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THE EFFECT OF REPETITIVE HEAD IMPACT EXPOSURE ON WHITE

MATTER LESION VOLUME

CHRISTINA MARIE NOWAK

ABSTRACT
Contact and collision sports (CCS) expose athletes to countless repetitive head impacts
(RHI) across a single season, potentially leading to increased risk of long-term
difficulties in cognition and the development of neurodegenerative disease. There is
mixed literature on whether RHI from CCS result in changes to white matter and long-
term neurobehavioral outcomes, therefore this research project seeks to provide
supporting evidence by comparing the total volume of fluid-attenuated inversion recovery
(FLAIR) white matter lesions in individuals with a history of RHI from CCS to those
without a history of RHI from the Boston University Alzheimer’s Disease Research
Center (BU ADRC). The RHI participants were matched to a group of non-RHI
participants based on age (+/- 5 years). Effects of RHI on white matter hyperintensities
(WMHSs) are evaluated, while considering hippocampal volume across RHI and non-RHI

groups.
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When controlling for age, sex, education, and total hippocampal volume, those with a
history of football were found to have a significantly greater WMH volume (p=.02)
compared to those without a history of football play. Compared to the non-RHI group,
the RHI group including all athletes (n=42) had a greater WMH volume, although it did

not reach a level of significance (p=.91).

This investigation provided preliminary evidence for a link between high RHI exposure
and WMHs in football players, and a non-significant relationship between RHI and
increased WMHs in those with a history of CCS compared to individuals in the non-RHI
group. Future research should expand upon this investigation, by examining RHI
exposure and WMH consequences in a diverse assortment of sports, follow athletes
longitudinally for repeated in vivo MRIs and post-mortem neuropathological

confirmation, and include more female athletes.
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INTRODUCTION
There is increasing evidence that repetitive head impact (RHI) exposure from contact and
collision sports (CCS) is associated with increased risk of long-term problems with
cognition and mood, including those from the neurodegenerative disease chronic
traumatic encephalopathy (CTE) [1]. RHI includes the exposure to cumulative, recurrent
concussive and subconcussive events [2,3,4,5]. A concussion is a direct or indirect head
impact that results in shearing of or tensile forces to axons as result of acceleration,
deceleration, and/or rotational forces of the brain produced by the impact. A concussion
includes a constellation of clinical symptoms that generally resolve within days or weeks
[4], although they can persist for months [6] or longer than a year [7]. In contrast, a
subconcussive event entails transferring mechanical energy to the brain with sufficient
force to compromise axonal integrity [2,4,5,8,9], without overt clinical symptoms. In a
2015 review, 16% of published CTE subjects with pathologically confirmed cases, their
next-of-kin reported no history of concussion [10], suggesting that subconcussive head
impact can reach the threshold for development of the disease in the absence of overt
concussion. This emphasizes the need to prospectively assess the prospective risks and
consequences of exposure to RHI, particularly subconcussive impacts. It remains
unknown what the threshold of impact intensity required to induce this neuronal damage
is, and whether there is a minimal threshold impact level that is not damaging to neuronal
function is also uncertain. In particular, repetitive subconcussive blows to the head have

been shown to play a prominent role in cognitive disorders later in life [11,12].



CCS and RHI Exposure

Investigations of RHI have primarily been conducted in the setting of CCS, such as
American football, boxing, soccer, and ice hockey. With over 4.5 million amateur
athletes playing tackle football annually [13], it has one of the largest concussion rates
[14,15]. Studies utilizing helmet-based accelerometer have estimated that collegiate-level
amateur football players average over 1,000 subconcussive impacts per season, and high
school players averaging 600 subconcussive impacts per season [16]. In addition to these
registered subconcussive blows, surveys of high school and college football players
reported approximately 1 out of 2 players are concussed each year, and about 1 in 3
sustain more than one concussion in a year [17,18]. Concussive and subconcussive blows
to the head in amateur high school and college athletes is particularly concerning as they
can result in both acute and chronic changes in neurological function [19-24]. Cumulative
effects of RHI from a single high school football season can yield changes in the brain
that are measurable on magnetic resonance imaging (MRI), as well as a decline in

neuropsychological (NP) testing performance despite a lack of concussion diagnosis [25].

Neurobehavioral Outcomes

RHI can result in mild traumatic brain injury (mTBI) or concussion and there is mixed
literature on whether fewer, more severe head impacts or a greater number of less severe
RHIs result in long-term neurobehavioral outcomes [11]. Indirect measures of RHI, such
as age of first exposure to CCS and/or years of CCS participation have been correlated
with differences in brain structure in retired athletes as compared to those without RHI

exposure [26,27]. There is growing evidence that cumulative RHI can be accompanied by



persistent post-concussive symptoms, long-term difficulties with cognition, as well as the
potential development of CTE [1,28]. CTE can result in long-term behavior, cognitive,
mood, and motor symptoms. From these, a list of clinical symptoms has been established
for CTE, with clinical variants presenting first in a behavior/mood variant, a cognitive
variant, or a combination of the two [29]. Initial behavioral symptoms include verbal and
physical violence, explosivity, and impulsivity [29,30] and mood symptoms include
depression and hopelessness [29]. Changes in cognitive functioning have been noted in
episodic memory impairment and executive dysfunction [29]. Similarly, RHIs in amateur
football are linked to acute [19,20,31] and chronic [21-24] neurological consequences,
and depression is common after TBI of all severities [32,33]. Exposure to RHI can also
result in numerous other types of pathologies that may contribute to cognitive, behavior,

and mood symptoms [29,34,35].

