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Abstract

Introduction—Concern surrounding short- and long-term consequences of participation in
contact sports has become a significant public health topic. Previous literature utilizing diffusion
tensor imaging in sports-related concussion has exhibited notable variety of analysis methods and
analyzed regions of interest, and largely focuses on acute effects of concussion. The current study
aimed to compare diffusivity metrics across a single season within athlete cohorts with no history
of concussion.

Methods—A prospective cohort of 75 contact and 79 non-contact division | athletes were
compared across diffusion tensor imaging metrics (i.e., TRACULA); examinations were also
performed assessing the relationship between neuroimaging metrics, head impact exposure metrics
(in-helmet accelerometer), and neurocognitive variables. Assessment occurred at pre-and post-
season time points.

Results—Seasonal changes in fractional anisotropy and mean diffusivity values did not differ
between athlete cohorts, nor did they differ within cohort groups, across pre- and post-season
scans. Specific to contact athletes, positive associations were found between uncinate fasciculus
mean diffusivity values and season linear acceleration (p = .018), season rotational acceleration (p
=.017), and season hit severity (p =.021).

Conclusions—Results suggest an influence of impact frequency, type, and severity on white
matter integrity in select brain regions in contact athletes. Current findings expand our knowledge
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of anatomical changes over the course of a single season, and underscore the importance of
considering methodology when interpreting findings in this population, as differing image analysis
techniques may lead to different conclusions regarding significant effects.
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Concern regarding potential long-term consequences of participation in contact sports,
including the relationship with later in life neuroanatomical changes, has become a
significant public health topic. In assessing sports-related neuroanatomical changes, prior
studies have commonly examined white matter integrity using diffusion-weighted imaging
(DWI; Bazarian, Zhu, Blyth, Borrino, & Zhong, 2012; Kraus et al., 2007; Mayer et al.,
2010). Although much of the scientific literature in this area has focused on concussions (see
Cubon, Putukian, Boyer, & Dettwiler, 2011; Henry et al., 2011; Maugans, Farley, Altaye,
Leach, & Cecil, 2012; Zhang et al., 2010), a smaller number of studies have looked for
neuroanatomical changes in non-concussed individuals involved in contact sports (see
Koerte, Ertl-Wagner, Reiser, Zafonte, & Shenton, 2012; McAllister et al., 2014), often using
non-contact sport participants for comparison. The present study furthers this line of inquiry
by providing further comparisons between contact athletes without concussions and non-
contact athletes using a method untested in this population.

Diffusion Weighted Imaging Analysis Methods

Previous literature on DWI in sports-related concussion has primarily employed diffusion
tensor imaging (DTI), though with a notable variety of DTI analysis methods and analyzed
regions of interest (ROISs). Studies assessing white matter integrity can largely be divided
between voxel- or ROI-based approaches (see McAllister et al., 2014; Zhang et al., 2003),
including statistical parametric mapping (SPM; see Bazarian et al., 2012; Chappell et al.,
2006; Henry et al., 2011), tract-based methods, including Tract Based Spatial Statistics
(TBSS; see Cubon et al., 2011; Koerte et al., 2012; Zhang et al., 2010), and various
tractography techniques (see Maugans et al., 2012; Zhang et al., 2010; Zhang, Heier,
Zimmerman, Jordan, & Ulug, 2006; Zhang et al., 2003). Commonly assessed ROls include
the corpus callosum, internal capsule, superior and inferior longitudinal fasciculi, anterior
and posterior thalamic radiations, corticospinal tracts, temporal and frontal gyri, and the
putamen/globus pallidus (see Asken, DeKosky, Clugston, Jaffee, & Bauer, 2017; Gardner et
al., 2012).

While the TBSS approach has been successful in analyzing diffusion weighted images, it
relies on registering participants to a common template and cannot ensure that any one voxel
corresponds to the same tract across different individuals. In contrast, Tracts Constrained by
Underlying Anatomy (TRACULA) is an anatomically informed tractography approach that
constrains the range of possible diffusion directions based on the anatomical configuration
of white matter tracts. This aims to enhance the comparability of major white matter tracts
across subjects. TRACULA uses prior distributions of the neighboring anatomical structures
of each white matter tract derived from an atlas and combines this with FreeSurfer cortical
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and subcortical segmentation to constrain the tractography solutions. In theory, this
eliminates the need for user-drawn ROIs or the need to manually set thresholds for tract
angle and length. Thus, a primary benefit of the TRACULA approach is the automaticity of
this form of analysis.

Two prior studies specific to the broad mTBI population have compared DWI approaches
across a single sample. Yeh and colleagues (2017) used various DWI techniques to assess
diffusion changes in a cohort of 202 armed services members with a positive history of
blast-related mTBI and 40 healthy controls. No group differences were found using a voxel-
wise analysis. However, analyses using tract profile and tract-specific analyses, including
Automated Fiber Quantification (AFQ) and TRACULA, revealed differences among groups,
most prominently within frontal fiber tracts. Goodrich-Hunsaker and colleagues (2018)
evaluated TBSS, deterministic tractography via AFQ, and probabilistic tractography via
TRACULA to assess white matter integrity in a cohort of adolescents with an acute history
of mTBI and/or mild orthopedic injuries. The TBSS approach linked white matter changes
related to age to all white matter tracts, while AFQ and TRACULA identified age-related
changes within the corpus callosum, cingulum bundle, corticospinal tract, inferior and
superior longitudinal fasciculi, and uncinate fasciculus. Overall, the authors argued that
while the results were largely consistent across the three DWI approaches, it appeared that
AFQ and TRACULA provided improved sensitivity and tract-specific results.

DTI in Non-Concussed Athletes

To date, while studies have examined white matter integrity in individuals recovering from a
concussive injury, little research has investigated the potential occurrence of white matter
changes during a single season of contact sports in athletes without diagnosed concussion.
This gap in the literature merits further study, given prior work suggesting that the
accumulation of repetitive head impacts may be a risk factor for the development of
neurodegenerative illness (see Baugh et al., 2012; Gavett, Stern, & McKee, 2011).

