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1 | INTRODUCTION

MINER ET AL.

Abstract

The goal of this paper is to introduce the hypothesis that white matter (WM) and vas-
cular injury are long-term consequences of repetitive head impacts (RHI) that result
in a novel T2 fluid attenuated inversion recovery (FLAIR) magnetic resonance imaging
pattern. A non-systematic literature review of autopsy and FLAIR studies of RHI-
exposed adults was first conducted as a foundation for our hypothesis. A case series of
RHI-exposed participants is presented to illustrate the unique FLAIR WM hyperinten-
sities (WMH) pattern. Current literature shows a direct link between RHI and later-life
WM/vascular neuropathologies, and that FLAIR WMH are associated with RHI, inde-
pendent of modifiable vascular risk factors. Initial observations suggest a distinctive
pattern of WMH in RHI-exposed participants, termed RHI-associated WMH (RHI-
WMH). RHI-WMH defining features are as follows: (1) small, punctate, non-confluent,
(2) spherical, and (3) proximal to the gray matter. Our hypothesis serves as a call
for research to empirically validate RHI-WMH and clarify their biological and clinical

correlates.

KEYWORDS

chronic traumatic encephalopathy, contact and collision sports, fluid attenuated inversion recov-
ery neuroimaging biomarkers, FLAIR MRI, head trauma, neurodegenerative disease, repetitive
head impact-associated white matter hyperintensities, RHI-WMH, repetitive head impacts,
traumatic brain injury, traumatic encephalopathy syndrome, white matter hyperintensities

Highlights

* Repetitive head impacts (RHI) have been associated with later-life white matter
(WM) and vascular neuropathologies.

* T2 FLAIR MRI of RHI-exposed participants reveals a potentially unique WM
hyperintensity (WMH) pattern that is termed RHI-associated WMH (RHI-WMH).

* RHI-WMH are characterized as (1) small, punctate, and non-confluent, (2) spherical,
and (3) proximal to the gray matter at an area anatomically susceptible to impact
injury, such as the depths of the cortical sulci.

Exposure to RHI is associated with the development of neurode-

generative diseases including but not limited to chronic traumatic

Repetitive head impacts (RHI) refer to recurrent hits, blows, or forces
applied to the head that can result in symptomatic concussion and/or
non-concussive injury.!3 RHI exposure can occur through contact and
collision sports (CCS), military combat and training activities, and phys-
ical violence, all of which are linked to later-life neuropathological
consequences.* 10 Exposure to RHI has been studied extensively in the
setting of CCS, particularly in American football. Youth, high school,
college, and professional football players can be exposed to thousands
of head impacts over a single season.? 11-15 Other CCS athletes, such
as soccer players, can be exposed to hundreds of head impacts per
season.’® 17 With tens of millions of people in the United States alone
having been exposed to RHI from participation in CCS,'° later-life neu-
rological disorders associated with RHI exposure are a major public
health concern.

encephalopathy (CTE).'8-22 CTE is uniquely characterized by the
perivascular deposition of hyper-phosphorylated tau (p-tau) in neu-
rons distributed around blood vessels at the depths of the cerebral
sulci.23-27 CTE can manifest as a combination of diverse symptoms,
including cognitive impairment.2*28.2? Neurobehavioral dysregula-
tion is a common clinical feature in RHI-exposed cohorts, but it
is weakly correlated with CTE p-tau pathology.3% 3! As shown in
Alzheimer’s disease (AD) and AD and related dementias (ADRD),
cognitive decline and dementia are often consequences of mixed neu-
ropathologies as opposed to a single proteinopathy.?® 3235 Among
individuals exposed to RHI, there is a heterogeneous accumulation of
various neurodegenerative disease proteins, such as the presence of
Lewy bodies,?¢ alpha synuclein,3” amyloid beta (AB),2? and transactive
response DNA-binding protein with 43 kDa (TDP-43) deposits,3: 37
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and structural white matter (WM) changes.?%40-42 Co-morbid neu-
ropathology could explain the diverse clinical presentations observed
in the setting of RHI and CTE.*3