Neuropathology of CTE

CTE can only be diagnosed by autopsy examination and is included in a group of
neurodegenerative disorders called tauopathies which are characterized based on the
abnormal accumulation of hyperphosphorylated tau protein [36,37]. Tau protein is one of
the major components of neurofibrillary tangles (NFTs) and in normal brains,
phosphorylated tau (p-tau) epitopes are typically rapidly dephosphorylated [37].
Pathologies of disorders such as CTE are associated with tau proteins that have become
hyperphosphorylated insoluble aggregates, or NFTs. In CTE, there is a distinct pattern of
p-tau that distinguishes it from other tauopathies like Alzheimer’s Disease (AD). In 2015,

a panel of neuropathologists established the diagnostic criteria for CTE, and determined a



pathognomonic lesion of CTE to be “an accumulation of abnormal hyperphosphorylated
tau (p-tau) in neurons and astroglia distributed around small blood vessels at the depths of
cortical sulci and in an irregular pattern” (McKee et al., 2016; Figure 1) [39]. These
pathognomonic lesions suggest cerebral microvasculature could be disrupted during head
impact and result in formation of NFTs [40]. The pattern of NFTs in the cortical laminae
differs, as NFTs are mostly found more superficially (Layers Il and I11) in CTE, as
opposed to Layers 111 and IV in AD [28]. Additionally, the tau pathology of CTE is a less
uniform cortical NFT distribution than AD, with NFTs, neuropil threads, and glial tangles
confined to the frontal, temporal, and insular cortices; they are especially prominent in
the medial temporal lobe and lead to neuronal death [28]. The causes of symptoms of
CTE and RHI has been of focus, as the p-tau lesions of CTE have been associated with
memory loss, mood and behavioral changes [41], and impaired cognitive functioning
[42,43]. It has been posited that head trauma triggers a release of tau from its normal
location in the axonal cytoskeleton, leads to it amassing in somatodendritic
compartments, and ultimately results in NFT formation [43]. However, the precise
mechanisms that drives the accumulation of tau and disease progression following RHI in
CTE are still unknown. Moreover, exposure to RHI can lead to other types of pathologies
that may contribute to the cognitive and mood symptoms, including white matter (WM)

degeneration or injury [44,45].



Figure 1. Pathognomonic CTE Lesion. A microscopic image depicting the histopathological
hallmark of CTE including a perivascular p-tau lesion in the sulcal depths. (Adapted from McKee
et al., 2016) [39].

WM Changes Following RHI

RHI and CTE result in a wide array of changes in the brain. Finite element models (FEM)
have attempted to identify specific peak brain location “strain and stress” [46] responses
to concussion and subconcussive head impacts, utilizing recorded impact kinematics to
simulate the biomechanical event (i.e., the head trauma) [47-50]. Diffuse tensor imaging
(DTI) of concussion patients demonstrates that fractional anisotropy (FA) is reduced in
several WM locations, particularly in cerebellar WM, the cingulum, and corpus callosum
[45]. Axonal damage can continue weeks after an acute concussion [51], demonstrating a

more chronic effect of head impacts on WM changes.

Moreover, a 2017 study [52] integrated WM anisotropy from DTI scans into FEM,

enabling enhanced observation of connectivity. An assortment of studies [47,48,50]



demonstrated that regardless of the location of the head impact itself, the regions near the
brainstem in central brain regions, such as the corpus callosum, fornix, thalamus, and
midbrain absorb the peak stresses and strains of concussive injury. Given the direct effect
on the corpus callosum, as well as the connection of the fornix to the anterior thalamus
and hippocampus, these studies suggest that these WM tracts are particularly susceptible
to injury during a blow to the head. WM tracts are composed of mostly myelinated axons
and glia distributed in bundles or tracts also known as fascicles WM, and connect distinct
areas of the cortex. As two major WM tracts, these are susceptible to RHI effects given
their vulnerability to damage during head impact, the cell types that compose them
making them susceptible to the tauopathies present in CTE, and their location in the brain
and the regions they connect, whose functions are relevant to the clinical symptoms of

CTE.

McKee et al. (2009) establish thinning of the corpus callosum, primarily its anterior and
mid-portions, as one of the most common gross pathology features of CTE [28]. They
also found neuropil neurites and fibrillary astrocytic tangles within the corpus callosum
and subcortical WM structures. Furthermore, Alosco et al. (2019) [54] examined the
relationship of white matter hyperintensities (WMHSs) and cerebrovascular disease with
dementia in 180 deceased men over the age of 40 who had CTE and had played football.
They found [54] that a longer history of football play (utilized to measure RHI exposure)
was associated with more WMHSs and a greater distribution of NFTs in the greater
dorsolateral frontal cortex. In CTE, the neuropathologic consequences of RHI can lead to

dementia; these changes include p-tau and WMHs, in addition to non-RHI related



pathologic changes such as arteriolosclerosis [54]. Arteriolosclerosis, while not related to
the RHI proxy (years of play), was individually found to contribute to dementia [54].
Therefore, the route of progressing to dementia in CTE remains uncertain, but likely
involves both tau and non-tau pathologic conditions such as cerebro- and cardiovascular
disease. Cerebrovascular disease frequently coincides with neurodegenerative disease,
such as AD, and contributes to cognitive decline [54-56]. In individuals with CTE,
cerebrovascular disease can also include WM degeneration as a result of RHI.
Additionally, arteriolosclerosis is common with aging and cardiovascular disease (CVD)
[54]. Rates of cardiovascular disease CVD mortality have been shown to be higher in
retired National Football League (NFL) players compared to men in the general United
States public [57,58]. Other factors that influence CVVD mortality risk in former NFL

players include race, position played, and body mass index (BMI) [57].

In both experimental models of and clinically documented TBI, the hippocampus has also
been identified as a region highly vulnerable to brain injury [59]. Hippocampal atrophy
can occur within weeks to months following a TBI. Hippocampal atrophy results in
deficits in long-term potentiation — the long-lasting surge in synaptic strength which
facilitates learning and memory [59]. The primary output tract of the hippocampus is the
fornix, and given the high interconnectivity of the region, in addition to the established
atrophy in the fornix following blows to the head [37], the fornix and hippocampus are
major regions of interest (ROIs) for CTE, especially given the decreased FA

demonstrated in DTI studies.