Two prior studies have assessed white matter integrity in non-concussed athletes. Koerte and
colleagues (2012) compared diffusion metrics between 40 adult soccer players and 11 elite-
level swimmers using voxel-wise analysis. Results suggested higher levels of radial
diffusivity (RD) and axial diffusivity (AD) within the corpus callosum in soccer players
relative to swimmers. Group differences in measurements of fractional anisotropy (FA) and
mean diffusivity (MD) were non-significant. Notably, results of cluster analyses suggested
that the higher RD and AD values in soccer players were not related to age or years of
athletic participation, suggesting the influence of outside variables such as repetitive head
contact. McAllister and colleagues (2014) examined changes in white matter integrity in
targeted atlas-based ROIs across contact and non-contact athletes without concussion over
the duration of a single athletic season. Participants included 80 contact athletes (football
and ice hockey) and 79 non-contact athletes (e.qg., track, crew, Nordic skiing, etc.) who
underwent pre- and post-season DTI scans and neurocognitive evaluation. Head impact
exposure (HIE) data were collected on the contact athletes via the use of in-helmet
accelerometers. The study found a relationship between HIE, diffusion metrics, and
decreased performance on a verbal learning and memory task over the course of a single
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season. Additionally, the authors reported a significant group difference in MD values within
the corpus callosum as well as differences in FA values within the amygdala. HIE measures
of exposure were also correlated with white matter changes within the corpus callosum,
amygdala, cerebellar white matter, hippocampus, and thalamus (McAllister et al., 2014).

Present Study

Methods

Participants

The literature on DWI in sport-related concussion and repetitive head impact varies in
methodological approaches. While some authors suggest that tractography approaches may
be more sensitive to white matter changes (Goodrich-Hunsaker et al., 2018), no prior study
has used such an approach to examine differences related to repetitive head impacts in the
absence of concussion. The present study sought to expand the literature regarding white
matter changes in single season of athletic competition by studying non-concussed contact
and non-contact athletes with TRACULA. We hypothesized that contact athletes would
differ from non-contact athletes with respect to diffusivity measures (i.e., FA and MD
metrics). Additionally, we hypothesized that diffusivity measures would show a relationship
with neurocognitive measures of processing speed, attention, and executive functions, as
well as with head impact exposure (HIE) over the course of the season.

For a detailed summary of procedures relating to data collection and recruitment, including
informed consent and imaging methodology, please see McAllister et al. (2014). The
following is a brief synopsis of these participants and study procedures, highlighting aspects
unique to the current study.

Participants included two athlete cohorts enrolled at Dartmouth College between 2007 and
2011; this cohort represented the same sample of participants utilized previously by
McAllister and colleagues (2014). Study participation was offered to all members of
designated contact (football, men’s and women’s ice hockey) and non-contact (track, crew,
Nordic skiing, etc.) athletic teams. Exclusion criteria for the contact athletes in this analysis
included diagnosis of a concussion (resulting in the exclusion of all post-injury scans),
significant medical comorbidities, and current psychiatric conditions. Exclusion criteria for
the non-contact participants also included any prior history of concussion. A history of
concussion was identified by each student’s respective athletic trainer, or by a trained
physician in instances in which the athlete was sent to the emergency department. When
available, medical records were reviewed, including computed tomography (CT) scan
results. Details regarding injury history were subsequently confirmed via diagnostic
interview performed by one of the authors (TWM). The contact athlete group reported an
average of 1.41 + 0.69 sustained concussions prior to their season of study. Consistent with
previous literature, participants were not excluded based on handedness (see Mayinger et al.,
2018; McAllister et al., 2014). However, two participants were excluded from the current
study due to poor performance on a stand-alone performance validity test (i.e., Word
Memory Test; Green, Iverson, & Allen, 1999) based on recommended cutoff scores. One
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additional participant was excluded due to the potential for a prior history of a more
moderate traumatic brain injury. Overall, a total of 274 scans met the criteria for analysis.

Diffusion Weighted Imaging—In the current study, TRACULA v. 1.60.2.1 with
FreeSurfer version 6.0 was used. While the software was generally effective, tracts across
several participants representing a few percent of the total were incorrectly defined and
required manual adjustments to control points to ensure accurate tract-related values. For
additional information regarding TRACULA, readers are referred to Yendiki et al. (2011).

FA and MD values were selected as the primary diffusivity metrics of the current study as
both have been shown to be reflective of axonal integrity and may serve as injury
biomarkers. While RD and AD have been suggested as additional markers of axonal
integrity (Koerte et al., 2012), these values can be difficult to interpret due to complex
structural design and crossing tracts (Wheeler-Kingshott & Cercignani, 2009). Primary ROIs
included the corpus callosum, anterior thalamic radiations, cingulum, and uncinate
fasciculus, due to their common implications in previous DTI literature specific to sport-
related concussion, as well as availability as defined tracts in TRACULA.

Assessment of Cognitive Abilities—All participants completed a neuropsychological
evaluation during both pre- and post-season visits; tests included those assessing cognitive
domains commonly impacted by head trauma, including processing speed, attention, and
executive functioning. Specific tests included selected subtests of the Delis-Kaplan
Executive Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001; Color-Word
Interference, Verbal Fluency, and Trail Making Tests), the Gordon Continuous Performance
Test (CPT; Gordon, McClure, & Aylward, 1996), the Paced Auditory Serial Addition Test
(PASAT; Gronwall, 1977), and selected subtests (i.e., Digit Span and Digit Symbol-Coding)
of the Wechsler Adult Intelligence Scale, 3rd Edition (WAIS-I11; Wechsler, 1997). The Word
Reading subtest of the Wide Range Achievement Test, 4th Edition (WRAT-4; Wilkinson &
Robertson, 2006) was also administered as a proxy for baseline verbal intellectual ability.

Assessment of Head Impact Exposure—Study participants wore helmets
instrumented with HIT System technology (Riddell, Inc., Rosemont, IL; Simbex, Lebanon,
NH) to record all head impacts during organized team activities (i.e., both practice and
competition settings). All impacts which registered or exceeded a force of 14.4g were
wirelessly transmitted to a sideline laptop for data analysis and storage. Key biomechanical
variables were chosen a priori for the study, and a subset were used in this analysis based on
prior work. These included number of head impacts, 95th percentile of peak linear
acceleration, 95th percentile of peak rotational acceleration, and 95th percentile of a
calculated impact severity score (HITsp), each calculated over specific time intervals for
each individual player. A season time interval extended backward from each scan to the
subject’s initial pre-season scan. Additionally, values reflecting recent play were calculated
from a shorter interval (14 days) preceding each scan. The season-long and 14-day time
periods were intended to account for the cumulative effects of an entire season of play and
more transient effects of recent head impact exposure.
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Statistical Analyses