The cardinal pathologies of acute traumatic brain injury (TBI)
include WM and vascular injury.**=#8 For this review, we define WM
injury as damage to the myelinated axons of the brain’s neurons,
whereas vascular injury pertains to damage to the blood vascula-
ture in the brain, including but not limited to endothelial damage
and blood-brain barrier (BBB) leakage.*’ It is important to note that
while vascular and WM injury are highly interrelated, they represent
separate pathologies that differ in the structure, that is, injured or
compromised.>° Diffusion magnetic resonance imaging (dMRI) studies
demonstrate that a single season of CCS play can result in WM changes
across age groups, from childhood to adulthood.8 >1-67 A nascent but
growing literature demonstrates that WM and vascular changes are
present in older participants years after exposure to RHI has ended and
that these pathologies contribute to symptoms.*?- 68 We hypothesize
that WM and vascular changes begin during active exposure to RHI and
progress with aging, independent of and/or in parallel with p-tau accu-
mulation and potentially other neurodegenerative disease pathologies.
We further hypothesize that WM and vascular pathologies contribute
to clinical outcomes (Figure 1). Additionally, we propose that T2 fluid
attenuated inversion recovery (FLAIR) MRI can capture these WM and
vascular pathologies as WM hyperintensities (WMH) and that RHI may
resultin aunique pattern of WMH. We refer to these as RHI-associated
WMHs (RHI-WMH).

The objective of this paper is to introduce our hypothesis of RHI-
WMH and to ignite research on this observation. We first provide a
non-systematic review of the literature surrounding WM and vascular
injury neuropathology among brain donors exposed to RHI. This litera-
ture directly informed the start of research on the association between

Exposure

Repetitive Head Impacts

Neuropathology

White matter and
vascular injury

Neuroinflammation
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RHI and WMH. We then present literature on the association between
RHI and WMH on T2 FLAIR MRI, followed by presentation of a case
series to illustrate the unique pattern of WMH that we have anec-
dotally observed in participants exposed to RHI (i.e., RHI-WMH). We
conclude with a discussion on differential diagnostic considerations
and several targets for future research on RHI-WMH.

2 | METHODS

In this hypothesis proposal and accompanying supportive literature
review, we do not focus on the role of p-tau accumulation as that

has been reviewed elsewhere,18 40.69

with the exception of when
we provide context to CTE neuropathology. Our current knowledge
surrounding the long-term effects of exposure to RHI is focused on
neuropathological and in vivo research in older male American foot-
ball players. This population is featured in this review; however, data
from other populations exposed to RHI (e.g., former soccer players, mil-
itary veterans, survivors of intimate partner violence) are presented
when appropriate. As this paper is focused on the long-term conse-
quences of RHI, we highlight research in older populations years after
RHI exposure has ended, rather than in active athletes or participants
who have not yet reached at least middle age. While there is docu-
mented evidence that a single TBI or concussion can lead to both acute

70.71 we do not include studies specifically

and persistent WM changes,
focused on symptomatic TBI, single incident concussions, or post-
concussion syndrome, but rather focus on the cumulative effects of
RHI. We acknowledge that there are many MRI techniques for the eval-
uation of WM and vascular injury, such as dMRI, arterial spin labeling
(ASL), single-photon emission computed tomography (SPECT), suscep-

tibility weighted imaging (SWI), and dynamic contrast-enhanced MRI
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FIGURE 1 Conceptual framework of the associations between repetitive head impacts (RHI), neuropathologies, clinical outcomes, and
modifiers. The lists of pathologies, clinical outcomes, and modifiers are not exhaustive. Neuropathologies not included in this figure but that are
still associated with RHI include, but are not limited to, presence of Lewy bodies, alpha synuclein, amyloid beta (Af), and transactive response

DNA-binding protein with 43 kDa (TDP-43) deposits.
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(DCE-MRI). However, these techniques are either not applied routinely
in clinical practice in memory disorder settings, or they are applied rou-
tinely clinically but are relatively insensitive for the WM and vascular
injury (e.g., SWI) that is easily captured by T2 FLAIR imaging. We focus
our review on T2 FLAIR MRI because it is routine in both clinical care
and research in neurodegenerative disorders.