As WM tracts are especially vulnerable to the shearing forces that often result from TBlI,
diffuse damage can result in WM injury following a head impact [60]. Diffuse axonal
injury (DAI) can result in widespread cognitive function by disruption of cortical-
subcortical pathways [61]. The trauma or secondary ischemia are potential direct and
indirect causes of DAI. Specifically, brain shifting and edema can impair cerebral blood
supply, cause secondary infarction within the corpus callosum, and result in the anatomy
of the corpus callosum becoming even more susceptible to further injury from future
head impacts [60]. While DAI can only be confidently diagnosed ex vivo through
microscopic examination, neuroimaging findings, such as hemorrhages in the corpus
callosum may allow for high accuracy conclusion in vivo [62]. Therefore, given the
association of TBIs and RHI to documented damage to the corpus callosum, the fornix,
and structures connected by the fornix, WM structures are major ROIs in examining
anatomical changes resulting from RHI. Neuroinflammation and gliosis are long-term
associations of RHI [1,63] and CTE [1,39], and can result in WMHs [64,65]. On T2-
weighted MRI scans of the brain, white matter lesions (WMLSs) appear as WMHSs, but
appear hypointense on T1-weighted images. WMHs could reflect DAI associated with
RHI. While DTI can detect the more subtle WM microstructural changes, and is ideal for
detecting early WM injury from RHI exposure or CTE, this analysis on DTI is not
clinically routine [12]. In contrast, evaluating WMHSs on fluid-attenuated inversion
recovery (FLAIR) sequence is clinically routine as it has increased sensitivity to WMHs

[12,66].



FLAIR WMHs

MRI studies of individuals who have suffered an mTBI, including a sports-related
concussion, have demonstrated WMHSs on FLAIR sequence [67], which is set to null
fluids and highlight hyperintense lesions. Currently, there are a number of variables that
are correlated with WMH burden. One of the greatest predictors of WMH severity is age,
as most older adults demonstrate a degree of WMH burden, even in non-demented adults
[68]. As the brain ages, WMHs proliferate [69,70], are typical by age 45, with age-related
WMHs commonly positioned around the lateral ventricles, particularly around the
anterior and posterior horns [71]. In cognitively normal samples, WMHs are more
common in women compared to men — though causation varies and remains unexplained
[72] — and women have significantly higher ratio of WMH volume to WM volume as
compared to men [73]. Additionally, WMH burden can be affected by race. Independent
of age, sex, and hypertension, Blacks have a higher prevalence of WMHs on MRI than
European Americans [74]. In several studies, severe WMH are significantly associated
with lower cognitive performance in individuals with lower levels of education, but this
association of severity of WMH and lower cognitive functions is not present in those with
high levels of education [75,76]; therefore, it is purported that education can modulate the

effects of WMH on cognition by establishing a greater cognitive reserve.

Increased CVD risk factors and type 2 diabetes have also been linked to increased WMH
burden. WMH are most commonly associated with aging and CVD, and generally reflect
microvascular cerebral hypoperfusion resulting in small-vessel ischemic disease [12,77-

79]. Diabetes increases the risk for vascular dementia and cerebromicrovascular disease,
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manifesting as WMHSs on MRI [80,81]. Studies have demonstrated [80] that one potential
mechanism by which diabetes increases microvascular disease may be through its effect
on blood flow regulation — as measured by decreased blood flow velocities in the middle
cerebral arteries with increased WMHs. However, results have also suggested [82] that
WMH burden is associated with poorer cognitive performance independent of diabetes-

related factors.

WMH Burden & Cognitive Associations

Periventricular and deep WMHs are related to an accelerated cognitive decline [77,79].
An ex vivo MRI study found an association between increased WMH burden with
vascular and Alzheimer’s pathologies, and increased WMH burden was associated with
faster decline in perceptual speed, suggesting that WMH burden may even reflect
additional injury to the tissue [83]. Regardless of cognitive status, ischemic injury has
been considered the main cause of WMHSs, but a 2017 ex vivo study [84] of AD patients
linked parietal WMHSs with axonal loss and demyelination independent of ischemic
injury; as WMH severity was positively correlated with p-tau pathology, these results

potentially suggest Wallerian degeneration resulting from cortical AD pathology [84].

Additionally, WML pathology has been found to negatively influence progression from
mild cognitive impairment (MCI) to AD [85], as well as having been linked to inferior
performance on a variety of cognitive tests include the Mini-Mental State Examination
(MMSE), word list learning and recall, and visual memory as compared to MCI patients
who did not convert to AD [86]. While age-related WMHSs are common near the lateral

ventricles, declining performance on the Consortium to Establish a Registry for AD



11

(CERAD) NP battery has been significantly associated with increased lesion loads in the

fornices and WM tracts of the limbic system [87].

Cerebral hypoperfusion has also been shown to be associated with a higher risk of
dementia in the general population and quicker cognitive decline [79], and WMHSs have
been linked to poorer performance on cognitive testing. In studies of former NFL players,
more years of football play (greater exposure to RHIs) have been associated with
increased WMHs and WML burden, dementia [54], poorer executive function
performance [12], and greater deficits in NP measures of “naming, word finding, and
visual/verbal episodic memory” [88]. Additionally, in one study, veterans with mTBI and
WMH performed worse on cognitive tests of working memory compared to veterans with
mTBI without WMH on FLAIR imaging [89,90]. Additionally, a threshold dose-
dependent relationship has been demonstrated between estimated RHI and future risk for
cognitive and neurobehavioral impairment in football [11], soccer [91], and boxing [92].
RHIs sustained playing football do not have an established baseline risk or threshold, but
likely involve a multitude of individual-specific factors such as cognitive reserve or body
mass index [93]. Furthermore, significantly poorer performance on memory tasks in
soccer players are associated with lower levels of FA [91], demonstrating an association
of RHI from ball heading with abnormal WM microstructure; concussion history did not

have a significant effect on FA or cognitive performance [91].

WMHSs and RHI
FLAIR WMHs are less common in mTBI as compared to moderate and severe TBI, and

typically following concussion, signs of acute injury are not visible on conventional MRI
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[94,95]. Despite modern MRI advancements and higher field strengths, hemorrhages in
concussed patients may not be detected on conventional images [96], yet a decrease in
brain volume between acute TBI and follow-up months after the injury has been reported
[97]. More advanced imaging, namely observation of FLAIR imaging, have
demonstrated an increase in WMHSs in athletes compared to controls over the course of a
single season of ice hockey [94]. One study demonstrated a significantly greater number
of cerebral FLAIR lesions in those with a history of TBI (83% mild-TBI) than age-
matched controls (42% vs 22% after controlling for age-related causes), with more
subcortical than deeper lesions in the TBI groups [98]. The link between RHIs and
WMHSs on MRI may be best explained by fluctuations in perfusion levels given that a
single mTBI can acutely decrease cerebral perfusion [67,99]; therefore, RHIs may result
in enduring changes in cerebral perfusion [12]. As aforementioned, CTE has been well-
documented in former NFL players [1], and studies in former NFL players [88,100] have
reported reductions in cerebral perfusion. Furthermore, neuropathological evidence in
former boxers links tau and microvascular pathology [101] and a study of 201 patients
[102] correlated CTE pathology with microvascular disease-induced blood-brain barrier
leakage. It has been hypothesized that microvascular injury resulting from RHIs,
quantified on MRI as WMHSs, contributes to the pathogenesis of the hallmark CTE-

related perivascular p-tau deposits at the base of sulci [28,43,101].