Results

All statistical analyses were performed with R (R Core Team, 2013), version 3.5.1. Prior to
conducting inferential parametric statistics, we examined the distributions of all diffusivity,
HIE, and neurocognitive variables to ensure that test assumptions were met. To perform
contact versus non-contact athlete comparisons, generalized estimating equation (GEE)
models were used for both FA and MD diffusivity metrics. GEE models were selected as
they can incorporate repeated measures, allowing accurate results with a varying number of
samples per subject. These models included visit type (i.e., pre-season vs. post-season),
WRAT-4 word reading score, age, scanner epoch (accounting for significant changes to the
scanner environment and software upgrades), and subject motion (see Yendiki, Koldewyn,
Kakunoori, Kanwisher, & Fischl, 2014). Both age (p = .024) and WRAT-4 word reading
score (p = .001) differed significantly between contact and non-contact groups. To assess the
relationship between each HIE variable and diffusivity metric, GEE models with base
covariates and two versions of that HIE variable (i.e., season-long and 14-day values) were
created in order to determine the impact of a season-long accumulation of impacts above and
beyond any acute impact effects. Finally, to evaluate the functional and/or cognitive impact
of diffusivity measures overall, GEE models with the same base covariates for FA and MD
metrics were performed to determine the relationship between postseason
neuropsychological test performance and diffusion metrics across the entire sample.

Sample Characteristics

A total of 274 scans from 75 contact sport athletes and 79 non-contact sport athletes were
included in analyses. These participants were a subset of those studied in McAllister and
colleagues (2014) for whom scan data passed TRACULA quality assurance procedures. Not
all study participants returned for post-season scans; however, the proportion of participants
who returned did not differ between contact and non-contact groups. Table 1 shows sample
demographic characteristics for the two groups, as well as descriptive statistics for HIT
variables (i.e., 95th percentile peak linear acceleration, peak rotational acceleration, and
HITsp). As described, HIT variables were aggregated over the season as well as a 14-day
window prior to the post-season scan.

Within and Between Group Comparisons of Diffusivity Measures for Contact and Non-
contact Athletes

To control for multiple comparisons, a Bonferroni correction was applied, rendering an
alpha level of .006 (i.e., .05/8). Pre-season FA and MD values did not differ between contact
and non-contact groups across the assessed ROIs (see Table 2). Furthermore, FA and MD
changes across a single season in non-contact athletes were also non-significant. For contact
athletes, no statistically significant longitudinal differences in FA values were found across
the four assessed ROIs. Positive, trend level differences (p < .05) were found between pre-
and post-season MD values within the uncinate fasciculus and cingulum bundle; however,
these differences did not survive Bonferroni correction. Differences in the corpus callosum
and anterior thalamic radiations did not approach significance.
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Relationship between Head Impact and Diffusivity Measures

The relationship between HIT variables and diffusivity measures was assessed for each ROI.
Bonferroni correction rendered an alpha level of .002 (i.e., .05/32). Positive associations (p
< .05) were found between uncinate fasciculus MD values and season linear acceleration,
season rotational acceleration, and season hit severity; however, these results did not survive
Bonferroni correction (see Table 3). No associations between HIT variables and FA
diffusivity metrics were found across any of the assessed ROIs other than a trend level
negative association between corpus callosum FA values and season linear acceleration.

Relationship between Cognitive Performance and Diffusivity Measures

Associations between performance on neuropsychological tasks and diffusivity measures
across the entire sample were examined for each ROl using a Bonferroni corrected alpha
value of .003 (i.e., .05/18). Overall, there were no relationships between cognitive
performance and diffusivity metrics that remained after Bonferroni correction, although
some interesting relationships were observed prior to correction. For the corpus callosum,
FA values were positively associated with response time on the simple vigilance and
distractibility trials of the Gordon CPT, as well as negatively associated with performance on
the PASAT (2.0 second pacing). MD values were positively associated with performance on
the WAIS-I11 Digit Symbol-Coding measure, and negatively associated with performance on
the Letter-Number Sequencing trial of the D-KEFS Trail Making Test. For the anterior
thalamic radiations, FA values were negatively associated with performance on the D-KEFS
Category Fluency subtest. For the cingulum, FA values were negatively associated with
performances across the D-KEFS Category fluency subtest, D-KEFS Sorting Total
Recognition score, and the PASAT (both 2.0 and 3.0 second pacings). MD values were
positively associated with performance across the PASAT (3.0 second pacing). Finally, for
the uncinate fasciculus, MD values were positively associated with performance on the D-
KEFS Category Fluency subtest, as well as the PASAT (2.0 and 3.0 second pacing) (see
Table 4).

Discussion

The results of the current study do not suggest differences in white matter diffusion metrics
between collegiate contact and non-contact varsity athletes when studied across a single
season using DTI and a probabilistic tractography approach when applying a strict
Bonferroni correction for statistical significance. However, the results do suggest an
influence of impact frequency, type, and severity on white matter integrity in select brain
regions (i.e., the uncinate fasciculus) in contact athletes who have not been diagnosed with a
concussion throughout the season, and thus point to possible subtle effects of cumulative
repetitive head impacts over time. For example, within the uncinate fasciculus, pre- and
post-season differences in contact athlete MD values, as well as positive associations
between MD values and season linear acceleration, season rotation acceleration, and season
hit severity could suggest evidence of increased water content, potential inflammation, and
greater overall cellular disorganization in contact athletes occurring over the course of a
single season. Outside of the uncinate fasciculus, negative associations between corpus
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callosum FA values and season linear acceleration could also suggest evidence for a
reduction of axonal integrity in contact athletes.

Importantly, the results of the current study cannot be accounted for by the effects of impacts
sustained in the two weeks prior to post-season scans, lending credence to the notion that the
current results may reflect the effects of season-long athletic participation. Furthermore, the
discrepancy between diffusivity measures, with MD values apparently more sensitive to mild
head impact measures than FA values, is consistent with previous research. For example,
Messé and colleagues (2010) found an increase in MD but no change in FA metrics in
individuals diagnosed with mTBI (Glasgow Coma Scale = 13-15) using TBSS imaging
methodology. Likewise, research has found that MD values were more sensitive compared to
FA values in detecting white matter changes in early-stage Alzheimer’s disease (Acosta-
Cabronero, Williams, Pengas, & Nestor, 2010). Overall, it may be that MD values are more
sensitive to mild axonal injury or structural white matter abnormalities (Acosta-Cabronero et
al., 2010; Beaulieu, 2002; Cubon et al., 2011), whereas FA values become a stronger
predictor as brain injury or abnormality severity increases (Perlbarg et al., 2009).