Our non-systematic review of the literature was conducted using
relevant key words in medical search engines (e.g., PubMed), including

» o« » o«

but not limited to, “repetitive head impacts,” “sub-concussion,” “con-

» o« » o«

cussion,” “traumatic brain injury,” “contact sport athletes,” “American

» o« » o«

white matter

»

football,” “white matter,” “white matter degeneration,

»u »u

white matter loss, microstruc-

» o«

rarefaction, white matter integrity,

» o«

tural integrity,” “white matter hyperintensities,” “white matter injury,”

»a »a »u

FLAIR,” “vascular changes,

» » »

age,” “vascular injury,” “SPECT,” “arterial spin labeling,” “ASL,” “suscep-

“diffusion tensor imaging, vascular dam-

»u

tibility weighted imaging,” “SWI,” “chronic traumatic encephalopathy,”
and “CTE.” References of research articles and connected papers were
also used for identifying relevant studies for this review.

The illustrative case series presented comes from a visual review
of scans during weekly multidisciplinary consensus conferences at the
Boston University Alzheimer’s Disease Research Center (ADRC).”%74
Some of these participants are also part of the National Institute
of Neurological Disorders and Stroke (NINDS)/National Institute on
Aging (NIA) funded collaborative study between the Boston University
and University of California San Francisco ADRCs known as the “Study
of Axonal and Vascular Effects of Head Impacts (Project SAVE).” The
Boston University ADRC is one of > 30 ADRCs in the United States
that are funded by the NIA and contributes standardized data to the
National Alzheimer’s Coordinating Center (NACC). The Boston Uni-
versity ADRC supports high-impact, innovative research on AD and
ADRD, including CTE and other long-term consequences of RHI. The
center follows participants who complete annual visits that include
clinical interviews, neuropsychological testing, neurological exams,
blood draws, as well as a baseline and 3-year MRI and an optional
lumbar puncture. Approximately one third of the cohort includes par-
ticipants exposed to RHI whereas the remaining participants are those
who span the AD continuum. Multidisciplinary diagnostic consensus
conferences are conducted for all participants to adjudicate clinical
syndromes and suspected etiologies. Syndromic diagnoses are made
blinded to biomarkers, but RHI exposure details are known prior to
clinical and biomarker data review. Biomarkers, including T2 FLAIR

MRI, are reviewed to determine etiologic diagnoses.

3 | NEUROPATHOLOGY OF CTE

The neuropathology of CTE, a disease

1,2,20,24,69

specific to RHI
exposure, provides impetus for the study of WM and
vascular injury pathology. Historically, CTE has been described in
boxers as “punch drunk” or “dementia pugilistica” before “chronic
traumatic encephalopathy” was introduced.”> 8! Since Corsellis et al.
published a case series in 1973 describing CTE neuropathology in

boxers, CTE neuropathology has been documented in American

football players, ice hockey players, soccer players, rugby players, and
military veterans.2*82-87 More recently, CTE has been neuropatho-
logically diagnosed in both male and female Australian rules football
players.88-91

The first modern description of unusual tau pathology in a for-
mer National Football League (NFL) player was published by Omalu
et al. in 2005,8% which noted characteristic neurofibrillary tangles and
neuropil threads, without the presence of neuritic plaques, suggest-
ing a separate etiology from AD.8% 92 Subsequently, criteria for the
neuropathological diagnosis of CTE and a staging system for grading
pathologic severity was proposed by McKee et al. in 2013.24 2527 The
pathognomonic CTE lesion is shown in Figure 2 and is characterized by
the aggregation of neuronal p-tau around small blood vessels at the
depths of the cortical sulci. The staging scheme proposed by McKee
et al. described the severity of CTE pathology from stage | (low sever-
ity) to stage IV (high severity).2* 2> 27 In stages | and Il, the p-tau lesions
are patchy and located in the frontal and temporal cortices. In stage
I1l, p-tau aggregates are observed in the medial temporal lobes before
becoming more widespread in stage IV. Higher stages are associated
with more severe neuroinflammation, older age at death, and proxies of
RHI exposure, including level of American football play (i.e., high school,
college, semi-professional, professional) and longer duration of football

career.20,24,28,40,93

3.1 | White Matter Neuropathology

WM injury is difficult to quantify and exists on a spectrum. WM injury
can be described as pallor, wherein visible changes to the WM are
seen through histological staining techniques, such as hematoxylin and
eosin, which stain nuclear and cytoplasmic components respectively.”*
Damage is assessed by determining the degree of pallor after stain-
ing and comparing it to healthy tissue samples. Some stains, such as
Luxol fast blue, are used to stain myelin directly to determine whether
there are demyelinating processes or cellular damage.?® In CTE, there

21,95 and

is evidence to suggest the presence of both oligodendrocyte
myelin?® damage; thus, a combination of stains is required to under-
stand the complex presentation of the disease. Figure 3 demonstrates
these myelin staining techniques in the context of CTE and shows
examples of histochemical staining of myelin in a former American
football player diagnosed with CTE.