Additionally, FLAIR lesions have been linked with decreased verbal memory scores in
veterans with mTBI [90]. In former NFL players, WM alterations are notable on MRI

[12,88], associated with RHI [12], and affect executive function [12]. Imaging studies
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[88,100,103,104] of living, former American football players have demonstrated
disruption of the blood-brain barrier and alterations in cerebral blood flow, which may be
related to or cause chronic WM degeneration and alter cognitive outcomes [105].
Utilizing MRI, FreeSurfer-calculated WMHSs, and NP testing, Alosco et al. (2017) [12]
studied 86 former NFL players and 23 age-matched controls without RHI exposure. RHIs
were quantified via a cumulative head impact index score, based on self-report, position
played, and “impact exposure frequencies from published helmet accelerometer studies in
former amateur football players” [12]; therefore, a higher cumulative head impact index
score represents a greater exposure to RHIs. They found that an increased volume of
WMHSs were associated with greater cumulative RHI exposure, as well as worse
executive function [12]. Consequently, in former NFL players, RHI exposure may result
in long-term microvascular and non-microvascular pathologies which are reflected in

increased WMHSs and negatively impact cognition.

As a noninvasive neuroimaging technique, MRI has enabled a greater understanding of
WM injury in mTBI and RHI, enhancing our ability to track pathophysiological changes
following RHI. WM injury measures derived from MRI correlate with cognitive and

neurobehavioral deficits, suggesting a prognostic role of MRI following RHI.

Study Objectives

The primary aim of this investigation is to determine if RHIs sustained through CCS are
associated with WMH volume on FLAIR MRI. Further evidence linking RHIs to WMHs
is required in order to inform appropriate patient management in clinical practice. The

literature demonstrates support for cumulative subconcussive blows from American
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football [106], but support for high RHI-exposure in other sports is still under preliminary
examination; while these sports may result in high amounts of RHI, they have yet to
demonstrate the level of thousands of subconcussive impacts in an individual during a
single season of play like football [9,107]. Previous studies have focused on former NFL
players, but our sample includes amateur athletes of various sports, including football.
Given the existing literature, it is hypothesized that the RHI group, particularly American
football players, will have a greater WMH volume than the age-matched controls without

a history of RHI.

MATERIALS AND METHODS
Study Sample and Design
The sample included 84 participants (37 with normal cognition, 29 with probable or
possible mild cognitive impairment, 14 with probable, possible, or confirmed dementia
diagnosis, and 4 unknown; Table 1) retrospectively analyzed from the existing database
of the Boston University (BU) Alzheimer’s Disease Research Center (ADRC) Clinical
Core Registry. The National Institute on Aging funds approximately 31 ADRC’s
nationwide and contributes data to the National Alzheimer’s Coordinating Center
(NACC). The BU ADRC follows community dwelling older adults with and without
cognitive impairment age 50 years and older [108]. In 2018, the BU ADRC also began to
recruit and enroll participants with exposure to RHI. These include male and female

participants with a history of playing CCS, military service, physical violence, and other
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sources. All participants have a study partner (family member or other) who provides
additional information on daily functioning. All participants are English-speaking older
adults with adequate visual acuity and hearing. Participants are excluded for a history of a
serious mental illness (e.g., bipolar disorder, schizophrenia), non-AD and non-AD-
Related-Dementias, neurological disorders (e.g., brain tumor, multiple sclerosis), or
medical conditions that preclude study participation [108]. BU ADRC recruitment and

additional registry data has been described elsewhere [108-111].

Each year, participants are administered neurological examinations, NP testing, and
measures of functional independence. Participants also have a baseline MRI. With
consent and in order to corroborate self-reported medical histories, participants” medical
records are acquired from their health care providers. Procedures were approved by the
BU Medical Center Institutional Review Board. Participants (or their Legally Authorized
Representatives) provided written informed consent prior to participation in the BU

ADRC protocol.

The current sample included participants with and without a history of exposure to RHI
from the BU ADRC who had an MRI. The RHI and non-RHI groups were age-matched

+/- 5 years, resulting in 42 with a history of RHI and 42 without (non-RHI control).

MRI Data Acquisition
Starting in 2013, ADRCs began to submit structural MRI sequences on patients enrolled
in the study. The specifications have been described elsewhere [112,113]. MRI data was

acquired through the BU ADRC data set and analyses were conducted at BU, with
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participants selected from those who have quantitated volume of WMHSs from ante-

mortem FLAIR MRI data available.

MRI Data Processing & FLAIR WMHSs

The software package Statistical Parametric Mapping (SPM) was used to analyze the
brain imaging data sequences. Lesions were segmented by the lesion growth algorithm
(Schmidt et al., 2012) as implemented in the Lesion Segmentation Tool (LST) toolbox
version 2.0.1 (https://www.statistical-modelling.de/lst.ntml) for SPM [114]. The FLAIR
MRI sequence utilizes inversion recovery fixed to nullify fluids. For example, this can
suppress cerebrospinal fluid, enabling enhancement of periventricular hyperintense
lesions. The open source toolbox for LST was used in FLAIR images to segment T2
hyperintense lesions. It enables segmentation of brain lesions, by segmenting T2-
hyperintense lesions from T1 and FLAIR images, first segmenting the T1 images into
three main tissue classes: cerebrospinal fluid, gray matter, and WM. Then, together with
the co-registered FLAIR intensities, lesion belief maps are calculated. Through the use of
a prechosen initial threshold (k=0.5), a threshold is created for these maps, and an initial
binary lesion map is attained. This map is subsequently grown along voxels that appear
hyperintense in the FLAIR image, resulting in a lesion probability map. These methods
have been evaluated for good reliability, accuracy, and reproducibility of WMH
segmentation [115,116]. Figure 3A and Figure 3B demonstrate examples of FLAIR

images with WM signal abnormalities highlighted.