In our prior work using this cohort, an ROI-based approach was utilized to examine
differences in FA and MD in the corpus callosum, cerebral and cerebellar white matter,
brainstem, thalamus, hippocampus, and amygdala, as defined by the WFU PickAtlas
(NITRC, 2007) software package. While the current analysis also examined corpus callosum
areas, these differed greatly: the ROI definition follows the body of the corpus callosum
from the genu to the splenium (Witelson, 1989), while the TRACULA forceps major and
forceps minor regions include only the splenium and genu, respectively, as well as their
radiations to occipital and frontal lobe areas. Other white matter tracts investigated in the
current study (i.e., anterior thalamic radiations, cingulum, and uncinate fasciculus) differed
from our prior study and were selected based in part on ROIs defined by TRACULA.
Differences in processing approach and ROI definition are believed to account for the lack of
a significant finding in the corpus callosum in the current analysis, when an effect was seen
in our and others’ prior work (McAllister et al., 2014, Koerte et al., 2012). Overall, the
differences between the results using the current approach to DTI processing (TRACULA)
and the ROI-based approach used in our previous study on this cohort (McAllister et al.,
2014) highlight the importance of considering methodology when interpreting MRI study
findings. This difference suggests that complementary information may be gained from the
use of alternative image processing and analytic approaches.

One RO, the uncinate fasciculus, and its possible vulnerability to cumulative impacts
warrant further attention, as results suggested positive associations between MD values and
HIE variables, despite not meeting more conservative alpha thresholds. The current study is
not the first in the sport-related concussion literature to identify anatomical correlates within
this white matter tract using DWI approaches (see Asken et al., 2017; Gardner et al., 2012).
Briefly, the uncinate fasciculus connects the orbitofrontal cortex to the anterior temporal
lobes via a bidirectional monosynaptic pathway (Von Der Heide, Skipper, Klobusicky, &
Olson, 2013). Research has suggested that, due to its location, the uncinate fasciculus is
vulnerable to immediate impact and shearing-related injuries and is often affected by TBI-
related white matter damage (Ewing-Cobbs & Prasad, 2011; Johnson et al., 2011; Seo et al.,
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2012). Of note, the uncinate fasciculus does not reach its peak developmental maturation
level until the third decade of life (Lebel, Walker, Leemans, Phillips, & Beaulieu, 2008;
Lebel et al., 2012), which suggests that adolescents and young adults may be more
susceptible to developmental disruption as a result of concussion or repetitive head impacts.

Disruption of the uncinate fasciculus has been linked to several neurologic conditions, most
notably frontotemporal dementia (FTD), a progressive neurological condition characterized
by degeneration of the frontal and temporal lobes (Weder, Aziz, Wilkins, & Tampi, 2007).
To be clear, research does not suggest that uncinate fasciculus disruption causes FTD (Von
Der Heide et al., 2013). However, research has suggested that diminished integrity within the
right and left uncinate fasciculi identified via FA values has been shown in individuals with
the behavioral variant of FTD (Zhang et al., 2009; Piguet, Hornberger, Mioshi, & Hodges,
2011; Mahoney et al., 2012). Other work has suggested that when compared to individuals
with Alzheimer’s disease, patients with the behavioral variant of FTD exhibited decreased
FA values bilaterally within the uncinate fasciculus (Tartaglia et al., 2012), and that damage
to the left uncinate fasciculus was a predictor of the behavioral variant of FTD, as well as of
overall degeneration in these individuals (Agosta et al., 2012).

The relationship between HIE measures and white matter integrity within the uncinate
fasciculus is particularly noteworthy given the rapid increase in publications and discussions
surrounding the ties between repetitive head trauma and CTE. There appears to be
significant symptom overlap between the behavioral variant of FTD and CTE, namely social
disinhibition, impulsivity, executive dysfunction, and personality changes (Schoenberg &
Duff, 2011; Stern et al., 2013). It is important to appreciate that neurodegenerative
conditions are rarely composed of a single type of abnormal pathology (Solomon &
Zuckerman, 2014). For example, within the population used by McKee and colleagues
(2013) in describing pathological CTE, a significant minority of individuals with CTE also
displayed pathological findings consistent with several other neurodegenerative conditions.
Indeed, there are several neuropsychiatric conditions that can result in abnormal tau
deposition within the brain, including normal aging, substance abuse, and psychiatric
illnesses (Solomon & Zuckerman, 2014). As such, further research is needed to better
delineate these conditions and fully examine the risk factors associated with repetitive head
trauma and the developmental of neurodegenerative illness.

The current study also sought to examine the relationship between diffusivity metrics and
neuropsychological tests of processing speed, attention, and executive function, given that
these are common complaints during the acute stages of concussion recovery. While a few
cognitive measures were significant predictors of diffusivity measures across the entire
sample during postseason scans, none met more conservative significance thresholds.
Additionally, the directionality of two relationships between ROI diffusivity metrics and
cognitive performance which were significant (namely the relationship between PASAT (2.0
second pacing) and FA values within the corpus callosum, as well as between WAIS-I11
Digit Symbol-Coding and MD values within the corpus callosum) were somewhat
counterintuitive. This finding could have several explanations, including a lack of
relationship between these metrics and neuropsychological measures, idiosyncratic
differences between participants but not at group levels, or lack of adequate sensitivity in
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current neuropsychological assessments to detect any consequences of subclinical
anatomical changes stemming from repeated HIE. However, if taken at face value, there
does appear to be emerging evidence to suggest potential utility of both the PASAT and
Category Fluency subtest of the D-KEFS, as these tests emerged most frequently across
several ROIs.

The lack of differences in diffusivity measures between the two groups at pre-season may
have several short- and long-term implications. Given the assumption that these division |
athletes have been involved in athletic participation for at least several years prior to their
participation in the study, the lack of measurable differences may suggest a natural and
spontaneous recovery process occurring during periods of time where HIEs are not prevalent
(i.e., the offseason). This idea has been advanced by Mayinger and colleagues (2018) who
found that previous observed differences in white matter integrity present between pre- and
post-season scans normalized following a 6-month period in which no additional HIEs
occurred. This finding, replicated in the current study, is reassuring given current scrutiny
surrounding potential short- and long-term effects of repetitive head impacts. It is possible
that, while pre-season values are not statistically different, some persistent injury has
nevertheless occurred and may accumulate over time; however, longitudinal research has not
yet addressed this concern. The efficacy of rest, with its possible associated recovery,
represents a vital future research direction, as no evidence-based recommendations
surrounding an appropriate period of non-contact rest have yet been delineated.

