (p<0.001; M=0.445, SD=0.148) connections, but within 

network connectivity was not significantly different between the two networks (p=0.730). 

Additionally, there was no significant correlation between number of concussions sustained and 

between-network connectivity during any of the three task conditions (rcons=-0.005, p=0.977; 

rlow=-0.241, p=0.200; rno=-0.072, p=0.707). 

Correlational analyses conducted between task accuracy and corresponding between-

network connectivity showed a relationship between connectivity between networks during the 

low relatedness condition and low relatedness accuracy (r=0.023, p=0.902), but not between 

connectivity between networks during the no relatedness condition and no relatedness accuracy 

(r=0.034, p=0.858). Further, there was no relationship between no relatedness between-network 

connectivity and recombined (r=0.054, p=0.777) or new errors (r=-0.105, p=0.582). 

 Dynamic factor analytic connectivity analysis.  

 Contemporaneous bidirectional network connectivity. A 3 (Task Condition: Consonants 

vs. Low Association vs. No Association) x 2 (Concussion History: FC- vs. FC+) mixed ANOVA 

revealed no effect of task condition (F2,28=2.180, p=0.122) or concussion history (F1,28=0.006, 

p=0.937), and no interaction between task condition and concussion history (F2,28=1.180, 

p=0.315) on contemporaneous connectivity between latent networks. Correlational analyses 

conducted between task accuracy and corresponding contemporaneous between-network 

connectivity showed no relationship between connectivity between networks during the low 

relatedness condition and low relatedness accuracy (r=0.014, p=0.940), or between connectivity 

between networks during the no relatedness condition and no relatedness accuracy (r=0.166, 

p=0.380). Further, there was no relationship between no relatedness between-network 

connectivity and recombined (r=0.188, p=0.321) or new errors (r=-0.020, p=0.916). 
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 Lagged directed connectivity. A 3 (Task Condition: Consonants vs. Low Association vs. 

No Association) x 2 (Concussion History: FC- vs. FC+) x 2 (Connection Direction: Positive-to-

Negative vs. Negative-to-Positive) mixed ANOVA showed a significant interaction between 

connection direction and concussion history (F1,28=13.267, p<0.001), but no main effect of 

connection direction (F1,28=0.369, p=0.549), condition (F2,28=2.401, p=0.100) or concussion 

history (F1,28=0.317, p=0.578), and no interactions between task condition and concussion 

history (F2,28=1.987, p=0.147), task condition and connection direction (F2,28=1.340, p=0.270), or 

task condition, concussion history, and connection direction (F2,28=0.462, p=0.633). The 

significant interaction between concussion history and connection direction demonstrates that 

across all conditions, FC- participants show greater positive-to-negative connectivity than 

negative-to-positive connectivity (t13=-2.232, p=0.044), but FC+ participants show the reverse 

trend (t15=2.945, p=0.010; see Figure 14). Specifically, the FC+ group showed a significantly 

positive average beta-weight in the negative-to-positive connection direction (95% confidence 

interval above 0), while all other beta-weights for the connection directions did not significantly 

differ from 0 (see Figure 14). Across all three task conditions, 19.61% of individual negative-to-

positive connection beta estimates in the FC+ group were significantly positive, while in the FC- 

group only 10% of negative-to-positive connections were significantly positive. Correlational 

analyses conducted between task accuracy and corresponding cross-lagged negative-to-positive 

network connectivity showed a relationship between connectivity between networks during the 

low relatedness condition and low relatedness accuracy (r=-0.423, p=0.020), but there was no 

significant correlation in the no relatedness condition with no relatedness accuracy (r=-0.210, 

p=0.266). This suggests that greater connectivity from the memory negative network to the 

memory positive network during low relatedness pair encoding is associated with lower accuracy 
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on the task. Additionally, there was a significant positive relationship between no relatedness 

negative-to-positive network connectivity and recombined (r=0.434, p=0.016) but not new errors 

(r=0.280, p=0.135). As such, higher levels of negative-to-positive network connectivity during 

the no relatedness condition were associated with higher rates of recombined error generation.  

Structural Integrity (Aim 3) 

 Whole-brain TBSS on FA values for all participants revealed no significant difference in 

FA based on football participation or concussion history (all p-values>0.150). Further, there 

were no significant differences in mean (F2,37=1.062, p=0.356) or max (F2,37=0.529, p=0.594) 

global FA based on football participation or concussion history. Additionally, neither maximum 

(r=0.050, p=0.757) nor mean (r=-0.041, p=0.804) global FA were significantly correlated with 

number of concussions sustained.  

 In comparing white matter integrity in the 5 major tracts of interest (corpus callosum, 

uncinate fasciculus, inferior longitudinal fasciculus, superior longitudinal fasciculus, and 

cingulum) between groups, there were no differences between groups in FA (F2,36=2.373, 

p=0.108), MD (F2,36=0.664, p=0.521), RD (F2,36=1.638, p=0.209), or AxD (F2,36=1.909, 

p=0.163). Further, there was no significant interaction between group and tract for any of the 

metrics: FA (F2,36=0.589, p=0.785), MD (F2,36=0.949, p=0.479), RD (F2,36=0.536, p=0.828), AxD 

(F2,36=0.701, p=0.690).  

 Multi-modal imaging analysis. Partial correlation analyses revealed no substantive 

changes in the significance of the relationships between functional connectivity metrics and 

accuracy/error production on the in-scanner task (Table 3). Further, multi-modal regression 

analyses testing whether the primary variables in the present study (cognitive assessments, in-

scanner task behavioral metrics, negative-to-positive network directed connectivity, and average 
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weighted FA/MD/RD) predict number of lifetime concussions sustained showed that none of the 

predictors significantly predicted number of concussions sustained (model R2=0.460).  
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V. DISCUSSION 

Cognitive Assessments (Aim 1) 

 Results from the battery of standardized cognitive assessments showed no differences 

between groups based on any of the cognitive domains assessed (attention, working memory, 

inhibition, language, and episodic memory) or on premorbid IQ. Further, since the task scores 

were all standardized based on age, performance could also be compared to global population 

averages – all groups means fell within one standard deviation of the population mean on each 

domain assessed. As such, results from this study show that former athletes in middle-adulthood 

show no cognitive deficits based on concussion history when comparing to same-sport non-

concussed former athletes, non-contact former athletes, as well as the overall population of 

same-age individuals.  

 These results suggest that, unlike some previous studies showing deficits in attention 

(Baillargeon, Lassonde, Leclerc, & Ellemberg, 2012; Kutner, Erlanger, Tsai, Jordan, & Relkin, 

2000; Terry et al., 2012), working memory (Baillargeon et al., 2012; Gardner, Shores, & 

Batchelor, 2010; Terry et al., 2012), and inhibition (Belanger, Spiegel, & Vanderploeg, 2010; 

Moore et al., 2015; Pontifex, O'Connor, Broglio, & Hillman, 2009) in younger adults with a 

history of concussions, the present study supported the studies that found no differences between 

former athletes who had sustained concussions and those who had not (Bruce & Echemendia, 

2009; Collie, McCrory, & Makdissi, 2006; Guskiewicz, 2002; Straume-Naesheim, Andersen, 

Dvorak, & Bahr, 2005). Thus, it may be the case that even in middle-adulthood, the cognitive 

deficits seen in older adults with a history of concussions have not yet emerged. This evidence 
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would support the notion that these cognitive deficits tied to concussion history are not 

necessarily present and evolving throughout the lifespan, but instead may be deficits that emerge 

as a function of disordered patterns of cognitive aging exacerbated by lifetime accrual of neural 

damage from a history of mTBI.  

In-Scanner Task (Aims 1-3) 

 Results from the in-scanner task overall showed that participants performed better in the 

low relatedness pair condition than the no relatedness pair condition. This validates the inherent 

semantic relationship between words in these pairs as established by the University of South 

Florida Free Association Norms database (Nelson, McEvoy, & Schreiber, 2004), and suggests 

that all participants are using this existing semantic relationship to bolster their memory for the 

target word in these pairs in response to the related cue word. The lack of interaction between 

this semantic relationship benefit and concussion history suggests that athletes in this age range 

do not show reduced ability to process and retain semantic information as a function of 

concussion history. While the lack of a control group hampers the ability to compare both 

football groups to an appropriately-matched control group, these data show no effect of 

concussion history on the ability to benefit from preexisting semantic knowledge during a cued 

recall task. Thus, it may be the case that the specific mechanism of tau deposition in those with a 

history of repeat concussions, unlike those with MCI/AD, does not affect cued recall 

performance and thus this deficit is specific to the mechanism of tau deposition in MCI/AD 

(Wagner et al., 2012), or it could suggest that any effect of tau deposition on cued recall 

performance has not yet emerged in these individuals in middle-adulthood.  

Functional Connectivity (Aim 2)  
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Correlational Connectivity Analysis. Results from the correlational connectivity 

analyses showed that, contrary to the hypothesized pattern of results, participants showed greater 

connectivity within and between the memory positive and memory negative networks during the 

no relatedness condition relative to the consonants condition. While the direction of this trend 

was the opposite of what was hypothesized, it supports recent research examining connectivity 

during an episodic memory task, suggesting that more integrated/less segregated neural networks 

facilitate episodic memory encoding (Geib, Stanley, Dennis, Woldorff, & Cabeza, 2017; 

Westphal, Wang, & Rissman, 2017). However, given that these connectivity metrics showed no 

relationship with task performance, it is unclear whether increased connectivity during the most 

difficult condition of this task actually benefitted memory encoding.  

Results from these analyses also showed greater within- than between-network 

connectivity. This suggests that, regardless of task condition, participants showed clear network 

distinction. This functional distinction between networks corroborates general connectivity 

research patterns that show overall segmentation of connectivity data into functional networks 

that clear functional distinction from other networks even at rest (review: van den Heuvel & 

Hulshoff Pol, 2010). Since the networks used here were not “traditional” network delineations 

using standard functional atlases, this result validates the functional distinctiveness between 

these empirically-derived cognitive networks, and suggests that they may represent distinct 

neural networks for use in these and other similar connectivity analyses (Habeck et al., 2016; Y. 

Stern et al., 2014).  

Dynamic Factor Analytic Connectivity Analysis. The preliminary model investigating 

bi-directional contemporaneous connectivity between the memory-positive and memory-

negative networks showed no modulation of within- or between-network connectivity based on 
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either concussion history or task condition. These results do not mirror results from the 

correlational connectivity analyses in that they do not show overall increases in connectivity 

during the most difficult task condition. Since this dynamic factor analytic technique better 

accounts for within-subject variance in estimating network-based factor loadings, this calls into 

question the significance and interpretability of the effect seen in the correlational analyses.   

However, the model examining directed lagged connectivity provided novel findings 

regarding the directionality of between-network connectivity. Results from this analysis showed 

an interaction between connection direction and concussion history, such that FC+ participants 

showed greater negative-to-positive network connectivity than positive-to-negative network 

connectivity, while FC- participants showed the opposite effect. Critically, however, 

correlational analyses showed a negative relationship between negative-to-positive network 

connectivity during the low relatedness condition and low relatedness pair accuracy, and a 

positive relationship between negative-to-positive network connectivity during the no relatedness 

condition and production of recombined errors. Thus, unlike in the correlational connectivity 

analyses, these between-group differences carry cognitive significance in that this negative-to-

positive network connectivity is associated with lower accuracy (in the low relatedness 

condition) and production of more recombined errors (in the no relatedness condition). While 

these two groups did not differ in task accuracy or error production, one group showing a pattern 

of connectivity that may be associated with poorer performance on the task could suggest 

inefficient network functioning in this group, and the potential for behavioral differences 

between groups later in life. As such, we can interpret this greater negative-to-positive network 

connectivity in the FC+ group as inefficient network functioning, since it is independently 

associated with poorer performance on the task. As in past studies showing poorer behavioral 
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outcomes as a result of intrusion of the task-irrelevant network on the task-relevant network 

(Bonnelle et al., 2012; Eichele et al., 2008; Hoekzema et al., 2014; Weissman, Roberts, Visscher, 

& Woldorff, 2006), this pattern could be reflective of disrupted task-relevant network 

processing, resulting in less efficient processing of task stimuli. Further, the relationships 

between these metrics of connectivity and behavioral measures collected during the task may 

suggest greater utility of this connectivity approach over a more simplistic correlational 

connectivity approach in enabling analysis of directed patterns of functional connectivity 

between cognitively-defined networks that map onto key behavioral outcomes.   