FreeSurfer 6.0 software was used to calculate estimated total intracranial volume (eTIV)

and right and left hippocampal volumes for each participant from their T1 weighted MRI
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scans. Through a blend of segmentation and an atlas, FreeSurfer software performs an
automated segmentation process of brain tissue on MRIs, sectioning the brain into
regions of gray and white matter, and hypointense regions in the WM [117,118].
FreeSurfer v6.0 has improved upon its atlas compared to previous versions, as it
automatically segments the hippocampal regions into a smaller number of subfields than
previously possible [119]. Studies have demonstrated [117,118] that the FreeSurfer

technique is comparable to the accuracy level and precision of manual labeling.

Diagnostic Procedures

Diagnoses are determined at a multidisciplinary BU ADRC consensus panels, which
include neurologists, neuropsychologists, geriatricians, and geriatric psychiatrists. The
participants’ medical and psychosocial history, NP testing results, and neuroimaging are
presented and discussed prior to a diagnosis being made. A diagnosis of cognitively
normal is determined from NP test scores that are within normal age- and education-
determined normal ranges (i.e., >-1.5 SD above the normative mean) [120] and the
consensus panel determining that the individual is cognitively normal upon discussion of
the presented materials. Per Peterson (2004), a diagnosis of MCI is used to denote an
irregular state of cognitive impairment which manifests early such as prodromal forms of
dementia [121]. Through the use of criteria from the National Institute of Neurological
and Communicative Disorders and Stroke and the Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA; McKhann et al., 1984) [122], subjects were
diagnosed with “Possible AD” or “Probable AD.” For analyses purposes, these subjects

were combined into a single dementia group. Four subjects were missing a BU ADRC
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consensus diagnosis, while twenty-five subjects were missing a NACC diagnosis within

the dataset; of those, only three were lacking a diagnosis across both categories.

NP Assessment

Participants’ global cognitive status, executive function, language, attention, visuospatial,
and episodic memory skills were evaluated through the administration of a
comprehensive NP test battery (Table 2 outlines some test results across groups). This
includes the tests which make up the Uniform Data Set (UDS) of the NACC, including
the MMSE, Montreal Cognitive Assessment (MoCA), Logical Memory Immediate and
Delayed Recall, Craft Story Immediate and Delayed Recall, Trail Making Tests A and B,
Digit Span and Number Span Forward and Backward, Phonemic (Letters F and L) and
Semantic (Animal and Vegetable) Verbal Fluency, 30-item Boston Naming Test, and
Benson Complex Figure Copy and Recall. During a single session, a trained

psychometrist administers this NP assessment.

Statistical Methods

All analyses were performed using IBM SPSS v26 computer software. Between group
differences (RHI vs non-RHI) were evaluated using chi-square (sex and race) and
independent-samples t-tests (age and education; significance level 5%). In the literature,
severe WMHs have been shown to be significantly associated with lower cognitive
performance in those with lower levels of education, but not in those with high levels of
education [75, 76]. However, in the present study, education did not differ significantly
across the two groups (p=.22; Table 1). Race was homogenous between the two groups

(p=.97). While there were statistical differences in certain characteristics at baseline,
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many of these statistical differences were not clinically meaningful as they were
consistent across the RHI and non-RHI groups; for example, race, as the majority of the
sample were white. Independent samples two-sided t-tests were used to determine
differences between the RHI and non-RHI groups’ NP outcome measures (Table 2).
Given these established relationships of age, sex, and years of education with WMHs, our

primary model was examining the effect of RHI through CCS exposure on WMHs.

Between group differences of the effect of RHI on the outcome variable of WMH volume
were evaluated using a univariate analysis of covariance (ANCOVA). When looking at
the association of RHI and WMH volume, our primary model accounted for age, sex, and
years of education. The ANCOVA was repeated with hippocampal volume included,
given its association with AD [123,124]. Then, a sensitivity analysis was conducted in the
RHI individuals with a history of football, with the covariates of age, sex, and years of

education, and again with hippocampal volume.

Through a means tables and independent-samples t-test, it was demonstrated that our
sample’s eTIV and sex are highly correlated values (p<.001), with men having greater
intracranial volume on average (male mean eTIV = 1613081.12 + 155385.82; female
mean eTIV = 1405441.45 + 151948.71). Given that there are generally sex differences in
WMH burden and the high correlation of sex with eTIV in our sample, the binary
variable of sex was utilized to account for sex differences in the sample to maintain
consistency across analyses. There was a significant difference in sex across the groups,
as the RHI group was predominantly (78.6%) male as compared to the non-RHI group

(31% male) (p<.001; Table 1).
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Additionally, the hippocampal region is highly vulnerable to brain injury, and studies
have demonstrated a strong association with AD progression — that hippocampal volume
and ratio are reduced in those with Alzheimer’s Disease [123,124] and MCI [125]
compared to controls. In our sample, the RHI group had a significantly greater left
(p=.05) hippocampal volume and a non-significant greater right hippocampal volume
(p=.14). Hippocampal volume was negatively correlated with WMH burden across the
sample (r(81)=-.464; p<.001). Therefore, a secondary model examined the effect of RHI
through CCS exposure on WMH burden while accounting for age, sex, years of

education, and hippocampal volume.