There are several limitations of the current study. First, DTI image registration, physiologic
motion, and inherent noise during scans limit the precision with which DTI techniques can
generate clinically relevant conclusions. While these factors were considered, and estimated
subject motion was included as a covariate within all models, limits on precision remain.
Furthermore, data collection occurred in 2007-2011, creating potential generalizability
limitations in using an older dataset. Admittedly, evolution in helmet-based impact tracking
has occurred and there are limits to analytical methods used to reconstruct impact
trajectories using two gyroscopes (see Wilcox, 2014). However, utilized imaging methods
are believed to be consistent with current guidelines and are not expected to introduce
biases, mitigating these concerns. Additionally, this sample may not be generalizable to all
other athlete populations, including professional or youth athletes, due to differences in brain
maturity, differing history and magnitude of impact exposure, and physical strength. A better
understanding of these factors and a greater understanding of potential consequences of
concussions in different cohorts will allow establishment of more appropriate return-to-play
guidelines. Additionally, due to sample size discrepancies between males and females,
gender was not included within utilized statistical models. Although our sample is
reasonably large, it covers a heterogeneous sample of sports and sexes; this breadth limits
our ability to model more fine-grained details such as those between sports or between
sexes. Future studies with larger samples would provide an opportunity to focus on sex
differences not modeled in the current work.

Finally, while the results of the current study do include isolated findings with statistical
significance, it would be inappropriate to draw blanket conclusions, including attempts to
identify at-risk athletes for future cognitive decline, at the present time. This is partially due
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to the nature of the GEE approach, which explicitly models average rather than participant-
level effects. Future research is necessary to continue to expand our understanding of the
effects of HIE in athletic settings and to develop prospective and longitudinal experimental
designs that can better delineate the clinical significance of any effects. The current findings
contribute to and expand our knowledge of anatomical and cognitive changes over the
course of a single season in contact athletes, and underscore the importance of considering
methodology when interpreting findings in this population, as differing image analysis
techniques may lead to different conclusions regarding significant effects.

Acknowledgments

FUNDING DISCLOSURE

This study was funded via grants NIH RO1HD048638 and RO1INS055020 and the National Operating Committee
on Standards for Athletic Equipment (NOCSAE 04-07).

References

Acosta-Cabronero J, Williams GB, Pengas G, & Nestor PJ (2010). Absolute diffusivities define the
landscape of white matter degeneration in Alzheimer’s disease. Brain, 133(2), 529-539. [PubMed:
19914928]

Agosta F, Scola E, Canu E, Marcone A, Magnani G, Sarro L, ... & Cappa SF (2012). White matter
damage in frontotemporal lobar degeneration spectrum. Cerebral cortex, 22(12), 2705-2714.
[PubMed: 21988828]

Asken BM, DeKosky ST, Clugston JR, Jaffee MS, & Bauer RM (2017). Diffusion tensor imaging
(DTI) findings in adult civilian, military, and sport-related mild traumatic brain injury (mTBI): a
systematic critical review. Brain imaging and behavior, 1-28. [PubMed: 26780240]

Baugh CM, Stamm JM, Riley DO, Gavett BE, Shenton ME, Lin A, ... & Stern RA (2012). Chronic
traumatic encephalopathy: neurodegeneration following repetitive concussive and subconcussive
brain trauma. Brain imaging and behavior, 6(2), 244-254. [PubMed: 22552850]

Bazarian JJ, Zhong J, Blyth B, Zhu T, Kavcic V, & Peterson D (2007). Diffusion tensor imaging
detects clinically important axonal damage after mild traumatic brain injury: a pilot study. Journal
of neurotrauma, 24(9), 1447-1459. [PubMed: 17892407]

Bazarian JJ, Zhu T, Blyth B, Borrino A, & Zhong J (2012). Subject-specific changes in brain white
matter on diffusion tensor imaging after sports-related concussion. Magnetic resonance imaging,
30(2), 171-180. [PubMed: 22079073]

Beaulieu C (2002). The basis of anisotropic water diffusion in the nervous system-a technical review.
NMR in Biomedicine: An International Journal Devoted to the Development and Application of
Magnetic Resonance In Vivo, 15(7-8), 435-455.

Behen ME, Helder E, Rothermel R, Solomon K, & Chugani HT (2008). Incidence of specific absolute
neurocognitive impairment in globally intact children with histories of early severe deprivation.
Child Neuropsychology, 14(5), 453-469. [PubMed: 18686074]

Bonnelle V, Leech R, Kinnunen KM, Ham TE, Beckmann CF, De Boissezon X, ... & Sharp DJ
(2011). Default mode network connectivity predicts sustained attention deficits after traumatic brain
injury. Journal of Neuroscience, 31(38), 13442-13451. [PubMed: 21940437]

Bonnelle V, Ham TE, Leech R, Kinnunen KM, Mehta MA, Greenwood RJ, & Sharp DJ (2012).
Salience network integrity predicts default mode network function after traumatic brain injury.
Proceedings of the National Academy of Sciences, 109(12), 4690-4695.

Bloom JS, & Hynd GW (2005). The role of the corpus callosum in interhemispheric transfer of
information: excitation or inhibition?. Neuropsychology review, 15(2), 59-71. [PubMed:
16211466]

Chappell MH, Ulug AM, Zhang L, Heitger MH, Jordan BD, Zimmerman RD, & Watts R (2006).
Distribution of microstructural damage in the brains of professional boxers: a diffusion MRI study.

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merz et al.

Page 12

Journal of Magnetic Resonance Imaging: An Official Journal of the International Society for
Magnetic Resonance in Medicine, 24(3), 537-542.

Cubon VA, Putukian M, Boyer C, & Dettwiler A (2011). A diffusion tensor imaging study on the
white matter skeleton in individuals with sports-related concussion. Journal of neurotrauma, 28(2),
189-201. [PubMed: 21083414]

Delis DC, Kaplan E, & Kramer JH (2001). Delis-Kaplan Executive Function System (D-KEFS):
Examiner’s Manual: Flexibility of Thinking, Concept Formation, Problem Solving, Planning,
Creativity, Impulse Control, Inhibition. Pearson.