This finding also mirrors recent research showing that individuals with a history of mTBI 

show reduced ability to segregate task-positive and default mode networks during a working 

memory task (Bonnelle et al., 2012; Sours, Kinnison, Padmala, Gullapalli, & Pessoa, 2017), but 

builds upon these findings by examining the link between this reduced ability to segregate two 

cognitively-defined networks during a memory task and behavioral performance on that memory 

task. Further, this set of results also suggests that the effect observed in prior studies showing 

that connectivity between task-relevant and task-irrelevant networks is associated with poorer 

performance on tasks of executive function (Grady et al., 2010; Prakash et al., 2012; Sours et al., 

2017; Uddin et al., 2009) may not be unique to these executive function tasks.  

Structural Integrity (Aim 3)  

 Results from analyses of DTI white matter integrity showed no differences in FA, MD, 

RD, or AxD based on either concussion history or football participation history in both TBSS 

(whole-brain) and TRACULA (tract-based) analyses. This finding calls into question previous 

studies in younger adults and former/current athletes in middle-adulthood showing differences in 

white matter integrity based on concussion history or exposure to subconcussive impacts, since 
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no differences between groups were observed in this sample of participants in middle-adulthood 

(Bazarian, Zhu, Blyth, Borrino, & Zhong, 2012; Henry et al., 2011; Lipton et al., 2013; Multani 

et al., 2016; Wilde et al., 2016). Key distinctions between the present study and previous studies 

in athletes in middle-adulthood include its inclusion of participants who are no longer active 

athletes (Lipton et al., 2013), its focus on former football players as the contact sport group 

(Lipton et al., 2013; Wilde et al., 2016), and its inclusion of athletes who did not participate in 

professional football (Multani et al., 2016). As such, while this study’s finding of no differences 

in white matter integrity based on concussion history or participation in contact sport could also 

reflect the fact that these athletes are no longer actively participating in contact sport, and that 

their highest level of athletic participation was collegiate athletics. The lack of difference also 

suggests that it could be the case that white matter damage doesn’t necessarily accrue 

incrementally as a function of each football-related concussion or head impact, but instead may 

be subtle, and may interact with white matter loss in aging to produce the effects on concussions 

on white matter integrity seen in older, retired athletes (Casson, Viano, Haacke, Kou, & 

LeStrange, 2014; Clark et al., In Press; Stamm, Koerte, et al., 2015).  

Multi-Modal Imaging Analysis. Further, white matter integrity did not account for the 

relationship between functional connectivity and behavioral performance. While this was an 

exploratory aim, it suggests that the relationship between negative-to-positive connectivity and 

accuracy/error production is not simply a product of structural connectivity integrity. As such, it 

is not necessarily the case that functional connectivity and behavioral performance are both 

detrimentally impacted by the integrity of white matter connections, and that the integrity of 

these connections is the true, independent, predictor of neurocognitive functioning in this 

sample. 
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Additionally, none of the primary variables in the present study significantly predicted 

lifetime number of concussions sustained. Given the few group differences based on concussion 

history, as well as the lack of significant correlation between number of concussions sustained 

and the many metrics in the current study, this was not necessarily a surprising finding, but does 

suggest that the variability in these primary metrics is not explained by concussion history. It 

could be the case that such variability might be better explained by history of exposure to 

subconcussive impacts (McAllister & McCrea, 2017; Montenigro et al., 2017; Stamm, Bourlas, 

et al., 2015; Stamm, Koerte, et al., 2015), genotype (Casson, Viano, Haacke, Kou, & LeStrange, 

2014; Kutner et al., 2000; Tremblay et al., 2013), expression of depressive symptomology 

(Guskiewicz et al., 2007; Montenigro et al., 2017; Multani et al., 2016; R. A. Stern et al., 2011; J. 

Strain et al., 2013), etc., however these questions are outside of the scope and hypotheses of the 

present study. 

Summary 

 Overall, the results from the present study showed no differences between former contact 

and non-contact athletes or athletes with a history of concussions and athletes with no history of 

concussions on cognitive assessments or DTI measures of white matter integrity. However, 

former football athletes with a history of 4+ concussions showed more inefficient functional 

connectivity during encoding of word pairs than former football athletes with no history of 

concussions. While these results do not show strong effects of concussion history in these former 

collegiate athletes in middle-adulthood, they show some subtle differences in neural functioning 

tied to concussion history that could indicate potential for cognitive impairment later in life. 

Thus, these athletes with a history of multiple concussions may not show marked cognitive or 

structural neural deficits, but instead may show more subtle signs of cognitive processing 
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inefficiency that have the potential to illuminate mechanisms of cognitive impairment in the 

context of cognitive aging.  

 These findings bring to mind the distinction between the concepts of brain or neural 

reserve (Bartres-Faz & Arenaza-Urquijo, 2011; Satz, 1993) and cognitive reserve (Bartres-Faz & 

Arenaza-Urquijo, 2011; Barulli & Stern, 2013; Y. Stern, 2002, 2006, 2012). Brain reserve is 

conceptualized as the amount of neural damage or integrity loss necessary to produce cognitive 

impairment, whereas cognitive reserve suggests that variables such as education 

level/participation in leisure activity/IQ may affect the ability to effectively recruit neural 

networks and cognitive resources, which in turn affects cognitive performance. The results 

presented here suggest that directed functional connectivity between a task-relevant and task-

irrelevant network may better predict cued recall task performance than metrics of white matter 

integrity, suggesting that this measure of network efficiency may play a greater role in cognitive 

functioning than white matter damage alone. This supports the notion expressed by some in the 

field of concussion research that cognitive reserve may play a significant role in symptom 

expression in former contact sport athletes (Broglio, Eckner, Paulson, & Kutcher, 2012). While 

the present study is limited in only analyzing DTI data as a measure of structural integrity/health, 

concussions are thought to affect white matter integrity through axonal shearing, and as such 

should show long-term effects on DTI measures of white matter health. Thus the lack of 

difference in white matter integrity as a function of concussion history in this sample fails to 

support the hypothesis that brain or neural reserve are impacted by concussive injury (Randolph, 

Karantzoulis, & Guskiewicz, 2013), however this difference in network connectivity in the 

absence of differences in underlying structural connectivity suggests that concussions may be 

impacting the ability to flexibly modulate network function in response to cognitive demands.  
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This relatively early emergence of functional network inefficiency could be seen as a sign 

of diminished cognitive reserve, and thus potentially lower ability to resist age-

/neurodegeneration-related cognitive decline later in life (Barulli & Stern, 2013; Y. Stern, 2012). 

Thus, individuals who presently show this inefficient pattern of neural recruitment may be at 

higher risk for development of cognitive impairment earlier than those who do not show this 

pattern. Since this pattern of functional recruitment is independently tied to lower accuracy and 

higher rates of error production, it could indicate that over time these individuals may begin to 

show cognitive impairments as a function of this network inefficiency. Future studies assessing 

this network connectivity over time may aid in clarifying whether these functional inefficiencies 

observed earlier in life affect cognitive function later in life. Additionally, while the participants 

in the present study were matched on years of education, and showed no differences in 

premorbid IQ (WTAR), conclusions about the direct effect of standard metrics of cognitive 

reserve are limited. However, future studies might be able to assess the effect of 

social/cognitive/physical activity on this functional connectivity metric in order to assess the 

direct effect of metrics of cognitive reserve on functional connectivity, and in turn on cognitive 

functioning.   

Limitations 

 One key limitation of the present study is the lack of an appropriate control group; given 

the restrictive criteria to be included in the present study (participated in original study between 

1999-2001, able to travel to participate, no MRI contraindications, etc.), it was difficult to recruit 

participants who met study criteria, and even more difficult to recruit non-contact control 

participants who likely had less personal investment in concussion research as opposed to those 

who had participated in college football. While this is a limitation in interpreting the fMRI 
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findings, all cognitive task data were age-standardized and thus represent deviation from an age-

appropriate “normal” score, and cognitive and DTI data did include 5 additional control 

participants who were able to complete all non-fMRI study procedures. As such, given that there 

were no cognitive or DTI differences between former football athletes and control athletes, it 

may be the case that, as of this period of middle-adulthood, this football sample does not 

significantly differ in many ways from a normal control sample.  

 Another limitation of the present study is the unequal sample sizes between low 

concussion (n=14) and high concussion (n=21) football athletes. Again, considering that in most 

cases participants had to travel to the study sites for a full day of participation, it could simply be 

the case that low concussion athletes were less personally invested in concussion research, and 

thus less likely to be willing to participate in the current study. Alternatively, given the recent 

media attention surrounding the potential neurodegenerative effects of repetitive concussive 

injury, it could be the case that former athletes who sustained multiple concussion were more 

personally invested in concussion research, and thus were more likely to be willing to participate 

in the current study. While the present study employed some correlational analyses in order to 

probe the additive effects of concussions independent of this dichotomous concussion history 

grouping, given the non-normal distribution of concussions in this sample** it could be the case 

that correlational relationships between concussion history and some of the outcome measures 

here may be difficult to observe.   

                                                      
** The “low concussion” group (n=14) consisted of people with 0 or 1 concussions, this group is fairly evenly 

distributed between those with 1 concussion (n=8), and those with 0 concussions (n=6), while the “high concussion” 

group (n=21) includes individuals with a range of number of concussions sustained from 4 concussions (n=5) to 24 

concussions (n=1). As such, the number of concussions sustained is more heavily weighted at 1, or between 4-10, 

and is entirely missing those who have sustained 2 or 3 concussions.  
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 A third limitation of the present study is the duration of the scanned ACR task. Due to 

scan time restrictions, only 20 minutes of encoding data (5 minutes per encoding run; 4 minutes 

total per encoding condition) were able to be collected for each participant in this study. Since 

the study design was blocked in order to maximize the potential to observe effects related to 

word pair association strength (low vs. no), this strengthens the ability to study these effects 

given the task time constraints; however, the low number of trials in each condition (120 TRs per 

condition) may have affected the ability to observe functional differences related to task 

condition. Finally, a limitation of this blocked design is the inability to look at subsequent 

memory effects, and thus model differences in functional activity based on later ability to recall 

the target word in response to the cue word. However, since the primary outcome measures for 

the fMRI data collected in the present study were network-based connectivity metrics, the block 

design was better suited for modeling of connectivity data. 