The sample (N=84) was reduced to 83 for the ANCOVA analyses given one outlier. In
the non-RHI group, one outlier was removed from ANCOVA analysis, as their WMH
burden was more than seven standard deviations above the mean (Figure 2). WMHs are
more prevalent and severe in individuals with AD, preclinical AD, and in older adults
[68,126], and there is a positive linear relationship between odds and severity of WMHSs
and hypertension [127,128]. Given the age of the participant (age = 73 years; mean age of
total sample = 64.01 + 9.4; mean age of non-RHI group = 65.38 £ 8.7), lack of CCS-
related RHI-history, diagnosis of probable Alzheimer’s Disease, and hypertension, it
suggests that the individual’s WMHs are a result of medical history, and not an error in
the data pipeline when calculating WMH burden. It is possible that the individual has a

large number of WMHSs, but regardless, they are not representative of our sample.
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Figure 2. WMH Volume for Non-RHI Subjects. The outlier (WMH volume =132.681) was more
than 7 SDs above the mean WMH volume for the non-RHI group (mean = 7.99; SD = 21.07).
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RESULTS
Demographic Data
Table 1 shows the demographic data of the entire sample and divided into the two groups.
Age ranged from 47 to 83 years old, with the mean age of the sample being 64.01 £ 9.4
years (N=84). The mean education level of the sample was 16.92 + 2.2 years (Table 1).
Using an independent-sample two-tailed t-tests, there was no significant difference in age
(p=.18) or education (p=.22) between the groups. There was no significant difference in
race across the two groups when comparing for white vs other (p=1.0), nor was there a
significant difference in diagnosis across the groups (p=.21). Of the MCI subjects
included, 6 were determined to have probable MCI and 2 had possible MCI. Through
independent-samples two-tailed t-tests, there was no significant difference in NP test
performance across the two groups except for Trails A (p=.03) and Trails B (p=.001),
with the non-RHI group completing the two tests faster than the RHI group on average
(higher scores denoting a greater impairment). Three individuals had a documented
history of diabetes. Within the sample, 16.9% of cases had hypertension history values
missing, primarily in the RHI group (n=29 available, 13 unavailable), so this variable was

not included in analyses.

The majority of patients included in the analysis were white (88.1%), black (7.1%), Asian
(3.6%), and American Indian or Alaska Native (1.2%); therefore, for analyses, race was
classified as either white (88.1%) or other (11.9%). There was little variation in baseline

education across the RHI groups (p=.44). Additionally, more women (69%) than men
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comprised the non-RHI study population, but more men (78.6%) were included in the

RHI group.

Sport history is not mutually exclusive; it accounts for the number of subjects who
answered “yes” to a history of each sport across the 42 RHI participants, meaning that
someone could have a history of >1 sport. The RHI group included athletes from a
variety of sports, some of whom played more than one sport: football (23), soccer (19),
hockey (10), boxing (6), lacrosse (5), wrestling (3), diving (3), martial arts (2), and rugby
(2). Twenty-three participants only had a history of one sport; 12 played 2 sports; 7 had a

history of 3+ sports.



Table 1. Demographic Descriptive Statistics of RHI and Non-RHI Groups
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Demographic Total Sample | RHI Non-RHI p-value
N 84 42 42 --
Age at Visit: Mean + | 64.01 +9.4 62.64 + 9.8 65.38 £ 8.7 18
SD years
Sex: n(%) 46 Males 33 Males 13 Males (31%) .001*
(54.8%) (78.6%) 29 Females (69%)
38 Females 9 Females
(45.2%) (21.4%)
Education: Mean + | 16.92 £ 2.2 17.21+2.0 16.62 + 2.3 22
SD years
Race (%) 1.00
White 88.1% 88.1% 88.1% --
Other 11.9% 11.9% 11.9% --
BU Consensus Diagnosis 21
n 80 39 41
Normal 37 (46.25%) 14 (35.90%) 23 (56.10%) --
Cognition
MCI 29 (36.25%) 18 (46.15%) 11 (26.83%) --
Dementia 14 (17.5%) 7 (17.95%) 7 (17.07%) --
Diagnosis 4 3 1 --
Unavailable

* = statistically significant difference between RHI and non-RHI groups (p<.05)
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Table 2. NP Test Performance of RHI and Non-RHI Groups Independent-Samples 2-
tailed T-Tests performed on the sample. A higher score on the MoCA, Craft Story Recall:
Verbatim, Craft Story Recall: Delayed, Digit Span Backward, Verbal Fluency (FAS), and
Multilingual Naming Test (MINT) represented a better testing performance. A lower
score for Trails A and Trails B demonstrates performing the task faster, and, thus, better.

Cognitive Test Scores Total RHI Non-RHI p-value
Mean = SD

MoCA 23.54+6.5 24.33+6.4

Raw Score N=56 n=26 n=30 .65
Craft Story Recall:
Verbatim 1415+7.6 15.40 £ 8.7

Raw Score N=56 n=26 n=30 57
Craft Story Recall:
Delayed 12.42 +5.6 12.60 + 6.4

Raw Score N=56 n=26 n=30 91
Trails A 38.03+£27.2 27.66 + 7.0

Total Seconds | N=56 n=29 n=38 .03*
Trails B 119.63 + 88.2 67.13+20.3

Total Seconds | N=65 n=27 n=38 .001*
Digit Span Backward 6.81+2.6 740+£29

Raw Score N=56 n=26 n=30 42
Verbal Fluency 2431+89 28.17+10.9

Raw Score N=70 n=29 n=41 A2
MINT 29.19+55 28.63+4.2

Raw Score N=56 n=26 n=30 .67
* = statistically significant difference between RHI and non-RHI groups (p<.05)
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WMH Volume

As previously discussed, WMHSs are more common in individuals with a history of TBI
[129,130] or higher cumulative head impact index scores in CCS athletes [12] than
healthy controls, and WMH burden increases with TBI severity [129,130]. Our RHI
group had a greater WMH volume as compared to the non-RHI group, although it did not
reach a level of significance (p=.91). As consistent with past studies [68,126], WMHSs
were positively correlated with age in our sample (r(81)=.526; p<.001). Furthermore,
women have an increased number of WMHSs and greater WMH volume relative to their
WM volume as compared to men [72,73], and head and size differs across the sexes
[131,132], with men generally having larger heads and thus intracranial volume. In this
study, men and women did not have a significantly different volume of WMHs (p=.379).
Race did not differ across the two RHI groups, nor did it have a significant effect on

WMH volume (p=.86).

There was no significant effect of RHI history on WMH volume after controlling for age,
sex, and education, F(1,78) = 1.261, p=.27. When hippocampal volume was factored in
as an additional covariate, there was still no significant effect of RHI on WMHs; F(1,78)
= 1.827, p=.18. Figures 3A and 3B are examples of WMH segmentation on axial FLAIR
slices at the level of the ventricles for a non-RHI (Figure 3A) and an RHI subject with a
history of football and hockey play (Figure 3B). Table 3 demonstrates the mean WMH

volume, as well as FreeSurfer-calculated left, right, and total hippocampus volumes.
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Figure 3A. LST-produced FLAIR Image for non-RHI subject. Axial slice at the level above the
ventricles for a non-RHI subject. The subject has no history of CCS. The left image represents the
FLAIR image and the right is the overlay of the segmentation of the FLAIR image with WMHs
in red and yellow. Most of the WMHSs are found periventricularly in this individual. The
individual’s WMH volume = 4 across 14 total lesions.