Ewing-Cobbs L, & Prasad MR (2011). Outcome after abusive head injury. Child abuse and neglect:
diagnosis, treatment, and evidence. St. Louis, Missouri: Elsevier Saunders, Inc, 451-7.

Gardner A, Kay-Lambkin F, Stanwell P, Donnelly J, Williams WH, Hiles A, ... & Jones DK (2012). A
systematic review of diffusion tensor imaging findings in sports-related concussion. Journal of
neurotrauma, 29(16), 2521-2538. [PubMed: 22950876]

Gavett BE, Stern RA, & McKee AC (2011). Chronic traumatic encephalopathy: a potential late effect
of sport-related concussive and subconcussive head trauma. Clinics in sports medicine, 30(1), 179—
188. [PubMed: 21074091]

Golden CJ, & Freshwater SM (1978). Stroop color and word test.

Goodrich-Hunsaker NJ, Abildskov TJ, Black G, Bigler ED, Cohen DM, Mihalov LK, ... & Yeates KO
(2018). Age-and sex-related effects in children with mild traumatic brain injury on diffusion
magnetic resonance imaging properties: A comparison of voxelwise and tractography methods.
Journal of neuroscience research, 96(4), 626—-641. [PubMed: 28984377]

Gordon M, McClure FD, & Aylward GP (1996). Gordon Diagnostic System Interpretive Guide.

Green P, Iverson GL, & Allen L (1999). Detecting malingering in head injury litigation with the Word
Memory Test. Brain Injury, 13(10), 813-819. [PubMed: 10576465]

Gronwall DMA (1977). Paced auditory serial-addition task: a measure of recovery from concussion.
Perceptual and motor skills, 44(2), 367-373. [PubMed: 866038]

Henry LC, Tremblay J, Tremblay S, Lee A, Brun C, Lepore N, ... & Lassonde M (2011). Acute and
chronic changes in diffusivity measures after sports concussion. Journal of neurotrauma, 28(10),
2049-2059. [PubMed: 21864134]

Johnson CP, Juranek J, Kramer LA, Prasad MR, Swank PR, & Ewing-Cobbs L (2011). Predicting
behavioral deficits in pediatric traumatic brain injury through uncinate fasciculus integrity. Journal
of the International Neuropsychological Society, 17(4), 663-673. [PubMed: 21492497]

Koerte IK, Ertl-Wagner B, Reiser M, Zafonte R, & Shenton ME (2012). White matter integrity in the
brains of professional soccer players without a symptomatic concussion. Jama, 308(18), 1859—
1861. [PubMed: 23150002]

Kraus MF, Susmaras T, Caughlin BP, Walker CJ, Sweeney JA, & Little DM (2007). White matter
integrity and cognition in chronic traumatic brain injury: a diffusion tensor imaging study. Brain,
130(10), 2508-2519. [PubMed: 17872928]

Lao Y, Law M, Shi J, Gajawelli N, Haas L, Wang Y, & Leporé N (2015, 1). A T1 and DTI fused 3D
Corpus Callosum analysis in pre-vs. post-season contact sports players. In 10th International
Symposium on Medical Information Processing and Analysis (Vol. 9287, p. 928700).
International Society for Optics and Photonics.

Lebel C, Gee M, Camicioli R, Wieler M, Martin W, & Beaulieu C (2012). Diffusion tensor imaging of
white matter tract evolution over the lifespan. Neuroimage, 60(1), 340-352. [PubMed: 22178809]

Lebel C, Walker L, Leemans A, Phillips L, & Beaulieu C (2008). Microstructural maturation of the
human brain from childhood to adulthood. Neuroimage, 40(3), 1044-1055. [PubMed: 18295509]

Mahoney C, Rossor MN, Fox NC, & Warren JD (2012). 019 Profiles of white matter degeneration in
frontotemporal dementia. J Neurol Neurosurg Psychiatry, 83(3), el—el.

Maugans TA, Farley C, Altaye M, Leach J, & Cecil KM (2012). Pediatric sports-related concussion
produces cerebral blood flow alterations. Pediatrics, 129(1), 28-37. [PubMed: 22129537]

Mayer AR, Ling J, Mannell MV, Gasparovic C, Phillips JP, Doezema D, ... & Yeo RA (2010). A
prospective diffusion tensor imaging study in mild traumatic brain injury. Neurology, 74(8), 643—
650. [PubMed: 20089939]

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merz et al.

Page 13

Mayinger MC, Merchant-Borna K, Hufschmidt J, Muehlmann M, Weir IR, Rauchmann BS, ... &
Bazarian JJ (2018). White matter alterations in college football players: a longitudinal diffusion
tensor imaging study. Brain imaging and behavior, 12(1), 44-53. [PubMed: 28092023]

McAllister TW, Ford JC, Flashman LA, Maerlender A, Greenwald RM, Beckwith JG, ... & Jain S
(2014). Effect of head impacts on diffusivity measures in a cohort of collegiate contact sport
athletes. Neurology, 82(1), 63-69. [PubMed: 24336143]

McKee AC, Stein TD, Nowinski CJ, Stern RA, Daneshvar DH, Alvarez VE, ... & Riley DO (2013).
The spectrum of disease in chronic traumatic encephalopathy. Brain, 136(1), 43-64. [PubMed:
23208308]

Messé A, Caplain S, Paradot G, Garrigue D, Mineo JF, Soto Ares G, ... & Pélégrini-Issac M (2011).
Diffusion tensor imaging and white matter lesions at the subacute stage in mild traumatic brain
injury with persistent neurobehavioral impairment. Human brain mapping, 32(6), 999-1011.
[PubMed: 20669166]

Metzler-Baddeley C, Jones DK, Steventon J, Westacott L, Aggleton JP, & O’Sullivan MJ (2012).
Cingulum microstructure predicts cognitive control in older age and mild cognitive impairment.
Journal of Neuroscience, 32(49), 17612-17619. [PubMed: 23223284]

NITRC: WFU_PickAtlas: Tool/Resource Info. (2007). Retrieved May 8, 2020, from https://
www.hitrc.org/projects/wfu_pickatlas/

Oishi K, Faria AV, Hsu J, Tippett D, Mori S, & Hillis AE (2015). Critical role of the right uncinate
fasciculus in emotional empathy. Annals of neurology, 77(1), 68-74. [PubMed: 25377694]

Olson IR, Von Der Heide RJ, Alm KH, & Vyas G (2015). Development of the uncinate fasciculus:
implications for theory and developmental disorders. Developmental cognitive neuroscience, 14,
50-61. [PubMed: 26143154]

Perlbarg V, Puybasset L, Tollard E, Lehéricy S, Benali H, & Galanaud D (2009). Relation between
brain lesion location and clinical outcome in patients with severe traumatic brain injury: a
diffusion tensor imaging study using voxel-based approaches. Human brain mapping, 30(12),
3924-3933. [PubMed: 19507154]

Piguet O, Hornberger M, Mioshi E, & Hodges JR (2011). Behavioural-variant frontotemporal
dementia: diagnosis, clinical staging, and management. The Lancet Neurology, 10(2), 162-172.
[PubMed: 21147039]

R Core Team (2013). R: A language and environment for statistical computing. R Foundation for
Statistical Computing, Vienna, Austria URL http://www.R-project.org/.