Implications 

 In spite of these limitations, the present data illuminate ways in which neural efficiency 

may differ as a function of concussion history, in the absence of behavioral differences in 

cognitive performance. The finding that FC+ participants show overall greater connectivity 

directed from a memory-negative network to a memory-positive network, and that greater 

strength of this connection is associated with poor behavioral outcomes (lower accuracy and 

higher recombined error rate) suggests that in middle-adulthood former football players with a 

history of concussion may be starting to show signs of inefficient neural recruitment patterns that 

could be suggestive of cognitive declines to come. This would indicate lower levels of cognitive 

reserve in these participants, suggesting a reduced ability to resist cognitive decline in aging or 

neurodegenerative disease onset.  
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 Further, the lack of behavioral differences between concussion groups on most metrics 

used in the present study suggests that it may not be the case that individuals with a history of 

concussions are universally impaired relative to those with no history of concussions throughout 

the lifespan. While there were some key differences between those with 4+ or 0-1 concussions, 

the lack of differences on neurocognitive testing, the in-scanner task, and DTI metrics suggest 

that it is not always the case that those with a history of concussions show reduced 

neurocognitive health relative to those with no history of concussions. Based on these findings, 

the present study does not provide considerable evidence for concussion-related deficits in 

middle-adulthood, but does show potential for reduced neural processing efficiency that could 

result in cognitive deficits in high concussion athletes later in life. Unlike many studies in older 

and younger adults that have documented persistent long-term effects of multiple concussions, 

the present study provides limited evidence supporting the presence of neurocognitive deficits in 

middle-adulthood associated with a history of multiple concussions.    

Future Directions 

 Based on the results from the present study, future studies should examine neurocognitive 

functioning using similar metrics in former athletes in older age brackets to test whether this 

inefficient neural processing observed in middle-adulthood persists into older adulthood, and 

whether or when it begins to result in behavioral impairment for these former athletes with a 

history of concussions. Additionally, it would strengthen conclusions about potential 

development of cognitive impairment over time linked to functional inefficiency observed at the 

present time point to follow participants from the present study longitudinally. In order to fully 

explore the development of cognitive deficits or neural damage linked to concussion history, it is 

necessary to have cognitive assessment and neuroimaging data at multiple time points 
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throughout the lifespan. Further, future studies should include a more robust control group in 

order to make comparisons between former football players and former non-contact athletes in 

neurocognitive and DTI data, and also to enable comparisons between football players and 

former non-contact athletes in fMRI functional connectivity metrics.    
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APPENDIX 1: TABLES AND FIGURES OF RESULTS 

 

Table 1 

 

ACR Task Cue-Target Word Lists by Association Strength and List. 

 

Cue Target - Low List - Low Association - Low Target - No List - No 

angel hair 1 0.007 wallet 2 

ankle calf 2 0.007 stars 1 

apple teacher 1 0.007 hockey 2 

barrel cheese 2 0.006 robe 1 

beast bull 1 0.006 coral 2 

berry farm 2 0.007 arrow 1 

blade hockey 1 0.008 book 2 

blanket robe 2 0.008 police 1 

brain coral 1 0.006 sailor 2 

brick sand 2 0.006 juice 1 

bridge stream 2 0.008 kitchen 1 

bubble baby 1 0.007 house 2 

butter cake 1 0.006 hair 2 

button sleeve 2 0.007 horse 1 

cabinet cookies 2 0.007 tire 1 

canoe ship 1 0.008 jewelry 2 

chain truck 2 0.006 sand 1 

costume parade 1 0.006 woods 2 

diamond stone 1 0.005 ship 2 

dough roll 1 0.005 shot 2 

earth stars 2 0.006 lock 1 

elbow finger 2 0.007 cottage 1 

essay novel 2 0.007 cheese 1 

fairy queen 1 0.007 church 2 

feast table 1 0.006 beach 2 

fiddle barn 2 0.007 spring 1 

frame house 1 0.007 wave 2 

glove shoe 2 0.006 plane 1 

grape soda 1 0.007 bull 2 

gravy syrup 1 0.008 message 2 

ground shovel 1 0.006 theater 2 

heaven gate 2 0.007 novel 1 

highway police 2 0.007 reef 1 

hotel beach 1 0.007 soda 2 



62 

human pets 2 0.007 gate 1 

island reef 2 0.007 sleeve 1 

letter message 1 0.007 frog 2 

liquid juice 2 0.007 guitar 1 

lobby door 1 0.007 bowl 2 

market jewelry 1 0.007 jeans 2 

mermaid scales 2 0.007 barn 1 

motor plane 2 0.007 cookies 1 

mouse chicken 1 0.007 skin 2 

muscle head 2 0.007 oven 1 

napkin lunch 2 0.007 truck 1 

needle shot 1 0.006 stairs 2 

night gown 1 0.006 door 2 

onion skin 1 0.007 teacher 2 

orange seed 1 0.01 park 2 

peach orchard 2 0.01 calf 1 

picture wallet 1 0.01 seed 2 

pigeon bench 2 0.01 weapon 1 

planet wave 1 0.006 table 2 

pocket comb 2 0.007 orchard 1 

potato oven 2 0.007 scales 1 

prairie woods 1 0.007 parade 2 

rabbit bird 1 0.006 syrup 2 

rifle weapon 2 0.007 shoe 1 

robin spring 2 0.007 comb 1 

shield wall 1 0.007 baby 2 

singer guitar 2 0.008 turkey 1 

skirt jeans 1 0.006 stone 2 

smoke cigar 2 0.008 gold 1 

snake frog 1 0.006 wall 2 

spoon bowl 1 0.008 gown 2 

square book 1 0.007 queen 2 

steeple stairs 1 0.007 roll 2 

stool kitchen 2 0.007 ghost 1 

supper turkey 2 0.007 pets 1 

sword arrow 2 0.006 lunch 1 

thread gold 2 0.006 stream 1 

ticket theater 1 0.007 bird 2 

track tire 2 0.006 head 1 

trail park 1 0.006 cake 2 

trunk lock 2 0.007 farm 1 
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valley horse 2 0.007 finger 1 

village cottage 2 0.007 cigar 1 

wedding church 1 0.007 shovel 2 

witch ghost 2 0.007 bench 1 

yacht sailor 1 0.008 chicken 2 
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Table 2 

 

Task means, ANOVA F- and p-values, and correlation coefficient with number of concussions 

sustained for neurocognitive tasks (standard deviations in parentheses). All F-tests had 2 

between-group degrees of freedom, and 51 within groups degrees of freedom. 

 

Domain Task 
ANOVA Means Correlation 

F P-Value C- FC- FC+ R P-value 

Attention Flanker 0.077 0.926 

94.000 

(6.856) 

96.250 

(13.392) 

95.240 

(12.685) 0.032 0.820 

Working Memory List Sort 1.463 0.241 

112.400 

(6.348) 

110.600 

(10.117) 

106.210 

(11.030) -0.008 0.957 

Inhibition Stroop 1.350 0.268 

100.400 

(14.258) 

94.950 

(12.484) 

91.310 

(12.160) -0.241 0.079 

Language COWAT 4.568 0.015 

123.800 

(4.919) 

102.700 

(17.918) 

108.760 

(11.948) -0.184 0.183 

Memory HVLT 1.049 0.358 

50.600 

(6.229) 

65.450 

(27.719) 

58.310 

(21.017) -0.032 0.816 

Premorbid IQ WTAR 2.633 0.079 

119.000 

(2.449) 

113.550 

(6.716) 

111.280 

(7.819) -0.280 0.041 
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Table 3 

 

Partial correlation results examining correlations between behavioral task performance (low 

accuracy, no accuracy, recombined error production, new error production) and functional 

connectivity (correlational between-network connectivity - CorrCon, bidirectional between-

network dynamic factor analytic connectivity - FAConnBid, and directed negative-to-positive 

network dynamic factor analytic connectivity – FAConnN2P), after controlling for 3 measures of 

white matter integrity (average weighted FA/MD/RD from the 6 tracts of interest). 

 

Behavioral Variable Connectivity Variable 
Partial Correlation Original Correlation 

R-value p-value R-value p-value 

Low Accuracy CorrConn - Low -0.080 0.697 0.023 0.902 

 FAConnBid – Low 0.005 0.981 0.014 0.940 

 FAConnN2P - Low -0.428 0.029 -0.423 0.020 

No Accuracy CorrConn – No -0.031 0.879 0.034 0.858 

 FAConnBid – No 0.119 0.564 0.166 0.380 

 FAConnN2P - No -0.058 0.779 -0.210 0.266 

Recombined Errors CorrConn – No 0.134 0.515 0.054 0.777 

 FAConnBid – No 0.193 0.345 0.188 0.321 

 FAConnN2P - No 0.410 0.037 0.434 0.016 

New Errors CorrConn – No -0.037 0.858 -0.105 0.582 

 FAConnBid – No 0.039 0.848 -0.020 0.916 

  FAConnN2P - No 0.216 0.290 0.280 0.135 
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Table 4 

 

Regression parameters from multi-modal imaging analysis.  

 

Predictor B-value SD T-value p-value 

Constant 235.622 1503.033 0.859 0.404 

Flanker 0.262 0.882 1.633 0.123 

List Sort 0.092 0.707 0.718 0.484 

Stroop -0.178 0.745 -1.309 0.210 

COWAT -0.052 0.641 -0.442 0.665 

HVLT -0.076 1.024 -0.408 0.689 

WTAR -0.082 1.068 -0.421 0.680 

Low Accuracy -5.559 92.686 -0.329 0.747 

No Accuracy 8.755 61.049 0.785 0.444 

Total Errors 0.167 1.402 0.653 0.524 

Negative-to-Positive Low Condition -6.630 37.985 -0.956 0.354 

Negative-to-Positive No Condition 6.718 50.308 0.731 0.476 

Average Weighted FA -359.481 2930.562 -0.672 0.512 

Average Weighted MD 273523.395 3785757.668 0.396 0.698 

Average Weighted RD -516573.095 5422938.793 -0.522 0.609 
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Figure 1 

Study flowchart. 
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Figure 2 

ACR task illustration. 
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Figure 3 

 

Illustration of simple correlational connectivity design. Matrix represents correlation matrix 

among all 34 ROIs (first 15: memory positive network; last 19: memory negative network), and 

coloring represents cells that were averaged to generate average correlation within (memory 

positive: yellow; and memory negative: turquoise) and between (green) networks for each task 

condition for each participant. Cells filled in black are self-correlations equal to 1 that were not 

included in these metrics. 
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Figure 4 

 

Illustration of contemporaneous bidirectional network connectivity design. ROIs are numbered 

based on their position in the table of coordinates in Habeck et al. (2016). 
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Figure 5 

 

Illustration of cross-lagged directed network connectivity design. 
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Figure 6 

 

Group means for age-corrected standard scores on the flanker task. Dashed line represents 

standardized population mean (SD=15). 
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Figure 7 

 

Group means for age-corrected standard correct reaction time scores on the Stroop task. Dashed 

line represents standardized population mean (SD=15). 
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Figure 8 

 

Group means for age-corrected standard scores on the list sorting task. Dashed line represents 

standardized population mean (SD=15). 
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Figure 9 

 

Group means for total t-scores on the Hopkins Verbal Learning Task (HVLT). Dashed line 

represents standardized population mean of 50 (SD=10). 
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Figure 10 

 

Group means for age-corrected standard scores on the Controlled Oral Word Association Task 

(COWAT). Dashed line represents standardized population mean (SD=15). 
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Figure 11 

 

Group means for age-corrected standard scores on the Wechsler Test of Adult Reading (WTAR). 

Dashed line represents standardized population mean (SD=15). 
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Figure 12 

 

ACR Task Accuracy (error bars represent 95% confidence intervals of the mean). 
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Figure 13 

 

ACR Task Errors (error bars represent 95% confidence intervals of the mean). 
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Figure 14 

 

Dynamic factor analytic directed lagged connectivity analysis significant interaction between 

connection direction and concussion history (error bars represent 95% confidence intervals of the 

mean). 