Figure 3B. LST-produced FLAIR Image for RHI subject. Axial slice at the level above the
ventricles for an RHI subject. The subject has a history of CCS, including American football and
ice hockey. The left image represents the FLAIR image and the right is the overlay of the
segmentation of the FLAIR image with WMHS in red and yellow. The individual’s WMH
volume = 6 across 20 total lesions.
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Table 3: Brain Volumetrics across RHI and Non-RHI Groups Including p-values
calculated through 2-tailed independent-samples t-tests; * = statistically significant value

(p<.05). Includes Cohen’s d-value to calculate effect size.

Location Total (N=83) RHI (n=42) Non-RHI p- Cohen’s
(Mean £ SD) (n=41) value | d-value
WMH Volume | 5.05+7.70 5.41+£7.94 4.95+7.54 91 0.06
Left 3718.25+£52.81 3820.47£71.27 3613.54+£75.51 .05* 2.82

Hippocampus

Right 3782.11+53.82 | 3860.57+76.85 | 3701.73+74.15 | .14 2.10
Hippocampus

Total 7500.36+934.42 | 7681.04+910.94 | 7315.274932.74 | .07 0.40
Hippocampus

VVolume

WMH Volume in Football Players

A sequence of ANCOVA tests were utilized. The goal was to investigate the effect of
RHI on WMH volume, while controlling for age, sex, and education in the primary
model. Additionally, the RHI group included athletes from a variety of backgrounds.
Given the diverse background of sports in our RHI group, an ANCOVA was conducted
to compare RHI participants with a history of football play to non-football players

(including all non-RHI and non-football RHI individuals).

When the sample was refined to examine the effects of RHI from a history of football
play to those with no history of football play (non-football playing RHI and non-RHI
individuals), while still examining the covariates of age, sex, and education, the model
demonstrated that there was a statistical trend on WMH volume; F(1,78) = 3.147, p=.08.

However, when total hippocampal volume was included as a covariate with age, sex, and
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education, those with a history of football compared to those without have a significantly

greater WMH volume; F(1,78) = 5.784, p=.02.
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DISCUSSION
The existing literature examining WMHs in athletes with a history of concussions and
CCS exposure is mixed. The existing literature is focused on acute and chronic outcomes
of football, a male-dominated sport; this study extends what is currently known about the
relationship between RHIs and WMHSs by examining the effects of RHI in diverse
background of CCS, and across females and males with a history of RHI. In this
investigation we observed that when accounting for age, sex, and education, RHI did not
have a significant effect on WMHs. When hippocampal volume was included as a
covariate, there was still no significant effect of RHI on WMHSs, but the model improved
(from p=.27 to p=.18). Indeed, there was a statistically significant negative correlation

between WMH volume and hippocampal volume.

When the model was reduced to compare just football players to those with no history of
football (meaning non-RHI and RHI with no history of football), the model improved and
there was a statistical trend, suggesting that other sports may have less RHI exposure than
football or that the relationship between RHI and WMHSs may differ in non-football
players. When hippocampal volume was included as a covariate, the model became
significant (p=.02), demonstrating a significant relationship between RHI from football
and increased WMHSs. Given the diverse sports included in our RHI group, there was a
concern that the other sports may suppress the effects of RHI in football players; for that
reason, an ANCOVA was run to compare football players with the non-football players
(all non-football RHI and non-RHI individuals). Furthermore, given that reduced

hippocampal volume and ratio in those with Alzheimer’s Disease [123,124] and MCI
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[125] compared to controls is highly documented in the literature, the intention was to
include a sub-analysis which accounted for hippocampal volume to be sensitive to

potential AD effects on WMH volume.

Diverse CCS History

Not all football players or individuals with a large RHI exposure will develop long-term
neurological consequences. Additional risk factors, such as CVD, diabetes, or genetic
factors (e.g. apolipoprotein E (APOE)), may interact with RHIs and increase one's
vulnerability to the long-term effects of RHIs on the brain. Previous studies have been
focused on WMHs in former NFL players compared to controls [12,88]. The findings in
this investigation are consistent with and relate to those of American football players that
found an increased RHI exposure was associated with increased WM abnormalities
[12,88] and WM rarefaction [54]. The results of this study suggest that playing football at
the professional level is not necessary for WM changes to occur, but that RHIs even at
the amateur level of football play can cause greater WMH burden as compared to
controls with no history of RHI and even athletes of other CCS. A 2016 pilot study [94]
of 45 collegiate level hockey players matched 3:1 with controls found no significant
change in number of WMHs on MRI across one season of play, though a reduction in
brain volume was noted. This could suggest that football has a greater exposure to RHIs
or that the increased WMHs could potentially be a result of the more severe head impacts

in football as compared to other sports.

Additionally, as our sample included those who wrestled, dived, played lacrosse, and

more, it is difficult to estimate the number of RHIs an individual may have sustained over
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a single season. There is variability in RHI exposure in this study given the diverse sport
history, and even RHI exposure variability within the football players, since position is
highly associated with RHI exposure [54]. In football, and increasingly in ice hockey and
soccer, the documentation of this exposure is increasing from accelerometer studies as
well as MRI studies across single seasons of play. This single season exposure to RHI
would be valuable to look at, in addition to the association between the number of years
of play with WMHSs, as this study had the limitation of not having exact number of years

of play.