Neurons are uniquely susceptible to damage by traumatic injury.
Focal, multifocal, or diffuse injury to neurons due to trauma is termed
traumatic axonal injury (TAI).?7- 98 TAl is related to insidiously progres-
sive axonal pathology following TBI.?? Buée et al. was one of the first
studies to demonstrate a link between CTE (then termed “dementia
pugilistica”) and TAl in 1994.1%° This study examined two boxers with
“dementia pugilistica” in their 60s and found extensive TAI that cor-
related with neurofibrillary tangle distribution. Recent studies have
shown that an increased presence of axonal spheroids and distorted
axonal varicosities, hallmarks of TAI, are associated with increasing
CTE severity.2*?7 The prevalence of WM pathology in CTE may be

related to its primary risk factor: exposure to RHI.
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FIGURE 2 Pathognomonic lesion of chronic traumatic encephalopathy (CTE). This figure, taken from McKee et al., shows microscopic findings
in stage Il CTE.2 A, Whole mount coronal sections in stage Il CTE show multiple foci of phosphorylated tau (p-tau) pathology primarily located at
the depths of the cortical sulci of the frontal and temporal lobes (free floating 50 u sections, AT8 immunostain). B-H, The p-tau pathology consists
of neurofibrillary tangles and dot-like and thread-like dystrophic neurites and is characteristically found around small blood vessels (B-F, free
floating 50 u sections, AT8 immunostain, G, H, 10 i paraffin embedded sections, AT8 immunostain). I, Subpial astrocytic tangles are also found at
the cortical depths (free floating 50 u sections, AT8 immunostain). Other pathologies include pretangles (J), dystrophic neurites in the white matter
(K), and occasional p-tau astrocytes (L; free floating 50 i sections, AT8 immunostain). There may be marked astrocytosis of the white matter (M, N;
free floating 50 u sections, glial fibrillary acidic protein immunostain). Hemosiderin-laden macrophages (O; 10 u paraffin section, Luxol fast blue
hematoxylin and eosin stain) and multiple perivascular foci of reactive microglia (P) are found around small vessels in the cerebral white matter
(free floating 50 u sections, LN3 immunostain). Text taken from McKee et al.2®

(A)|Myelin staining Loss of myelinated fibers

FIGURE 3 White matter rarefaction in a participant with chronic traumatic encephalopathy. Figure from Alosco et al.28 A, Luxol fast blue with
hematoxylin-eosin histochemical staining shows robust myelin staining (blue) in a former US football college player in his early 40s who was
neuropathologically diagnosed with chronic traumatic encephalopathy (CTE; stage I/11) who was not determined to have had antemortem
dementia. B, A man who had played professional US football, was in his mid-80s, had been neuropathologically diagnosed with CTE (stage I1I/1V),
and was determined by consensus to have dementia, there was severe loss (3+) of myelinated fibers. Text adapted from Alosco et al.28
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FIGURE 4 Cross-sectional model on the contributions of white matter rarefaction, arteriolosclerosis, and phosphorylated tau to dementia in
chronic traumatic encephalopathy (CTE). Figure from Alosco et al.28 Simultaneous equations regression models tested the association of
pathological markers of cerebrovascular disease with dementia in older deceased individuals who had played football and had CTE. Not all
variables or pathways are displayed for ease of presentation. The 8 values shown are standardized estimates, and each path shown is significant at
an a < 0.05. Standardized estimates permit direct comparison of the effect sizes across pathways. The dashed line between years of football play
and dementia denotes a significant indirect effect in which the association of years of football play with dementia was mediated by dorsolateral
frontal cortex neurofibrillary tangles and severity of white matter rarefaction. Text adapted from Alosco et al.28-