 



81 

REFERENCES 

 

Akshoomoff, N., Newman, E., Thompson, W. K., McCabe, C., Bloss, C. S., Chang, L., . . . 

Jernigan, T. L. (2014). The NIH Toolbox Cognition Battery: results from a large 

normative developmental sample (PING). Neuropsychology, 28(1), 1-10. 

doi:10.1037/neu0000001 

 

Albert, M. S., DeKosky, S. T., Dickson, D., Dubois, B., Feldman, H. H., Fox, N. C., . . . Phelps, 

C. H. (2011). The diagnosis of mild cognitive impairment due to Alzheimer's disease: 

recommendations from the National Institute on Aging-Alzheimer's Association 

workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement, 7(3), 

270-279. doi:10.1016/j.jalz.2011.03.008 

 

Baddeley, A. (1992a). Working memory. Science, 255(5044), 556-559.  

 

Baddeley, A. (1992b). Working Memory: The Interface between Memory and Cognition. J Cogn 

Neurosci, 4(3), 281-288. doi:10.1162/jocn.1992.4.3.281 

 

Baddeley, A., & Della Sala, S. (1996). Working memory and executive control. Philos Trans R 

Soc Lond B Biol Sci, 351(1346), 1397-1403; discussion 1403-1394. 

doi:10.1098/rstb.1996.0123 

 

Bailes, J. E., Petraglia, A. L., Omalu, B. I., Nauman, E., & Talavage, T. (2013). Role of 

subconcussion in repetitive mild traumatic brain injury. J Neurosurg, 119(5), 1235-1245. 

doi:10.3171/2013.7.JNS121822 

 

Baillargeon, A., Lassonde, M., Leclerc, S., & Ellemberg, D. (2012). Neuropsychological and 

neurophysiological assessment of sport concussion in children, adolescents and adults. 

Brain Inj, 26(3), 211-220. doi:10.3109/02699052.2012.654590 

 

Balota, D. A., Yap, M. J., Cortese, M. J., Hutchison, K. A., Kessler, B., Loftis, B., . . . Treiman, 

R. (2007). The English Lexicon Project. Behav Res Methods, 39(3), 445-459.  

 

Barrio, J. R., Small, G. W., Wong, K. P., Huang, S. C., Liu, J., Merrill, D. A., . . . Kepe, V. 

(2015). In vivo characterization of chronic traumatic encephalopathy using [F-

18]FDDNP PET brain imaging. Proc Natl Acad Sci U S A, 112(16), E2039-2047. 

doi:10.1073/pnas.1409952112 

 

Bartres-Faz, D., & Arenaza-Urquijo, E. M. (2011). Structural and functional imaging correlates 

of cognitive and brain reserve hypotheses in healthy and pathological aging. Brain 

Topogr, 24(3-4), 340-357. doi:10.1007/s10548-011-0195-9 

 

Barulli, D., & Stern, Y. (2013). Efficiency, capacity, compensation, maintenance, plasticity: 

emerging concepts in cognitive reserve. Trends Cogn Sci, 17(10), 502-509. 

doi:10.1016/j.tics.2013.08.012 



82 

Bashir, S., Vernet, M., Yoo, W. K., Mizrahi, I., Theoret, H., & Pascual-Leone, A. (2012). 

Changes in cortical plasticity after mild traumatic brain injury. Restor Neurol Neurosci, 

30(4), 277-282. doi:10.3233/RNN-2012-110207 

 

Baugh, C. M., Stamm, J. M., Riley, D. O., Gavett, B. E., Shenton, M. E., Lin, A., . . . Stern, R. A. 

(2012). Chronic traumatic encephalopathy: neurodegeneration following repetitive 

concussive and subconcussive brain trauma. Brain Imaging Behav, 6(2), 244-254. 

doi:10.1007/s11682-012-9164-5 

 

Bazarian, J. J., Zhu, T., Blyth, B., Borrino, A., & Zhong, J. (2012). Subject-specific changes in 

brain white matter on diffusion tensor imaging after sports-related concussion. Magn 

Reson Imaging, 30(2), 171-180. doi:10.1016/j.mri.2011.10.001 

 

Behrens, T. E., Berg, H. J., Jbabdi, S., Rushworth, M. F., & Woolrich, M. W. (2007). 

Probabilistic diffusion tractography with multiple fibre orientations: What can we gain? 

Neuroimage, 34(1), 144-155. doi:10.1016/j.neuroimage.2006.09.018 

 

Belanger, H. G., Spiegel, E., & Vanderploeg, R. D. (2010). Neuropsychological performance 

following a history of multiple self-reported concussions: a meta-analysis. J Int 

Neuropsychol Soc, 16(2), 262-267. doi:10.1017/S1355617709991287 

 

Bollen, K. A. (1996). An alternative 2SLS estimator for latent variable models. Psychometrika, 

61, 109-121. 

 

Bollen, K. A. (2001). Two-stage Least Squares and Latent Variable Models: Simultaneous 

Estimation and Robustness to Misspecifications. In R. Cudeck, S. Du Toit, and D. 

Sorbom (Eds.), Structural Equation Modeling: Present and Future, A Festschrift in Honor 

of Karl Joreskog (pp. 119-138). Lincoln, IL: Scientific Software. 

 

Bollen, K. A. & Bauer, D. J. (2004). Automating the Selection of Model-Implied Instrumental 

Variables. Sociological Methods and Research, 32, 425-52. 

 

Bonnelle, V., Ham, T. E., Leech, R., Kinnunen, K. M., Mehta, M. A., Greenwood, R. J., & 

Sharp, D. J. (2012). Salience network integrity predicts default mode network function 

after traumatic brain injury. doi:10.1073/pnas.1113455109 

 

Bosch, B., Arenaza-Urquijo, E. M., Rami, L., Sala-Llonch, R., Junque, C., Sole-Padulles, C., . . . 

Bartres-Faz, D. (2012). Multiple DTI index analysis in normal aging, amnestic MCI and 

AD. Relationship with neuropsychological performance. Neurobiol Aging, 33(1), 61-74. 

doi:10.1016/j.neurobiolaging.2010.02.004 

 

Braak, H., & Braak, E. (1995). Staging of Alzheimer's disease-related neurofibrillary changes. 

Neurobiol Aging, 16(3), 271-278; discussion 278-284.  

 

Braak, H., & Braak, E. (1997). Diagnostic criteria for neuropathologic assessment of Alzheimer's 

disease. Neurobiol Aging, 18(4 Suppl), S85-88.  



83 

 

Broglio, S. P., Eckner, J. T., Paulson, H. L., & Kutcher, J. S. (2012). Cognitive decline and 

aging: the role of concussive and subconcussive impacts. Exerc Sport Sci Rev, 40(3), 

138-144. doi:10.1097/JES.0b013e3182524273 

Broglio, S. P., Pontifex, M. B., O'Connor, P., & Hillman, C. H. (2009). The persistent effects of 

concussion on neuroelectric indices of attention. J Neurotrauma, 26(9), 1463-1470. 

doi:10.1089/neu.2008-0766 

 

Browndyke, J. N., Giovanello, K., Petrella, J., Hayden, K., Chiba-Falek, O., Tucker, K. A., . . . 

Welsh-Bohmer, K. A. (2013). Phenotypic regional functional imaging patterns during 

memory encoding in mild cognitive impairment and Alzheimer's disease. Alzheimers 

Dement, 9(3), 284-294. doi:10.1016/j.jalz.2011.12.006 

 

Bruce, J. M., & Echemendia, R. J. (2009). History of multiple self-reported concussions is not 

associated with reduced cognitive abilities. Neurosurgery, 64(1), 100-106; discussion 

106. doi:10.1227/01.NEU.0000336310.47513.C8 

 

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain's default network: 

anatomy, function, and relevance to disease. Ann N Y Acad Sci, 1124, 1-38. 

doi:10.1196/annals.1440.011 

 

Cameron, K. A., Yashar, S., Wilson, C. L., & Fried, I. (2001). Human hippocampal neurons 

predict how well word pairs will be remembered. Neuron, 30(1), 289-298.  

 

Casson, I. R., Viano, D. C., Haacke, E. M., Kou, Z., & LeStrange, D. G. (2014). Is There 

Chronic Brain Damage in Retired NFL Players? Neuroradiology, Neuropsychology, and 

Neurology Examinations of 45 Retired Players. Sports Health, 6(5), 384-395. 

doi:10.1177/1941738114540270 

 

CDC, C. f. D. C. a. P. (2007). Nonfatal traumatic brain injuries from sports and recreation 

activities--United States, 2001-2005. MMWR Morb Mortal Wkly Rep, 56(29), 733-737.  

 

Chamard, E., Lassonde, M., Henry, L., Tremblay, J., Boulanger, Y., De Beaumont, L., & 

Theoret, H. (2013). Neurometabolic and microstructural alterations following a sports-

related concussion in female athletes. Brain Inj, 27(9), 1038-1046. 

doi:10.3109/02699052.2013.794968 

 

Chen, J. K., Johnston, K. M., Frey, S., Petrides, M., Worsley, K., & Ptito, A. (2004). Functional 

abnormalities in symptomatic concussed athletes: an fMRI study. Neuroimage, 22(1), 68-

82. doi:10.1016/j.neuroimage.2003.12.032 

 

Churchill, N. W., Hutchison, M. G., Di Battista, A. P., Graham, S. J., & Schweizer, T. A. (2017). 

Structural, Functional, and Metabolic Brain Markers Differentiate Collision versus 

Contact and Non-Contact Athletes. Front Neurol, 8, 390. doi:10.3389/fneur.2017.00390 

 



84 

Clark, M. D., Varangis, E. M. L., Champagne, A. A., Giovanello, K. S., Shi, F., Kerr, Z. Y., … 

Guskiewicz, K. M. (In Press). Effects of career duration, concussion history, and playing 

position on white matter microstructure and functional neural recruitment in former 

college and professional football athletes. Radiology. 

Collie, A., McCrory, P., & Makdissi, M. (2006). Does history of concussion affect current 

cognitive status? Br J Sports Med, 40(6), 550-551. doi:10.1136/bjsm.2005.019802 

 

Collins, M. W., Lovell, M. R., Iverson, G. L., Cantu, R. C., Maroon, J. C., & Field, M. (2002). 

Cumulative effects of concussion in high school athletes. Neurosurgery, 51(5), 1175-

1179; discussion 1180-1171.  

 

Comalli, P. E., Wapner, S., & Werner, H. (1962). Interference effects of Stroop color-word test 

in childhood, adulthood, and aging. J Genet Psychol, 100, 47-53.  

 

Craik, F., & Jennings, J. M. (1992). Human Memory. In F. I. M. Craik & T. A. Salthouse (Eds.), 

The Handbook of Aging and Cognition (pp. 51-110). Hillsdale,  NJ,  England: Lawrence 

Erlbaum Associates, Inc. 

 

Craik, F. I. (1990). Changes in memory with normal aging: a functional view. Adv Neurol, 51, 

201-205.  

 

Craik, F. I. (2008). Memory changes in normal and pathological aging. Can J Psychiatry, 53(6), 

343-345.  

 

Cubon, V. A., Putukian, M., Boyer, C., & Dettwiler, A. (2011). A diffusion tensor imaging study 

on the white matter skeleton in individuals with sports-related concussion. J 

Neurotrauma, 28(2), 189-201. doi:10.1089/neu.2010.1430 

 

Dale, A. M., Fischl, B., & Sereno, M. I. (1999). Cortical surface-based analysis. I. Segmentation 

and surface reconstruction. Neuroimage, 9(2), 179-194. doi:10.1006/nimg.1998.0395 

 

Damoiseaux, J. S., Smith, S. M., Witter, M. P., Sanz-Arigita, E. J., Barkhof, F., Scheltens, P., . . . 