The literature on football-induced RHIs, WMHSs, and other long-term outcomes in former
football players is well-documented [12,40,88,133,134], while the research in other CCS
is more limited and other sports may not demonstrate as uniform RHI exposure as
football. Lipton et al. (2013) [91] conducted a DTI study which demonstrated a reduced
FA in amateur soccer players associated with RHI as measured by self-reported heading
for the 12 months prior. Their results demonstrated a potential for a generally “safe”
threshold of headings, and exposure below said threshold may not result in lower FA
[91]. However, they also noted [91] that heading technique and impact location is not
uniform, which may result in varying location of brain abnormalities and potentially
undetectable, subtle WM changes in other locations. Furthermore, a 2018 DT study
[135] in male and female soccer players demonstrated that even with a comparable RHI
exposure (measured through self-reported exposure to headings over the prior 12
months), women had lower FA and broader evidence of WM alteration than men. These

results demonstrate initial evidence for divergent brain responses to RHI across the sexes,
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at least in soccer players. This potential for WMH sex-differences in response to RHI will
likely need to involve sports like soccer and ice hockey, as there is more female
involvement and there are even professional women’s leagues for these sports; football is
an almost exclusively male sport with few exceptions [136]. Similarly, a 2017 study of
ice hockey players reported a decreased FA in female hockey players over the course of a
season, while FA in males did not change significantly [137], demonstrating alteration of
WM microstructure over a single season. Additionally, football and ice hockey are
helmet-wearing sports, whereas soccer heading is a direct contact with the ball. There is
also the need for more late-outcome studies for non-football CCS, rather than just across

single seasons.

This study documents the long-term effects of RHIs from football on aging athletes as
compared to athletes of other CCSs and those without a CCS history. Given the age of
the sample, it would be valuable to prospectively follow young football players and track
their WMH burden over time to determine whether WMHs continue to multiply with age
even years after play has ceased. As axonal damage can continue weeks after an acute
concussion [51], the mechanism of how RHIs affect WM remains unclear. As
arteriolosclerosis is common with aging and CVD, which is common in individuals who
previously played American football [57,58], CVD history would be valuable in
determining the cause of greater WMHSs. Likely the WMHs in this study are a result of a
combination of CVD and axonal injury as a result of RHI. Therefore, this study lends

support to the notion that CTE results from both tau and non-tau pathologic conditions.
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Hippocampal Volume

Hippocampal volume was included as a covariate in analyses to account for the
correlation of reduced hippocampal volume with AD progression, RHIs, the normal
aging process [138], or other factors such as hippocampal sclerosis [139]. When
hippocampal volume was included as a covariate, subjects who had played football had a
significantly higher WMH volume than those who had no history of football (p=.02). In
our sample, the non-RHI had a decreased hippocampal volume in comparison to the RHI
group, though not statistically significant, which is expected given the timing of
hippocampal atrophy during CTE and AD presentation. Studies have noted that NFTs
typically do not emerge in the hippocampus until the later stages of CTE [36], while
hippocampal atrophy is a hallmark of AD [140,141], can present prior to clinical
symptoms of AD [142], and is even a predictor of progressing from MCI to AD [125].
Our models improved with HV, suggesting that either it mediates the association between
RHH and WMHs, or that the model was accounting for the rates of AD among the two
groups. In the non-RHI group, 26.83% of individuals had MCI and 17.07% had
dementia; the rate of MCI is greater than reported rates in population-based studies of
those 70-89 [143] or 75 and older [144], and the rate of AD is greater than the
Alzheimer’s Association-reported [145] 11.3% in Americans 65 and older. One
explanation for this is our sample: ADRC samples often include people who are at risk
for AD or have a family history of AD, with genetic components increasing for AD
[146], and even those who present as clinically normal could have early hippocampal

atrophy indicative of later cognitive decline [142]. A greater loss of hippocampal volume
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is also associated with increased WMHSs in AD [146,148], with one study reporting [149]
a linear relationship between WMHSs and hippocampal atrophy, suggesting a relationship
between AD-related hippocampal atrophy and vascular pathology (WMHSs). While the
RHI group is 36% MCI, this could represent cognitive impairment as a result of the RHIs
sustained through CCS as it is much higher than the reported incidence rate of MCI
among the population [143,144]. The greater hippocampal volume in the RHI group
could be further supported by the greater ratio of men to women in the RHI group, as
men tend to have greater hippocampal volumes. Therefore, given the relationship of
hippocampal volume with AD and WMHs, as well as our sample’s demographics, the
inclusion of hippocampal volume improving our model suggests that it is removing noise
or confounding factors by accounting for AD etiology in the non-RHI group. However,
this study did not look at the spatial distributions of WMHSs, which may differ across
various neurodegenerative diseases [66] and could reflect the cognitive domains that are
influenced by the WMH and potentially the differing NP test performances seen across

our RHI and non-RHI groups (Table 2).

Limitations

This investigation has several limitations. Its sample size was relatively small, though it
included MRI LST data, cognitive testing, and an age-matched group of non-RHI
controls to provide an effective comparison group. With a larger sample size, greater
evaluation across sport populations would also be possible, rather than just football.
Additionally, this study was not able to control for vascular factors, such as

hypercholesterolemia or arteriolosclerosis, which can contribute to increased WMH
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volume [150]. History of diabetes was not incorporated in our model because very few
individuals in the sample (n=3 of 70 available variables) had diabetes, but future studies
should look into the relationship of increased WMHSs in those with diabetes with a history
of RHI. Our sample was 88.1% white, therefore, other races were underrepresented in the
sample, and given the increased CVD mortality rate [57] and higher prevalence of
WMHs in black individuals, a more diverse sample would be beneficial for examining
effects of RHI on WMHSs across the population. Longitudinal evaluations of both subject
groups would provide meaningful evidence regarding the reversibility of findings of the

greater number and volume of WMHs in those with a history of football.

Conclusion

This investigation provided preliminary evidence for a link between high RHI exposure
and WM lesions in football players only. When controlling for age, sex, education, and
total hippocampal volume, those with a history of football compared to those without
have a significantly greater WMH volume (p=.02). Compared to the non-RHI group, our
RHI group including all athletes (n=42) had a greater WMH volume, although it did not
reach a level of significance (p=.91). Football players have the best documented exposure
to RHI, but the existing literature varies, and often utilizes either current athletes or head
impact by measure of concussion history, rather than RHI which includes subconcussive
blows to the head that are sustained over even a single season of CCS play. These RHIs
can lead to neuropathological changes over time, therefore, future studies should continue
to evaluate the repercussions of RHI exposure through CCS play beyond merely

measuring concussions. Future research should expand upon this investigation, by
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looking at RHI exposure and WMH consequences in a diverse assortment of sports,
following athletes longitudinally for repeated in vivo MRIs and post-mortem
neuropathological confirmation, and include female athletes, especially given the

emerging evidence for decreased FA in female athletes.
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