Historically, neuropathological studies investigating the effects of
RHI on WM have been qualitative in nature. A 2019 empirical autopsy-
based study examined the associations among exposure to RHI, WM
vascular pathologies, and dementia in 180 deceased male American
football players (aged 40+) with neuropathologically confirmed CTE.28
The study found that moderate to severe WM rarefaction was inde-
pendently associated with dementia in CTE.28 Additionally, greater
duration of football play, a proxy metric for RHI exposure, was asso-
ciated with more severe WM rarefaction. A conceptual summary of
the relationship among WM rarefaction, vascular disease, and tau in
CTE-related dementia is shown in Figure 4. This figure demonstrates
the results of simultaneous regression models that tested the associ-
ations of pathological markers of WM rarefaction, arteriolosclerosis,
and tau with dementia. This study was one of the first to examine WM
and vascular changes as later-life consequences of RHI exposure.?®

A more refined method for the assessment of myelin integrity in
post-mortem brain tissue compares the concentrations of two proteins
that contribute to the structure and maintenance of myelin, myelin-
associated glycoprotein (MAG), and proteolipid protein-1 (PLP-1).101
Both proteins are produced in oligodendrocytes; MAG is located dis-
tally from the cell body whereas PLP is distributed throughout the
myelin sheath.192103 MAG is susceptible to reduced tissue oxygena-
tion due to its epi-distal location, while PLP-1 is relatively resistant.
The ratio of these two proteins is consistently reduced in cerebrovas-
cular disease and vascular injury, which are highly interrelated with
WM injury.194105 The decline in this ratio in the context of vascular
disease suggests pathological hypoperfusion, which can have clini-
cal consequences.'%* A neuropathological analysis of CTE-confirmed
post-mortem brain tissue demonstrated that oligodendrocyte-specific

proteins, including MAG, were reduced in both gray matter and WM

in CTE.1%6 MAG was further reduced in moderate to advanced stages
of CTE. A neuropathological examination of CTE cases from Boston
University found both a reduced number of oligodendrocytes, the
progenitor of MAG and PLP, as well as a unique oligodendrocyte pro-
file compared to controls.”® In an RHI-exposed cohort, more years of
football play and younger age at first exposure were associated with
decreased MAG and PLP.? Myelin degeneration, as measured by these
proteins, could be a potential marker of WM and vascular injury from
RHI.

WM injury can be examined through ex vivo dMRI. Diffusion
tensor imaging enables the in vivo or ex vivo spatial evalua-
tion of WM integrity by assessing the fractional anisotropy and
radial, axial, and longitudinal diffusivity of an estimated diffusion
tensor,107-109

with neuropathologically-confirmed CTE found that axonal disruption

Evidence from a post-mortem dMRI analysis of brains

and tau pathology were closely associated.'” Evidence of axonal injury
was found in WM directly adjacent to gray matter at the sulcal depths,
where CTE p-tau pathology is located,'®” demonstrating that WM
changes are closely associated and potentially co-localized with both
RHI- and CTE-related pathology.

WM pathologies have been found in other forms of RHI expo-
sure besides CCS, such as intimate partner violence.1° Survivors of
intimate partner violence are susceptible to RHI-related pathological
changes and are at risk of negative long-term health outcomes. % 111
A study from Dams-O’Connor et al. used ex vivo imaging of 14
donated brains to investigate the relationship between intimate part-
ner violence and CTE.112 While none of the participants met crite-
ria for CTE, there were substantial documented vascular and WM
pathologies.!12 Exposure to RHI through military blast is also asso-

ciated with increased markers of astrogliosis at the boundaries of
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gray and WM in the dorsolateral frontal cortex.1® This was the case

113

even in participants with no CTE pathology,*** indicating that regional

alterations in astrogliosis may occur independently of CTE.

3.2 | Vascular Neuropathology
Vascular injury encompasses arteriolosclerosis, endothelial cell dam-
age, BBB disruption, increased BBB permeability, and any further
damage to the blood architecture of the brain. It has high comor-
bidity with neurodegenerative diseases and contributes to cognitive
decline.}4-117 Vascular injury is commonly associated with aging
and cardiovascular disease,!18 119 and certain subgroups of former
American football players have higher rates of cardiovascular disease
than non-CCS athlete controls.220-122 Kahriman et al.’s longitudinal
research in mouse models demonstrated that mice subjected to closed
head TBIs developed progressive tau pathology, as well as substantial
microvascular injury.}2® Neuropathological analysis of post-mortem
brains and an ultrastructural analysis of a mouse model by Goldstein
et al. indicated that RHI from blast exposure was associated with
microvascular injury pathology and subcortical WM injury.124 Autopsy
evidence of human brain donors also supports vascular injury as a con-
sequence of RHI.#%-4%125 Parsing out the differing contributions of
aging, cardiovascular disease, and RHI to vascular injury will be critical
moving forward.2% 122