Rombouts, S. A. (2009). White matter tract integrity in aging and Alzheimer's disease. 

Hum Brain Mapp, 30(4), 1051-1059. doi:10.1002/hbm.20563 

 

De Beaumont, L., Brisson, B., Lassonde, M., & Jolicoeur, P. (2007). Long-term 

electrophysiological changes in athletes with a history of multiple concussions. Brain Inj, 

21(6), 631-644. doi:10.1080/02699050701426931 

 

De Beaumont, L., Théoret, H., Mongeon, D., Messier, J., Leclerc, S., Tremblay, S., . . . 

Lassonde, M. (2009). Brain function decline in healthy retired athletes who sustained 

their last sports concussion in early adulthood. Brain, 132(Pt 3), 695-708. 

doi:10.1093/brain/awn347 

 



85 

De Beaumont, L., Tremblay, S., Henry, L. C., Poirier, J., Lassonde, M., & Théoret, H. (2013). 

Motor system alterations in retired former athletes: the role of aging and concussion 

history. BMC Neurol, 13, 109. doi:10.1186/1471-2377-13-109 

 

Dennis, N. A., & Cabeza, R. (2008). Neuroimaging of healthy cognitive agin. In F. I. M. Craik & 

T. A. Salthouse (Eds.), The Handbook of Aging and Cognition (3 ed., pp. 1-53). 

Hillsdale, NJ: Erlbaum. 

 

Dettwiler, A., Murugavel, M., Putukian, M., Cubon, V., Furtado, J., & Osherson, D. (2014). 

Persistent differences in patterns of brain activation after sports-related concussion: a 

longitudinal functional magnetic resonance imaging study. J Neurotrauma, 31(2), 180-

188. doi:10.1089/neu.2013.2983 

 

Dosenbach, N. U., Fair, D. A., Miezin, F. M., Cohen, A. L., Wenger, K. K., Dosenbach, R. A., . . 

. Petersen, S. E. (2007). Distinct brain networks for adaptive and stable task control in 

humans. Proc Natl Acad Sci U S A, 104(26), 11073-11078. 

doi:10.1073/pnas.0704320104 

 

Douaud, G., Jbabdi, S., Behrens, T. E., Menke, R. A., Gass, A., Monsch, A. U., . . . Smith, S. 

(2011). DTI measures in crossing-fibre areas: increased diffusion anisotropy reveals early 

white matter alteration in MCI and mild Alzheimer's disease. Neuroimage, 55(3), 880-

890. doi:10.1016/j.neuroimage.2010.12.008 

 

Duff, E. P., Cunnington, R., & Egan, G. F. (2007). REX: Response exploration for neuroimaging 

datasets. Neuroinformatics, 5(4), 223-234. doi: 10.1007/s12021-007-9001-y 

 

Duncan, K., Tompary, A., & Davachi, L. (2014). Associative encoding and retrieval are 

predicted by functional connectivity in distinct hippocampal area CA1 pathways. J 

Neurosci, 34(34), 11188-11198. doi:10.1523/JNEUROSCI.0521-14.2014 

 

Eichele, T., Debener, S., Calhoun, V. D., Specht, K., Engel, A. K., Hugdahl, K., . . . Ullsperger, 

M. (2008). Prediction of human errors by maladaptive changes in event-related brain 

networks. doi:10.1073/pnas.0708965105 

 

Esposito, F., Bertolino, A., Scarabino, T., Latorre, V., Blasi, G., Popolizio, T., . . . Di Salle, F. 

(2006). Independent component model of the default-mode brain function: Assessing the 

impact of active thinking. Brain Res Bull, 70(4-6), 263-269. 

doi:10.1016/j.brainresbull.2006.06.012 

 

Fakhran, S., Yaeger, K., Collins, M., & Alhilali, L. (2014). Sex differences in white matter 

abnormalities after mild traumatic brain injury: localization and correlation with 

outcome. Radiology, 272(3), 815-823. doi:10.1148/radiol.14132512 

 

Fischl, B., Salat, D. H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., . . . Dale, A. M. 

(2002). Whole brain segmentation: automated labeling of neuroanatomical structures in 

the human brain. Neuron, 33(3), 341-355.  



86 

 

Fischl, B., van der Kouwe, A., Destrieux, C., Halgren, E., Segonne, F., Salat, D. H., . . . Dale, A. 

M. (2004). Automatically parcellating the human cerebral cortex. Cereb Cortex, 14(1), 

11-22.  

 

Fisher, Z. F., Bollen, K. A., Doyle, C., Lindquist, K., & Gates, K. M. (2016, June). Unified 

estimation of between and within-network relationships in high-dimensional fMRI time 

series. Poster presented at the Organization for Human Brain Mapping, Geneva, 

Switzerland. 

 

Ford, J. H., Giovanello, K. S., & Guskiewicz, K. M. (2013). Episodic memory in former 

professional football players with a history of concussion: an event-related functional 

neuroimaging study. J Neurotrauma, 30(20), 1683-1701. doi:10.1089/neu.2012.2535 

 

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., & Raichle, M. E. 

(2005). The human brain is intrinsically organized into dynamic, anticorrelated functional 

networks. Proc Natl Acad Sci U S A, 102(27), 9673-9678. doi:10.1073/pnas.0504136102 

 

Fujiyama, H., Van Soom, J., Rens, G., Gooijers, J., Leunissen, I., Levin, O., & Swinnen, S. P. 

(2016). Age-Related Changes in Frontal Network Structural and Functional Connectivity 

in Relation to Bimanual Movement Control. J Neurosci, 36(6), 1808-1822. 

doi:10.1523/JNEUROSCI.3355-15.2016 

 

Gardner, A., Kay-Lambkin, F., Stanwell, P., Donnelly, J., Williams, W. H., Hiles, A., . . . Jones, 

D. K. (2012). A systematic review of diffusion tensor imaging findings in sports-related 

concussion. J Neurotrauma, 29(16), 2521-2538. doi:10.1089/neu.2012.2628 

 

Gardner, A., Shores, E. A., & Batchelor, J. (2010). Reduced processing speed in rugby union 

players reporting three or more previous concussions. Arch Clin Neuropsychol, 25(3), 

174-181. doi:10.1093/arclin/acq007 

 

Gavett, B. E., Stern, R. A., & McKee, A. C. (2011). Chronic traumatic encephalopathy: a 

potential late effect of sport-related concussive and subconcussive head trauma. Clin 

Sports Med, 30(1), 179-188, xi. doi:10.1016/j.csm.2010.09.007 

 

Geib, B. R., Stanley, M. L., Dennis, N. A., Woldorff, M. G., & Cabeza, R. (2017). From 

hippocampus to whole-brain: The role of integrative processing in episodic memory 

retrieval. Hum Brain Mapp, 38(4), 2242-2259. doi:10.1002/hbm.23518 

 

Gennarelli, T. A. (1993). Mechanisms of brain injury. J Emerg Med, 11 Suppl 1, 5-11.  

 

Goswami, R., Dufort, P., Tartaglia, M. C., Green, R. E., Crawley, A., Tator, C. H., . . . Davis, K. 

D. (2015). Frontotemporal correlates of impulsivity and machine learning in retired 

professional athletes with a history of multiple concussions. Brain Struct Funct. 

doi:10.1007/s00429-015-1012-0 

 



87 

Gour, N., Ranjeva, J. P., Ceccaldi, M., Confort-Gouny, S., Barbeau, E., Soulier, E., . . . Felician, 

O. (2011). Basal functional connectivity within the anterior temporal network is 

associated with performance on declarative memory tasks. Neuroimage, 58(2), 687-697. 

doi:10.1016/j.neuroimage.2011.05.090 

 

Grady, C. L., & Craik, F. I. (2000). Changes in memory processing with age. Curr Opin 

Neurobiol, 10(2), 224-231.  

Grady, C. L., Protzner, A. B., Kovacevic, N., Strother, S. C., Afshin-Pour, B., Wojtowicz, M., . . 

. McIntosh, A. R. (2010). A multivariate analysis of age-related differences in default 

mode and task-positive networks across multiple cognitive domains. Cereb Cortex, 20(6), 

1432-1447. doi:10.1093/cercor/bhp207 

 

Greene, J. D., Hodges, J. R., & Baddeley, A. D. (1995). Autobiographical memory and executive 

function in early dementia of Alzheimer type. Neuropsychologia, 33(12), 1647-1670.  

 

Greicius, M. D., Krasnow, B., Reiss, A. L., & Menon, V. (2003). Functional connectivity in the 

resting brain: A network analysis of the default mode hypothesis. Procedings of the 

National Academy of Sciences, 100, 253-8. doi: 10.1073/pnas.0135058100 

 

Greicius, M. D., Supekar, K., Menon, V., & Dougherty, R. F. (2009). Resting-state functional 

connectivity reflects structural connectivity in the default mode network. Cereb Cortex, 

19(1), 72-78. doi:10.1093/cercor/bhn059 

 

Guskiewicz, K. M. (2002). No evidence of impaired neurocognitive performance in collegiate 

soccer players. Am J Sports Med, 30(4), 630.  

 

Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Cantu, R. C., Randolph, C., & 

Jordan, B. D. (2005). Association between recurrent concussion and late-life cognitive 

impairment in retired professional football players. Neurosurgery, 57(4), 719-726; 

discussion 719-726.  

 

Guskiewicz, K. M., Marshall, S. W., Bailes, J., McCrea, M., Harding, H. P., Matthews, A., . . . 

Cantu, R. C. (2007). Recurrent concussion and risk of depression in retired professional 

football players. Med Sci Sports Exerc, 39(6), 903-909. 

doi:10.1249/mss.0b013e3180383da5 

 

Guskiewicz, K. M., McCrea, M., Marshall, S. W., Cantu, R. C., Randolph, C., Barr, W., . . . 

Kelly, J. P. (2003). Cumulative effects associated with recurrent concussion in collegiate 

football players: the NCAA Concussion Study. JAMA, 290(19), 2549-2555. 

doi:10.1001/jama.290.19.2549 

 

Gysland, S. M., Mihalik, J. P., Register-Mihalik, J. K., Trulock, S. C., Shields, E. W., & 

Guskiewicz, K. M. (2012). The relationship between subconcussive impacts and 

concussion history on clinical measures of neurologic function in collegiate football 

players. Ann Biomed Eng, 40(1), 14-22. doi:10.1007/s10439-011-0421-3 

 



88 

Habeck, C., Gazes, Y., Razlighi, Q., Steffener, J., Brickman, A., Barulli, D., . . . Stern, Y. (2016). 

The Reference Ability Neural Network Study: Life-time stability of reference-ability 

neural networks derived from task maps of young adults. Neuroimage, 125, 693-704. 

doi:10.1016/j.neuroimage.2015.10.077 

 

Hakun, J. G., Zhu, Z., Brown, C. A., Johnson, N. F., & Gold, B. T. (2015). Longitudinal 

alterations to brain function, structure, and cognitive performance in healthy older adults: 

A fMRI-DTI study. Neuropsychologia, 71, 225-235. 

doi:10.1016/j.neuropsychologia.2015.04.008 

 

Hamberger, A., Viano, D. C., Säljö, A., & Bolouri, H. (2009). Concussion in professional 

football: morphology of brain injuries in the NFL concussion model--part 16. 

Neurosurgery, 64(6), 1174-1182; discussion 1182. 

doi:10.1227/01.NEU.0000316855.40986.2A 

 

Han, S. D., Houston, W. S., Jak, A. J., Eyler, L. T., Nagel, B. J., Fleisher, A. S., . . . Bondi, M. 