Reitan RM (1992). Trail Making Test: Manual for administration and scoring. Reitan
Neuropsychology Laboratory.

Schoenberg MR, & Duff K (2011). Dementias and mild cognitive impairment in adults In The little
black book of neuropsychology (pp. 357-403). Springer, Boston, MA.

Seo JP, Kim OL, Kim SH, Chang MC, Kim MS, Son SM, & Jang SH (2012). Neural injury of uncinate
fasciculus in patients with diffuse axonal injury. NeuroRehabilitation, 30(4), 323-328. [PubMed:
22672947]

Solomon GS, & Zuckerman SL (2015). Chronic traumatic encephalopathy in professional sports:
retrospective and prospective views. Brain injury, 29(2), 164-170. [PubMed: 25314314]

Stern RA, Daneshvar DH, Baugh CM, Seichepine DR, Montenigro PH, Riley DO, ... & Simkin |
(2013). Clinical presentation of chronic traumatic encephalopathy. Neurology, 81(13), 1122-1129.
[PubMed: 23966253]

Strauss E, Sherman EM, & Spreen O (2006). A compendium of neuropsychological tests:
Administration, norms, and commentary. American Chemical Society.

Tartaglia MC, Zhang Y, Racine C, Laluz V, Neuhaus J, Chao L, ... & Weiner M (2012). Executive
dysfunction in frontotemporal dementia is related to abnormalities in frontal white matter tracts.
Journal of neurology, 259(6), 1071-1080. [PubMed: 22037958]

\Von Der Heide RJ, Skipper LM, Klobusicky E, & Olson IR (2013). Dissecting the uncinate fasciculus:
disorders, controversies and a hypothesis. Brain, 136(6), 1692—-1707. [PubMed: 23649697]

Wechsler D (1997). WAIS-I11, Wechsler adult intelligence scale: Administration and scoring manual.
Psychological Corporation.

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2021 October 01.


https://www.nitrc.org/projects/wfu_pickatlas/
https://www.nitrc.org/projects/wfu_pickatlas/
http://www.R-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Merz et al.

Page 14

Weder ND, Aziz R, Wilkins K, & Tampi RR (2007). Frontotemporal dementias: a review. Annals of
general psychiatry, 6(1), 15. [PubMed: 17565679]

Wheeler-Kingshott CA, & Cercignani M (2009). About “axial” and “radial” diffusivities. Magnetic
Resonance in Medicine: An Official Journal of the International Society for Magnetic Resonance
in Medicine, 61(5), 1255-1260.

Wilcox BJ (2014). Head Impact Exposure: The Biomechanics of Sports-Related Concussions
(Doctoral dissertation, Brown University, Providence, Rhode Island).

Wilkinson GS, & Robertson GJ (2006). Wide range achievement test 4 (WRAT4). Lutz, FL:
Psychological Assessment Resources.

Witelson SF (1989). Hand and sex differences in the isthmus and genu of the human corpus callosum:
a postmortem morphological study. Brain, 112(3), 799-835. [PubMed: 2731030]

Yeh PH, Guan Koay C, Wang B, Morissette J, Sham E, Senseney J, ... & Liu W. (2017). Compromised
Neurocircuitry in Chronic Blast-Related Mild Traumatic Brain Injury. Human brain mapping,
38(1), 352-369. [PubMed: 27629984]

Yendiki A, Koldewyn K, Kakunoori S, Kanwisher N, & Fischl B (2014). Spurious group differences
due to head motion in a diffusion MRI study. Neuroimage, 88, 79-90. [PubMed: 24269273]

Yendiki A, Panneck P, Srinivasan P, Stevens A, Z6llei L, Augustinack J, ... & Jbabdi S (2011).
Automated probabilistic reconstruction of white-matter pathways in health and disease using an
atlas of the underlying anatomy. Frontiers in neuroinformatics, 5, 23. [PubMed: 22016733]

Zhang L, Heier LA, Zimmerman RD, Jordan B, & Ulug AM (2006). Diffusion anisotropy changes in
the brains of professional boxers. American Journal of Neuroradiology, 27(9), 2000-2004.
[PubMed: 17032883]

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. Experimental Brain Research, 204(1), 57-70. [PubMed: 20496060]

Zhang L, Ravdin LD, Relkin N, Zimmerman RD, Jordan B, Lathan WE, & Ulug AM (2003).
Increased diffusion in the brain of professional boxers: a preclinical sign of traumatic brain
injury?. American journal of neuroradiology, 24(1), 52-57. [PubMed: 12533327]

Zhang Y, Schuff N, Du AT, Rosen HJ, Kramer JH, Gorno-Tempini ML, ... & Weiner MW (2009).
White matter damage in frontotemporal dementia and Alzheimer’s disease measured by diffusion
MRI. Brain, 132(9), 2579-2592. [PubMed: 19439421]

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2021 October 01.