A post-mortem examination by Doherty et al. of participants
exposed to RHI with neuropathologically diagnosed CTE found dam-
age to the BBB, loss of endothelial junctions, and axonal injury.12¢
A recent 2023 post-mortem investigation using 156 donated brains
found that levels of intercellular adhesion molecule 1 (ICAM1), vascu-
lar cellular adhesion molecule 1 (VCAM1), C-reactive protein (CRP),
and all vascular injury-associated markers were higher in RHI-exposed
brain tissue compared to controls with no history of RHI exposure.*?
Both ICAM1 and CRP levels increased with longer duration of RHI
exposure. ICAM1 levels increased with CTE severity. Overall, the study
concluded that vascular injury markers were associated with RHI
exposure and CTE, and worsened with increased disease severity.*

3.3 | Summary of Neuropathology Literature

CTE is caused in part by exposure to RHI and is characterized by
an accumulation of p-tau centered around small blood vessels at the
depths of the cortical sulci. Autopsy studies have shown associations
between exposure to RHI and long-term WM and vascular pathologies.
The neuropathological literature has provided neuroimaging targets
for the in vivo investigation of the long-term effects of RHI on the brain,
including areas of WM and vascular injury. Next, we provide contextual
literature regarding T2 FLAIR WMH and present an illustrative case
series that demonstrates our proposed hypothesis of an RHI-specific
WMH pattern.

THE JOURNAL OF THE ALZHEIMER’'S ASSOCIATION

4 | WHITE MATTER NEUROIMAGING
MODALITIES

The effects of RHI on the WM and vasculature of the brain have
been studied using various in vivo neuroimaging techniques.'27-131
Investigations into later-life consequences of RHI in older adults using
dMRI have found significant reductions in WM integrity.127-131 While
dMRI can provide information on subtle microstructural changes, it
is not always used in routine clinical practice. Alternatively, T2 FLAIR
MRI is a practical and routinely used MRI sequence in the work-
up for neurological disease, including in the setting of dementia. On
T2 FLAIR images, WMHSs appear as bright spots and signal non-
specific injury.132 133 The variability in WMH appearance has been
proposed to be reflective of differences in both etiology and patholog-
ical severity.23* T2 FLAIR has the potential to show unique patterns
of WMH by disease, suggesting it could have value as a supportive
diagnostic tool.13% 136 T2 FLAIR MRI has served as an accessible neu-
roimaging method to detect and study WM pathologies in AD/ADRD
(as reviewed next) and we hypothesize similar utility in neurological

conditions related to RHI.

4.1 | T2 FLAIR WMH in Aging and AD/ADRD

T2 FLAIR WMH have historically been presumed to indicate small
vessel disease from aging and cardiovascular disease,37-138 put this
is a simplistic conceptualization as their etiology is multifactorial.
WMH can also occur in midlife,23% 140 and prevalence of subcorti-
cal WMH has been found to increase by 0.2% per year of age.l4!
In cognitive aging samples, WMH burden predicts accelerated cog-
nitive decline and risk for developing dementia.1#2-148 Robust and
unigue associations between WMH and the different AD/ADRDs
have been established. Patterns of WMH found in AD are differ-
ent from those found in participants without AD in terms of their
spatial distribution.2?-151 There is increased WMH burden in par-
ticipants with autosomal dominant AD, even before symptom onset,
suggesting WMH (and their underlying pathologies) occur early in
the AD pathogenic cascade.'2 153 WMH are associated with known
AD biomarkers, including hippocampal atrophy, high levels of cere-
brospinal fluid (CSF) total tau, and amyloid deposition in positron
emission tomography (PET) imaging.144 154155 Research has found
that frontal and posterior WMH are associated with amyloid burden in
AD.1%6 Regional patterns of WM degradation in AD are different from
those in diseases such as frontotemporal dementia (FTD).1°7 Research
in autosomal dominant FTD due to pathogenic variants in the gran-
ulin gene demonstrated severe WMH in cortical regions, specifically
in the intermediate cortical layers of the left frontal pole and anterior
frontal lobe.2>® The study noted severe WM pathology but no or mini-
mal vascular pathology in areas of high WMH burden, and determined
that WMH was not related to vascular pathology, separating the two

pathologies etiologically.1>8
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Overall, the nature and causal pathways of WMH in aging and
AD/ADRD remain controversial. Some propose that WM changes
occur early in disease and may initiate some AD/ADRD-related
pathologic changes; others consider disease pathologic accumula-
tion and WM changes as separate processes; still others propose
that WM injury is downstream from AD/ADRD pathologic accumu-
lation and represents a secondary phenomenon, such as Wallerian
degeneration.’>? 10 More research is needed to understand the
consequences of WM changes in AD and ADRD.