W. (2007). Verbal paired-associate learning by APOE genotype in non-demented older 

adults: fMRI evidence of a right hemispheric compensatory response. Neurobiol Aging, 

28(2), 238-247. doi:10.1016/j.neurobiolaging.2005.12.013 

 

Hart, J., Kraut, M. A., Womack, K. B., Strain, J., Didehbani, N., Bartz, E., . . . Cullum, C. M. 

(2013). Neuroimaging of cognitive dysfunction and depression in aging retired National 

Football League players: a cross-sectional study. JAMA Neurol, 70(3), 326-335. 

doi:10.1001/2013.jamaneurol.340 

 

Henry, L. C., Tremblay, J., Tremblay, S., Lee, A., Brun, C., Lepore, N., . . . Lassonde, M. 

(2011). Acute and chronic changes in diffusivity measures after sports concussion. J 

Neurotrauma, 28(10), 2049-2059. doi:10.1089/neu.2011.1836 

 

Henson, R. N., Shallice, T., Josephs, O., & Dolan, R. J. (2002). Functional magnetic resonance 

imaging of proactive interference during spoken cued recall. Neuroimage, 17(2), 543-

558.  

 

Hirsiger, S., Koppelmans, V., Mérillat, S., Liem, F., Erdeniz, B., Seidler, R. D., & Jäncke, L. 

(2016). Structural and functional connectivity in healthy aging: Associations for 

cognition and motor behavior. Hum Brain Mapp, 37(3), 855-867. 

doi:10.1002/hbm.23067 

 

Hodges, J. R., Salmon, D. P., & Butters, N. (1990). Differential impairment of semantic and 

episodic memory in Alzheimer's and Huntington's diseases: a controlled prospective 

study. J Neurol Neurosurg Psychiatry, 53(12), 1089-1095.  

 

Hoekzema, E., Carmona, S., Ramos-Quiroga, J. A., Richarte Fernandez, V., Bosch, R., Soliva, J. 

C., . . . Vilarroya, O. (2014). An independent components and functional connectivity 

analysis of resting state fMRI data points to neural network dysregulation in adult 

ADHD. Hum Brain Mapp, 35(4), 1261-1272. doi:10.1002/hbm.22250 



89 

Holdnack, H. A. (2001). Wechsler Test of Adult Reading: WTAR. In. San Antonio, TX: The 

Psychological Corporation. 

 

Iverson, G. L., Echemendia, R. J., Lamarre, A. K., Brooks, B. L., & Gaetz, M. B. (2012). 

Possible lingering effects of multiple past concussions. Rehabil Res Pract, 2012, 316575. 

doi:10.1155/2012/316575 

 

Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., & Smith, S. M. (2012). FSL. 

Neuroimage, 62(2), 782-790. doi:10.1016/j.neuroimage.2011.09.015 

Ji, A., Godwin, D., Rutlin, J., Kandala, S., Shimony, J. S., & Mamah, D. (2017). Tract-based 

analysis of white matter integrity in psychotic and nonpsychotic bipolar disorder. J Affect 

Disord, 209, 124-134. doi:10.1016/j.jad.2016.11.038 

 

Jones, D. T., Knopman, D. S., Gunter, J. L., Graff-Radford, J., Vemuri, P., Boeve, B. F., . . . 

Initiative, A. s. D. N. (2015). Cascading network failure across the Alzheimer's disease 

spectrum. Brain. doi:10.1093/brain/awv338 

 

Keightley, M. L., Saluja, R. S., Chen, J. K., Gagnon, I., Leonard, G., Petrides, M., & Ptito, A. 

(2014). A functional magnetic resonance imaging study of working memory in youth 

after sports-related concussion: is it still working? J Neurotrauma, 31(5), 437-451. 

doi:10.1089/neu.2013.3052 

 

Kerr, Z. Y., Littleton, A., Cox, L., Varangis, E., DeFreese, J., Lynall, R. C., . . . Guskiewicz, K. 

K. (2015). Estimating contact exposure in football using the Head Impact Exposure 

Estimate (HIEE). J Neurotrauma. doi:10.1089/neu.2014.3666 

 

Khong, E., Odenwald, N., Hashim, E., & Cusimano, M. D. (2016). Diffusion Tensor Imaging 

Findings in Post-Concussion Syndrome Patients after Mild Traumatic Brain Injury: A 

Systematic Review. Front Neurol, 7. doi:10.3389/fneur.2016.00156 

 

Kreilkamp, B. A., Weber, B., Richardson, M. P., & Keller, S. S. (2017). Automated tractography 

in patients with temporal lobe epilepsy using TRActs Constrained by UnderLying 

Anatomy (TRACULA). Neuroimage Clin, 14, 67-76. doi:10.1016/j.nicl.2017.01.003 

 

Kutner, K. C., Erlanger, D. M., Tsai, J., Jordan, B., & Relkin, N. R. (2000). Lower cognitive 

performance of older football players possessing apolipoprotein E epsilon4. 

Neurosurgery, 47(3), 651-657; discussion 657-658.  

 

Laird, A. R., Eickhoff, S. B., Li, K., Robin, D. A., Glahn, D. C., & Fox, P. T. (2009). 

Investigating the functional heterogeneity of the default mode network using coordinate-

based meta-analytic modeling. J Neurosci, 29(46), 14496-14505. 

doi:10.1523/JNEUROSCI.4004-09.2009 

 

Lambon Ralph, M. A., Cipolotti, L., Manes, F., & Patterson, K. (2010). Taking both sides: do 

unilateral anterior temporal lobe lesions disrupt semantic memory? Brain, 133(11), 3243-

3255. doi:10.1093/brain/awq264 



90 

 

Lehman, E. J., Hein, M. J., Baron, S. L., & Gersic, C. M. (2012). Neurodegenerative causes of 

death among retired National Football League players. Neurology, 79(19), 1970-1974. 

doi:10.1212/WNL.0b013e31826daf50 

 

Lipton, M. L., Kim, N., Zimmerman, M. E., Kim, M., Stewart, W. F., Branch, C. A., & Lipton, 

R. B. (2013). Soccer heading is associated with white matter microstructural and 

cognitive abnormalities. Radiology, 268(3), 850-857. doi:10.1148/radiol.13130545 

Liu, Y., Spulber, G., Lehtimaki, K. K., Kononen, M., Hallikainen, I., Grohn, H., . . . Soininen, H. 

(2011). Diffusion tensor imaging and tract-based spatial statistics in Alzheimer's disease 

and mild cognitive impairment. Neurobiol Aging, 32(9), 1558-1571. 

doi:10.1016/j.neurobiolaging.2009.10.006 

 

Loonstra, A. S., Tarlow, A. R., & Sellers, A. H. (2001). COWAT metanorms across age, 

education, and gender. Appl Neuropsychol, 8(3), 161-166. 

doi:10.1207/S15324826AN0803_5 

 

Lovell, M. R., Pardini, J. E., Welling, J., Collins, M. W., Bakal, J., Lazar, N., . . . Becker, J. T. 

(2007). Functional brain abnormalities are related to clinical recovery and time to return-

to-play in athletes. Neurosurgery, 61(2), 352-359; discussion 359-360. 

doi:10.1227/01.NEU.0000279985.94168.7F 

 

Luo, L., & Craik, F. I. (2008). Aging and memory: a cognitive approach. Can J Psychiatry, 

53(6), 346-353.  

 

MacLeod, C. M. (1991). Half a century of research on the Stroop effect: an integrative review. 

Psychol Bull, 109(2), 163-203.  

 

Maldjian, J., Laurienti, P., Kraft, R., & Burdette, J. (2003). An automated method for 

neuroanatomic and cytoarchitectonic atlas-based interrogation of fMRI data sets. 

Neuroimage, 19, 1233–1239. doi: 10.1016/S1053-8119(03)00169-1 

 

Manley, G., Gardner, A. J., Schneider, K. J., Guskiewicz, K. M., Bailes, J., Cantu, R. C., . . . 

Iverson, G. L. (2017). A systematic review of potential long-term effects of sport-related 

concussion. Br J Sports Med, 51(12), 969-977. doi:10.1136/bjsports-2017-097791 

 

Mayo, C. D., Mazerolle, E. L., Ritchie, L., Fisk, J. D., & Gawryluk, J. R. (2017). Longitudinal 

changes in microstructural white matter metrics in Alzheimer's disease. Neuroimage Clin, 

13, 330-338. doi:10.1016/j.nicl.2016.12.012 

 

McAllister, T., & McCrea, M. (2017). Long-Term Cognitive and Neuropsychiatric 

Consequences of Repetitive Concussion and Head-Impact Exposure. J Athl Train, 52(3), 

309-317. doi:10.4085/1062-6050-52.1.14 

 

McCrea, M., Guskiewicz, K., Randolph, C., Barr, W. B., Hammeke, T. A., Marshall, S. W., . . . 

Kelly, J. P. (2013). Incidence, clinical course, and predictors of prolonged recovery time 



91 

following sport-related concussion in high school and college athletes. J Int 

Neuropsychol Soc, 19(1), 22-33. doi:10.1017/S1355617712000872 

 

McCrea, M., Guskiewicz, K. M., Marshall, S. W., Barr, W., Randolph, C., Cantu, R. C., . . . 

Kelly, J. P. (2003). Acute effects and recovery time following concussion in collegiate 

football players: the NCAA Concussion Study. JAMA, 290(19), 2556-2563. 

doi:10.1001/jama.290.19.2556 

McCrea, M., Prichep, L., Powell, M. R., Chabot, R., & Barr, W. B. (2010). Acute effects and 

recovery after sport-related concussion: a neurocognitive and quantitative brain electrical 

activity study. J Head Trauma Rehabil, 25(4), 283-292. 

doi:10.1097/HTR.0b013e3181e67923 

 

McKee, A. C., Cantu, R. C., Nowinski, C. J., Hedley-Whyte, E. T., Gavett, B. E., Budson, A. E., 

. . . Stern, R. A. (2009). Chronic traumatic encephalopathy in athletes: progressive 

tauopathy after repetitive head injury. J Neuropathol Exp Neurol, 68(7), 709-735. 

doi:10.1097/NEN.0b013e3181a9d503 

 

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., Kawas, C. H., . . . 

Phelps, C. H. (2011). The diagnosis of dementia due to Alzheimer's disease: 

recommendations from the National Institute on Aging-Alzheimer's Association 

workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement, 7(3), 

263-269. doi:10.1016/j.jalz.2011.03.005 

 

Meier, T. B., Bellgowan, P. S., Bergamino, M., Ling, J. M., & Mayer, A. R. (2015). Thinner 

Cortex in Collegiate Football Players with, But Not without, a Self-Reported History of 

Concussion. J Neurotrauma. doi:10.1089/neu.2015.3919 

 

Miller, S. L., Celone, K., DePeau, K., Diamond, E., Dickerson, B. C., Rentz, D., . . . Sperling, R. 

A. (2008). Age-related memory impairment associated with loss of parietal deactivation 

but preserved hippocampal activation. Proc Natl Acad Sci U S A, 105(6), 2181-2186. 

doi:10.1073/pnas.0706818105 

 

Miyashita, T. L., Diakogeorgiou, E., & Marrie, K. (2017). Correlation of Head Impacts to 

Change in Balance Error Scoring System Scores in Division I Men's Lacrosse Players. 

Sports Health, 9(4), 318-323. doi:10.1177/1941738116685306 

 

Montenigro, P. H., Alosco, M. L., Martin, B. M., Daneshvar, D. H., Mez, J., Chaisson, C. E., . . . 