1duosnuey Joyiny

1duosnuen Joyiny

Merz et al. Page 15

Table 1:

Sample demographic characteristics

Total Sample  Contact Athletes  Non-Contact Athletes

Mean (SD) t p
Age 19.29 (1.27) 19.07 (1.20) 19.51 (1.30) 218 .031
WRAT-4 Word Reading SS  114.77 (10.58)  112.08 (10.71) 117.32 (9.87) 316 .002
Variable N (% of sample) x2 p
Sex 172 .190
Male 116 (75.3%) 60 (80.0) 56 (70.9) --- -
Female 38 (24.7%) 15 (20.0%) 23(29.1)
Handedness 240 122
Right 141 (91.6) 66 (88.0) 75 (94.9) --- -
Left 13 (8.4) 9(12.0) 4(5.1)
Sport Classification
Men’s Hockey 9(5.8) 9 (12.0)
Football 51(33.1) 51 (68.0)
Cross Country 43 (27.9) 43 (54.4)
Rowing 31 (20.1) 31(39.2)
Golf 4 (2.6) 4(5.1)
Women’s Hockey 15 (9.7) 15 (20.0)
Tennis 1(0.6) 1(1.3)
Visit Classification ™ 0.63 .731
Preseason Scan 136 (49.6) 58 (48.3) 78 (50.6)
Postseason Scan 123 (44.9) 54 (45.0) 69 (44.8)

*
Percentages may not equal 100% due to inclusion of mid-season scans
Note: Contact Athlete N = 75, Non-Contact Athlete N = 79

SD = Standard Deviation; SS = Standard Score; WRAT-4 = Wide Range Achievement Test, 4th Edition
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Table 2:

Region of interest differences in diffusivity measures across pre- and postseason scans in contact athletes

ROI Measurement  Effect Adjusted p value
Corpus Callosum FA —-2.54E-03 (p = .501) >0.99

MD +2.14E-06 (p = .630) >0.99
Anterior Thalamic Radiations FA -1.93E-03 (p = .694) >0.99

MD +7.57E-06 (p = .169) 0.68
Cingulum FA —-2.76E-03 (p = .739) >0.99

MD +1.06E-05 (p = .065) 0.26
Uncinate Fasciculus FA —9.73E-05 (p = .986) >0.99

MD +1.30E-05 (p = .031) 0.12

Note: Interpretations of statistical significance were subjected to Bonferroni-corrected alpha thresholds (see text). Negative effect directions
represent a measurement decrease, while positive effect directions represent a measurement increase.

FA = Fractional Anisotropy; MD = Mean Diffusivity; ROI = Region of Interest
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Table 3:

Relationship between HIE variables and postseason diffusivity differences in contact athletes

Predictor ROI Effect Adjusted p value
Season Hit Frequency Corpus Callosum FA  +1.48E-06 (p = .744) >0.99
MD  -8.30E-10 (p = .854) >0.99
Anterior Thalamic Radiations FA  —5.03E-06 (p = .258) >0.99
MD  -1.39E-10 (p = .981) >0.99
Cingulum FA  -1.28E-05 (p =.117) >0.99
MD  +1.87E-09 (p = .753) >0.99
Uncinate Fasciculus FA  +4.16E-06 (p = .439) >0.99
MD  +6.83E-09 (p = .403) >0.99
Season Linear Acceleration Corpus Callosum FA  -1.39E-04 (p =.066) >0.99
MD  +1.27E-07 (p = .228) >0.99
Anterior Thalamic Radiations FA  -2.94E-06 (p =.981) >0.99
MD  +1.99E-07 (p = .088) >0.99
Cingulum FA  -7.46E-05 (p =.722) >0.99
MD  +1.99E-07 (p = .089) >0.99
Uncinate Fasciculus FA  -2.03E-05 (p = .862) >0.99
MD  +3.14E-07 (p = .018) 0.29
Season Rotational Acceleration  Corpus Callosum FA  -1.90E-06 (p =.219) >0.99
MD  +1.85E-09 (p = .402) >0.99
Anterior Thalamic Radiations FA  +3.72E-07 (p = .888) >0.99
MD  +4.12E-09 (p = .091) >0.99
Cingulum FA  -1.64E-06 (p =.710) >0.99
MD  +4.07E-09 (p = .114) >0.99
Uncinate Fasciculus FA  +3.30E-07 (p =.891) >0.99
MD  +6.72E-09 (p = .017) 0.27
Season HITsp Corpus Callosum FA  -1.63E-04 (p =.197) >0.99
MD  +1.72E-07 (p = .351) >0.99
Anterior Thalamic Radiations FA  +5.44E-05 (p = .809) >0.99
MD  +3.15E-07 (p = .126) >0.99
Cingulum FA  -1.86E-04 (p = .630) >0.99
MD  +3.67E-07 (p = .103) >0.99
Uncinate Fasciculus FA  +6.83E-06 (p = .974) >0.99
MD  +5.42E-07 (p =.021) 0.34
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Note: Interpretations of statistical significance were subjected to Bonferroni-corrected alpha thresholds (see text). Negative effect directions
represent a measurement decrease, while positive effect directions represent a measurement increase.

FA = Fractional Anisotropy; HIE = Head Impact Exposure; MD = Mean Diffusivity; ROl = Region of Interest
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Relationship between significant cognitive variables and postseason diffusivity differences across the entire

sample

ROI Cognitive Test Effect Adjusted p value

Corpus Callosum CPT Stimulus Response Time FA  +7.68E-05 (p = .045) 0.41
CPT Distractor Response Time FA  +8.33E-05 (p =.027) 0.24
PASAT B FA -4.33E-04 (p = .047) 0.42
WAIS-I11 Digit Symbol-Coding MD  +3.27E-07 (p = .020) 0.18
D-KEFS TMT Condition 4 MD  -2.31E-07 (p =.021) 0.19

Anterior Thalamic Radiations  D-KEFS Category Fluency FA  -6.26E-04 (p = .008) 0.07

Cingulum D-KEFS Category Fluency FA  -1.74E-03 (p = .014) 0.13
D-KEFS Sorting Total Recognition FA  —5.48E-04 (p =.028) 0.25
PASAT B FA  -1.12E-03 (p = .050) 0.45
PASAT D FA  -2.20E-03 (p =.038) 0.34
PASAT D MD  +6.23E-07 (p = .025) 0.25

Uncinate Fasciculus D-KEFS Category Fluency MD  +5.02E-07 (p =.020) 0.18
PASAT B MD  +6.87E-07 (p = .017) 0.15
PASAT D MD  +6.60E-07 (p = .025) 0.23

Note: Interpretations of statistical significance were subjected to Bonferroni-corrected alpha thresholds (see text). Negative effect directions
represent a measurement decrease, while positive effect directions represent a measurement increase.

CPT = Gordon Continuous Performance Test; D-KEFS = Delis-Kaplan Executive Function System; FA = Fractional Anisotropy; MD = Mean
Diffusivity; PASAT = Paced Auditory Serial Addition Test; ROl = Region of Interest; TMT = Trail Making Test
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