42 |
WMH

RHI as a Novel Risk Factor for T2 FLAIR

There is a growing body of research that has used T2 FLAIR MRI to
study the association between RHI and WM pathologies. In 2013, Hart
et al. conducted a cross-sectional neuroimaging study of 34 retired
NFL players and 26 controls with no history of concussion or exposure
to football, aged 41 to 79.127 Participants underwent cognitive and
neuropsychological testing; a neurologic assessment; and completed
a 3-Tesla (3T) MRI that included T2 FLAIR, dMRI, and ASL sequences.
There were no differences in vascular risk factors in the cognitively
impaired and unimpaired former players. The study found that total
WMH was greater in former players with cognitive deficits than in
age-matched controls, but periventricular lesion volume did not dif-
fer between the two groups. Additionally, there was a greater burden
of deep WMH in former players with cognitive deficits, alluding to
a potential relationship of WMH spatial distribution with cognitive
outcomes among RHI-exposed individuals.

The association among WM hypointensities, RHI, and clinical func-
tion was examined in a study of former NFL players.2®? This study
examined WM changes through T1-weighted images, wherein WM
lesions present as hypointense. The study included 86 former NFL
players and 23 asymptomatic men with no history of CCS participa-
tion, military service, or TBI (aged 40-69). Participants underwent
a 3T T1l-weighted MRI. Participants also underwent neuropsycho-
logical testing, and their cumulative head impact index (CHII) and
modified Framingham Stroke Risk Profile (FSRP) were calculated.# 162
The study found that former football players had a larger volume
of WM hypointensities compared to controls. Greater RHI expo-
sure in former football players was associated with higher volume of
WM hypointensities. WM hypointensities also corresponded to worse
performance on neuropsychological tests of psychomotor speed and
executive function in former players. A 2024 study by Esagoff et al.
expanded on these findings by examining WM signal abnormalities
in a cohort of 90 active professional fighters from the Professional
Fighters Brain Health Study.13 This study compared T1-weighted 3T
MRI findings between fighters with and without a history of foot-
ball/rugby play and unexposed controls. The study found an increased
burden of WM hypointensities in active fighters compared to unex-
posed controls. Additionally, there was greater WM hypointensity
volume in fighters with former football/rugby exposure compared to

fighters without additional exposure and controls, demonstrating a

potential dose-dependent relationship of these MRI findings with RHI
exposure.

In 2023, Alosco et al. investigated the burden and distribution of
T2 FLAIR WMH and their association with metrics of RHI exposure
and clinical function.'®* This study leveraged a sample of 149 former
college and professional football players and 53 unexposed male par-
ticipants, aged 45 to 74, from the Diagnostics, Imaging and Genetics
Network for the Objective Study and Evaluation of Chronic Traumatic
Encephalopathy (DIAGNOSE CTE) cohort.1¢4 165 Participants com-
pleted T2 FLAIR MRI, neuropsychological testing, and self-reported
neuropsychiatric measures. The study found that older former foot-
ball players had greater total, frontal, temporal, and parietal WMH
compared to the same-age, unexposed controls. Younger age of first
exposure was associated with greater WMH in the older cohort (>
60 years) but not in the younger cohort of former players. There was
no association between WMH and total years of play. Finally, higher
WMH burden was associated with worse performance on tests of
executive function and verbal memory in the total sample of former
players.