Tripodis, Y. (2017). Cumulative Head Impact Exposure Predicts Later-Life Depression, 

Apathy, Executive Dysfunction, and Cognitive Impairment in Former High School and 

College Football Players. J Neurotrauma, 34(2), 328-340. doi:10.1089/neu.2016.4413 

 

Moore, R. D., Pindus, D. M., Drolette, E. S., Scudder, M. R., Raine, L. B., & Hillman, C. H. 

(2015). The persistent influence of pediatric concussion on attention and cognitive 

control during flanker performance. Biol Psychol. doi:10.1016/j.biopsycho.2015.04.008 

 



92 

Morris, R. G., & Baddeley, A. D. (1988). Primary and working memory functioning in 

Alzheimer-type dementia. J Clin Exp Neuropsychol, 10(2), 279-296. 

doi:10.1080/01688638808408242 

 

Multani, N., Goswami, R., Khodadadi, M., Ebraheem, A., Davis, K. D., Tator, C. H., . . . 

Tartaglia, M. C. (2016). The association between white-matter tract abnormalities, and 

neuropsychiatric and cognitive symptoms in retired professional football players with 

multiple concussions. J Neurol, 263(7), 1332-1341. doi:10.1007/s00415-016-8141-0 

Murugavel, M., Cubon, V., Putukian, M., Echemendia, R., Cabrera, J., Osherson, D., & 

Dettwiler, A. (2014). A longitudinal diffusion tensor imaging study assessing white 

matter fiber tracts after sports-related concussion. J Neurotrauma, 31(22), 1860-1871. 

doi:10.1089/neu.2014.3368 

 

Narayana, P. A., Yu, X., Hasan, K. M., Wilde, E. A., Levin, H. S., Hunter, J. V., . . . McCarthy, 

J. J. (2015). Multi-modal MRI of mild traumatic brain injury. Neuroimage Clin, 7, 87-97. 

doi:10.1016/j.nicl.2014.07.010 

 

Nelson, D. L., McEvoy, C. L., & Schreiber, T. A. (2004). The University of South Florida free 

association, rhyme, and word fragment norms. Behav Res Methods Instrum Comput, 

36(3), 402-407.  

 

Niogi, S. N., Mukherjee, P., Ghajar, J., Johnson, C., Kolster, R. A., Sarkar, R., . . . McCandliss, 

B. D. (2008). Extent of microstructural white matter injury in postconcussive syndrome 

correlates with impaired cognitive reaction time: a 3T diffusion tensor imaging study of 

mild traumatic brain injury. AJNR Am J Neuroradiol, 29(5), 967-973. 

doi:10.3174/ajnr.A0970 

 

Olson, E. A., Cui, J., Fukunaga, R., Nickerson, L. D., Rauch, S. L., & Rosso, I. M. (2017). 

Disruption of white matter structural integrity and connectivity in posttraumatic stress 

disorder: A TBSS and tractography study. Depress Anxiety, 34(5), 437-445. 

doi:10.1002/da.22615 

 

Omalu, B. (2014). Chronic traumatic encephalopathy. Prog Neurol Surg, 28, 38-49. 

doi:10.1159/000358761 

 

Omalu, B. I., DeKosky, S. T., Hamilton, R. L., Minster, R. L., Kamboh, M. I., Shakir, A. M., & 

Wecht, C. H. (2006). Chronic traumatic encephalopathy in a national football league 

player: part II. Neurosurgery, 59(5), 1086-1092; discussion 1092-1083. 

doi:10.1227/01.NEU.0000245601.69451.27 

 

Omalu, B. I., DeKosky, S. T., Minster, R. L., Kamboh, M. I., Hamilton, R. L., & Wecht, C. H. 

(2005). Chronic traumatic encephalopathy in a National Football League player. 

Neurosurgery, 57(1), 128-134; discussion 128-134.  

 

Pardini, J. E., Pardini, D. A., Becker, J. T., Dunfee, K. L., Eddy, W. F., Lovell, M. R., & 

Welling, J. S. (2010). Postconcussive symptoms are associated with compensatory 



93 

cortical recruitment during a working memory task. Neurosurgery, 67(4), 1020-1027; 

discussion 1027-1028. doi:10.1227/NEU.0b013e3181ee33e2 

 

Pearce, A. J., Hoy, K., Rogers, M. A., Corp, D. T., Maller, J. J., Drury, H. G., & Fitzgerald, P. B. 

(2014). The long-term effects of sports concussion on retired Australian football players: 

a study using transcranial magnetic stimulation. J Neurotrauma, 31(13), 1139-1145. 

doi:10.1089/neu.2013.3219 

Perry, R. J., & Hodges, J. R. (1996). Spectrum of memory dysfunction in degenerative disease. 

Curr Opin Neurol, 9(4), 281-285.  

 

Persson, J., Lustig, C., Nelson, J. K., & Reuter-Lorenz, P. A. (2007). Age differences in 

deactivation: a link to cognitive control? J Cogn Neurosci, 19(6), 1021-1032. 

doi:10.1162/jocn.2007.19.6.1021 

 

Petersen, R. C., Smith, G. E., Waring, S. C., Ivnik, R. J., Tangalos, E. G., & Kokmen, E. (1999). 

Mild cognitive impairment: clinical characterization and outcome. Arch Neurol, 56(3), 

303-308.  

 

Pontifex, M. B., O'Connor, P. M., Broglio, S. P., & Hillman, C. H. (2009). The association 

between mild traumatic brain injury history and cognitive control. Neuropsychologia, 

47(14), 3210-3216. doi:10.1016/j.neuropsychologia.2009.07.021 

 

Poppenk, J., Evensmoen, H. R., Moscovitch, M., & Nadel, L. (2013). Long-axis specialization of 

the human hippocampus. Trends in Cognitive Sciences, 17(5), 230-240. 

doi:10.1016/j.tics.2013.03.005 

 

Prakash, R. S., Heo, S., Voss, M. W., Patterson, B., & Kramer, A. F. (2012). Age-related 

differences in cortical recruitment and suppression: implications for cognitive 

performance. Behav Brain Res, 230(1), 192-200. doi:10.1016/j.bbr.2012.01.058 

 

Prevention, C. f. D. C. a. (2011). Nonfatal traumatic brain injuries related to sports and recreation 

activities among persons aged ≤19 years--United States, 2001-2009. MMWR Morb 

Mortal Wkly Rep, 60(39), 1337-1342.  

 

Ptito, A., Chen, J. K., & Johnston, K. M. (2007). Contributions of functional magnetic resonance 

imaging (fMRI) to sport concussion evaluation. NeuroRehabilitation, 22(3), 217-227.  

 

Randolph, C., Karantzoulis, S., & Guskiewicz, K. (2013). Prevalence and characterization of 

mild cognitive impairment in retired national football league players. J Int Neuropsychol 

Soc, 19(8), 873-880. doi:10.1017/S1355617713000805 

 

Ranganath, C., & Ritchey, M. (2012). Two cortical systems for memory-guided behaviour. 

Nature Reviews Neuroscience, 13(10), 713-726. doi:10.1038/nrn3338 

 



94 

Risacher, S. L., Saykin, A. J., West, J. D., Shen, L., Firpi, H. A., McDonald, B. C., & (ADNI), A. 

s. D. N. I. (2009). Baseline MRI predictors of conversion from MCI to probable AD in 

the ADNI cohort. Curr Alzheimer Res, 6(4), 347-361.  

 

Ruff, R. M., Light, R. H., Parker, S. B., & Levin, H. S. (1996). Benton Controlled Oral Word 

Association Test: reliability and updated norms. Arch Clin Neuropsychol, 11(4), 329-338.  

 

Sarica, A., Cerasa, A., Vasta, R., Perrotta, P., Valentino, P., Mangone, G., . . . Quattrone, A. 

(2014). Tractography in amyotrophic lateral sclerosis using a novel probabilistic tool: a 

study with tract-based reconstruction compared to voxel-based approach. J Neurosci 

Methods, 224, 79-87. doi:10.1016/j.jneumeth.2013.12.014 

 

Sasaki, T., Pasternak, O., Mayinger, M., Muehlmann, M., Savadjiev, P., Bouix, S., . . . Koerte, I. 

K. (2014). Hockey Concussion Education Project, Part 3. White matter microstructure in 

ice hockey players with a history of concussion: a diffusion tensor imaging study. J 

Neurosurg, 120(4), 882-890. doi:10.3171/2013.12.jns132092 

 

Satz, P. (1993). Brain reserve capacity on symptom onset after brain injury: A formulation and 

review of evidence for threshold theory. Neuropsychology, 7(3), 273-295. 

doi:10.1037/0894-4105.7.3.273 

 

Schulz, M. R., Marshall, S. W., Mueller, F. O., Yang, J., Weaver, N. L., Kalsbeek, W. D., & 

Bowling, J. M. (2004). Incidence and risk factors for concussion in high school athletes, 

North Carolina, 1996-1999. Am J Epidemiol, 160(10), 937-944. doi:10.1093/aje/kwh304 

 

Shapiro, A. M., Benedict, R. H., Schretlen, D., & Brandt, J. (1999). Construct and concurrent 

validity of the Hopkins Verbal Learning Test-revised. Clin Neuropsychol, 13(3), 348-

358. doi:10.1076/clin.13.3.348.1749 

 

Simmons, W. K., & Martin, A. (2009). The anterior temporal lobes and the functional 

architecture of semantic memory. J Int Neuropsychol Soc, 15(5), 645-649. 

doi:10.1017/S1355617709990348 

 

Small, G. W., Kepe, V., Siddarth, P., Ercoli, L. M., Merrill, D. A., Donoghue, N., . . . Barrio, J. 

R. (2013). PET scanning of brain tau in retired national football league players: 

preliminary findings. Am J Geriatr Psychiatry, 21(2), 138-144. 

doi:10.1016/j.jagp.2012.11.019 

 

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E., Mackay, C. E., . . . 

Behrens, T. E. (2006). Tract-based spatial statistics: voxelwise analysis of multi-subject 

diffusion data. Neuroimage, 31(4), 1487-1505. doi:10.1016/j.neuroimage.2006.02.024 

 

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E., Johansen-Berg, 

H., . . . Matthews, P. M. (2004). Advances in functional and structural MR image analysis 

and implementation as FSL. Neuroimage, 23 Suppl 1, S208-219. 

doi:10.1016/j.neuroimage.2004.07.051 



95 

 

Sours, C., Kinnison, J., Padmala, S., Gullapalli, R. P., & Pessoa, L. (2017). Altered segregation 

between task-positive and task-negative regions in mild traumatic brain injury. Brain 

Imaging Behav. doi:10.1007/s11682-017-9724-9 

 

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan, A. M., . . . Phelps, 

C. H. (2011). Toward defining the preclinical stages of Alzheimer's disease: 

recommendations from the National Institute on Aging-Alzheimer's Association 

workgroups on diagnostic guidelines for Alzheimer's disease. Alzheimers Dement, 7(3), 

280-292. doi:10.1016/j.jalz.2011.03.003 

 

Sporns, O. (2011). Networks of the Brain. Cambridge, Massachusetts: The MIT Press. 

 

Stamm, J. M., Bourlas, A. P., Baugh, C. M., Fritts, N. G., Daneshvar, D. H., Martin, B. M., . . . 

Stern, R. A. (2015). Age of first exposure to football and later-life cognitive impairment 

in former NFL players. Neurology, 84(11), 1114-1120. 

doi:10.1212/WNL.0000000000001358 

 

Stamm, J. M., Koerte, I. K., Muehlmann, M., Pasternak, O., Bourlas, A. P., Baugh, C. M., . . . 

Shenton, M. E. (2015). Age at First Exposure to Football Is Associated with Altered 

Corpus Callosum White Matter Microstructure in Former Professional Football Players. J 

Neurotrauma, 32(22), 1768-1776. doi:10.1089/neu.2014.3822 

 

Stebbins, G. T., & Murphy, C. M. (2009). Diffusion Tensor Imaging in Alzheimer’s Disease and 

Mild Cognitive Impairment. Behav Neurol, 21(1-2), 39-49. doi:10.3233/ben-2009-0234 

 

Stern, R. A., Daneshvar, D. H., Baugh, C. M., Seichepine, D. R., Montenigro, P. H., Riley, D. 

O., . . . McKee, A. C. (2013). Clinical presentation of chronic traumatic encephalopathy. 

Neurology, 81(13), 1122-1129. doi:10.1212/WNL.0b013e3182a55f7f 

 

Stern, R. A., Riley, D. O., Daneshvar, D. H., Nowinski, C. J., Cantu, R. C., & McKee, A. C. 

(2011). Long-term consequences of repetitive brain trauma: chronic traumatic 

encephalopathy. PM R, 3(10 Suppl 2), S460-467. doi:10.1016/j.pmrj.2011.08.008 

 

Stern, Y. (2002). What is cognitive reserve? Theory and research application of the reserve 

concept. J Int Neuropsychol Soc, 8(3), 448-460.  

 

Stern, Y. (2006). Cognitive reserve and Alzheimer disease. Alzheimer Dis Assoc Disord, 20(2), 

112-117. doi:10.1097/01.wad.0000213815.20177.19 

 

Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer's disease. Lancet Neurol, 11(11), 

1006-1012. doi:10.1016/s1474-4422(12)70191-6 

 

Stern, Y., Habeck, C., Steffener, J., Barulli, D., Gazes, Y., Razlighi, Q., . . . Salthouse, T. (2014). 

The Reference Ability Neural Network Study: motivation, design, and initial feasibility 

analyses. Neuroimage, 103, 139-151. doi:10.1016/j.neuroimage.2014.09.029 



96 

 

Strain, J., Didehbani, N., Cullum, C. M., Mansinghani, S., Conover, H., Kraut, M. A., . . . 

Womack, K. B. (2013). Depressive symptoms and white matter dysfunction in retired 

NFL players with concussion history. Neurology, 81(1), 25-32. 

doi:10.1212/WNL.0b013e318299ccf8 

 

Strain, J. F., Didehbani, N., Spence, J., Conover, H., Bartz, E. K., Mansinghani, S., . . . Womack, 

K. B. (2017). White Matter Changes and Confrontation Naming in Retired Aging 

National Football League Athletes. J Neurotrauma, 34(2), 372-379. 

doi:10.1089/neu.2016.4446 

 

Strain, J. F., Womack, K. B., Didehbani, N., Spence, J. S., Conover, H., Hart, J., . . . Cullum, C. 

M. (2015). Imaging Correlates of Memory and Concussion History in Retired National 

Football League Athletes. JAMA Neurol. doi:10.1001/jamaneurol.2015.0206 

 

Straume-Naesheim, T. M., Andersen, T. E., Dvorak, J., & Bahr, R. (2005). Effects of heading 

exposure and previous concussions on neuropsychological performance among 

Norwegian elite footballers. Br J Sports Med, 39 Suppl 1, i70-77. 

doi:10.1136/bjsm.2005.019646 

 

Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Journal of Experimental 

Psychology, 18(6), 643-662.  

 

Talavage, T. M., Nauman, E. A., Breedlove, E. L., Yoruk, U., Dye, A. E., Morigaki, K. E., . . . 

Leverenz, L. J. (2014). Functionally-detected cognitive impairment in high school 

football players without clinically-diagnosed concussion. J Neurotrauma, 31(4), 327-338. 

doi:10.1089/neu.2010.1512 

 

Terry, D. P., Adams, T. E., Ferrara, M. S., & Miller, L. S. (2015). FMRI hypoactivation during 

verbal learning and memory in former high school football players with multiple 

concussions. Arch Clin Neuropsychol, 30(4), 341-355. doi:10.1093/arclin/acv020 

 

Terry, D. P., Faraco, C. C., Smith, D., Diddams, M. J., Puente, A. N., & Miller, L. S. (2012). 

Lack of long-term fMRI differences after multiple sports-related concussions. Brain Inj, 

26(13-14), 1684-1696. doi:10.3109/02699052.2012.722259 

 

Theriault, M., De Beaumont, L., Tremblay, S., Lassonde, M., & Jolicoeur, P. (2011). Cumulative 

effects of concussions in athletes revealed by electrophysiological abnormalities on visual 

working memory. J Clin Exp Neuropsychol, 33(1), 30-41. 

doi:10.1080/13803391003772873 

 

Thornton, A. E., Cox, D. N., Whitfield, K., & Fouladi, R. T. (2008). Cumulative concussion 

exposure in rugby players: neurocognitive and symptomatic outcomes. J Clin Exp 

Neuropsychol, 30(4), 398-409. doi:10.1080/13803390701443662 

 



97 

Tompary, A., Duncan, K., & Davachi, L. (2015). Consolidation of Associative and Item Memory 

Is Related to Post-Encoding Functional Connectivity between the Ventral Tegmental 

Area and Different Medial Temporal Lobe Subregions during an Unrelated Task. J 

Neurosci, 35(19), 7326-7331. doi:10.1523/JNEUROSCI.4816-14.2015 

 

Tremblay, S., De Beaumont, L., Henry, L. C., Boulanger, Y., Evans, A. C., Bourgouin, P., . . . 

Lassonde, M. (2013). Sports concussions and aging: a neuroimaging investigation. Cereb 

Cortex, 23(5), 1159-1166. doi:10.1093/cercor/bhs102 

Tremblay, S., Henry, L. C., Bedetti, C., Larson-Dupuis, C., Gagnon, J. F., Evans, A. C., . . . De 

Beaumont, L. (2014). Diffuse white matter tract abnormalities in clinically normal ageing 

retired athletes with a history of sports-related concussions. Brain, 137(Pt 11), 2997-

3011. doi:10.1093/brain/awu236 

 

Tromp, D., Bernard, F., Dufour, A., Lithfous, S., Pebayle, T., & Després, O. (2015). Episodic 

memory in normal aging and Alzheimer Disease: Insights from imaging and behavioral 

studies. Ageing Res Rev. doi:10.1016/j.arr.2015.08.006 

 

Tulsky, D. S., Carlozzi, N., Chiaravalloti, N. D., Beaumont, J. L., Kisala, P. A., Mungas, D., . . . 

Gershon, R. (2014). NIH Toolbox Cognition Battery (NIHTB-CB): list sorting test to 

measure working memory. J Int Neuropsychol Soc, 20(6), 599-610. 

doi:10.1017/S135561771400040X 

 

Uddin, L. Q., Kelly, A. M., Biswal, B. B., Castellanos, F. X., & Milham, M. P. (2009). 

Functional connectivity of default mode network components: correlation, 

anticorrelation, and causality. Hum Brain Mapp, 30(2), 625-637. doi:10.1002/hbm.20531 

 

van Bruggen, T., Stieltjes, B., Thomann, P. A., Parzer, P., Meinzer, H. P., & Fritzsche, K. H. 

(2012). Do Alzheimer-specific microstructural changes in mild cognitive impairment 

predict conversion? Psychiatry Res, 203(2-3), 184-193. 

doi:10.1016/j.pscychresns.2011.12.003 

 

van den Heuvel, M. P., & Hulshoff Pol, H. E. (2010). Exploring the brain network: a review on 

resting-state fMRI functional connectivity. Eur Neuropsychopharmacol, 20(8), 519-534. 

doi:10.1016/j.euroneuro.2010.03.008 

 

Van Hecke, W., Nagels, G., Leemans, A., Vandervliet, E., Sijbers, J., & Parizel, P. M. (2010). 

Correlation of cognitive dysfunction and diffusion tensor MRI measures in patients with 

mild and moderate multiple sclerosis. J Magn Reson Imaging, 31(6), 1492-1498. 

doi:10.1002/jmri.22198 

 

Wagner, M., Wolf, S., Reischies, F. M., Daerr, M., Wolfsgruber, S., Jessen, F., . . . Wiltfang, J. 

(2012). Biomarker validation of a cued recall memory deficit in prodromal Alzheimer 

disease. Neurology, 78(6), 379-386. doi:10.1212/WNL.0b013e318245f447 

 

Weiner, M. W., Veitch, D. P., Aisen, P. S., Beckett, L. A., Cairns, N. J., Green, R. C., . . . 

Initiative, A. s. D. N. (2012). The Alzheimer's Disease Neuroimaging Initiative: a review 



98 

of papers published since its inception. Alzheimers Dement, 8(1 Suppl), S1-68. 

doi:10.1016/j.jalz.2011.09.172 

 

Weintraub, S., Dikmen, S. S., Heaton, R. K., Tulsky, D. S., Zelazo, P. D., Bauer, P. J., . . . 

Gershon, R. C. (2013). Cognition assessment using the NIH Toolbox. Neurology, 80(11 

Suppl 3), S54-64. doi:10.1212/WNL.0b013e3182872ded 

 

Weissman, D. H., Roberts, K. C., Visscher, K. M., & Woldorff, M. G. (2006). The neural bases 

of momentary lapses in attention. Nature Neuroscience, 9(7). doi:doi:10.1038/nn1727 

 

Westphal, A. J., Wang, S., & Rissman, J. (2017). Episodic Memory Retrieval Benefits from a 

Less Modular Brain Network Organization. J Neurosci, 37(13), 3523-3531. 

doi:10.1523/jneurosci.2509-16.2017 

 

Wilde, E. A., Hunter, J. V., Li, X., Amador, C., Hanten, G., Newsome, M. R., . . . Levin, H. S. 

(2016). Chronic Effects of Boxing: Diffusion Tensor Imaging and Cognitive Findings. J 

Neurotrauma, 33(7), 672-680. doi:10.1089/neu.2015.4035 

 

Woolrich, M. W., Jbabdi, S., Patenaude, B., Chappell, M., Makni, S., Behrens, T., . . . Smith, S. 

M. (2009). Bayesian analysis of neuroimaging data in FSL. Neuroimage, 45(1 Suppl), 

S173-186. doi:10.1016/j.neuroimage.2008.10.055 

 

Xiao, H., Yang, Y., Xi, J. H., & Chen, Z. Q. (2015). Structural and functional connectivity in 

traumatic brain injury. Neural Regen Res, 10(12), 2062-2071. doi:10.4103/1673-

5374.172328 

 

Yendiki, A., Panneck, P., Srinivasan, P., Stevens, A., Zollei, L., Augustinack, J., . . . Fischl, B. 

(2011). Automated probabilistic reconstruction of white-matter pathways in health and 

disease using an atlas of the underlying anatomy. Front Neuroinform, 5, 23. 

doi:10.3389/fninf.2011.00023 

 

Zelazo, P. D., Anderson, J. E., Richler, J., Wallner-Allen, K., Beaumont, J. L., Conway, K. P., . . 

. Weintraub, S. (2014). NIH Toolbox Cognition Battery (CB): validation of executive 

function measures in adults. J Int Neuropsychol Soc, 20(6), 620-629. 

doi:10.1017/S1355617714000472 

 

Zhang, K., Johnson, B., Pennell, D., Ray, W., Sebastianelli, W., & Slobounov, S. (2010). Are 

functional deficits in concussed individuals consistent with white matter structural 

alterations: combined FMRI & DTI study. Exp Brain Res, 204(1), 57-70. 

doi:10.1007/s00221-010-2294- 

 

 