Recent investigations used T2 FLAIR MRI to examine the relation-
ship of RHI exposure with WM changes in younger cohorts. Brett et al.
leveraged multiple imaging modalities, including FLAIR and dMRI, to
investigate WM changes in an adolescent (average age of 18 years) and
early midlife (average age of 38 years) cohort with a history of partici-
pation in CCS.1¢¢ The study did not find an association between years
of participation and WMH volume but did find greater WMH burden
in former professional football players over the age of 60 compared
to asymptomatic men of the same age.1® Additionally, global WM
changes associated with years of football participation were broadly
similar from adolescence through early midlife, suggesting that any
reported WM changes due to RHI may manifest later in life. Similarly,
Glikstein et al. used T2 FLAIR, gradient recalled echo (GRE), and dMRI
to investigate MRI findings in military personnel that were exposed
to RHI through repeated blasts.2¢” The participating cohort in this
5-year longitudinal study included 92 men, aged 24 to 42, with an aver-
age of 9.4 years of blast exposure.'®” This study reported volume loss
and WM changes, along with enlarged Virchow-Robin (perivascular)
spaces over a 5-year period. Vascular lesions and an increased number
of WMH were also noted.

Some studies have not found a connection between WMH burden
and RHI exposure. A 2014 investigation by Casson et al. examined 45
retired NFL players who underwent comprehensive neuropsycholog-
ical and neurological examinations, blood tests, and an MRI protocol
that included FLAIR, dMRI, and SWI.1¢8 The study found four former
players with microbleeds and one with a vascular malformation, as
well as some evidence of WMH on FLAIR MRI. Scores on the Mini-
Mental State Examination (MMSE) ranged from 25 to 30. Overall,
the study concluded that the majority of NFL players did not display
chronic brain damage that could be detected by neuroimaging but
was limited by its lack of a control population and the slightly younger
age of its participating cohort (aged 30-60). A 2018 study of 21 male
CCS athletes and 21 age-matched non-CCS athletes incorporated
multimodal imaging metrics, including T2 FLAIR, dMRI, and SWI
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along with measures of cerebral microbleeds, MR spectroscopy, and
perfusion-weighted imaging.1? The study did not find any metabolic,
functional, or structural differences on brain MRI between the groups.

4.3 | Biological Correlates of T2 FLAIR WMH

While the underlying pathology that results in T2 FLAIR WMH is
variable and non-specific, we propose that WM and vascular injury
resulting from RHI exposure manifests as a unigue WMH pattern. In
2022, Uretsky et al. examined the association between WMH and
neuropathologic correlates in brain donors exposed to RHI (67 profes-
sional football players and 8 other CCS athletes or military veterans).®®
This imaging-pathologic correlation study leveraged antemortem T2
FLAIR scans from medical records and post-mortem neuropathological
evaluations, along with informant interviews regarding detailed histo-
ries of cognitive, behavioral, mood, and motor symptomatology.®® CTE
was present in 70% of the examined brains. Years of American football
play were independently associated with greater WMH volume, even
after controlling for CTE stage, dorsolateral frontal cortex p-tau sever-
ity, and AB neuritic plaque scores. Greater WMH were associated with
WM rarefaction, arteriolosclerosis, and CTE stage. Greater total WMH
volume was also associated with worse informant-reported cognitive
and functional difficulties. Overall, the study concluded that FLAIR
WMH may capture pathologic changes from RHI exposure, including
WM rarefaction, p-tau accumulation, and microvascular disease.

Ly et al. evaluated associations between T2 FLAIR WMH and
CSF biomarkers of amyloid, p-tau, neuroinflammation, axonal injury,
and neurodegeneration.?’? Participants included 180 former football
players (120 former NFL players, 60 former college players) and 60
asymptomatic unexposed male controls from the DIAGNOSE CTE
cohort.’® The study found that WMH were associated with greater
vascular risk, higher levels of CSF p-tauqg4, lower fractional anisotropy
on dMRI, and reduced cortical thickness in former football players.'”°
The magnitudes of these associations were stronger in former foot-
ball players than in asymptomatic, non-RHI exposed men. There was no
association found between WMH burden and CSF markers of amyloid
(AB1.42), neuroinflammation (soluble triggering receptor expressed on
myeloid cells 2 [sTREMZ2]), or axonal injury (neurofilament light chain
[NfL]). The results of this study also demonstrated that WMH bur-
den correlated with CSF p-tauqgq in RHI-exposed participants. That
study emphasized the multifaceted etiologies of WMH in the setting
of RHI that include but are not limited to factors related to aging and

cardiovascular disease.

5 | RHI-WMH: A NOVEL PATTERN OF T2 FLAIR
WMH

Next, we present anecdotal evidence of a potentially unique pattern
of WMH in participants exposed to RHI. This evidence comes from a
visual review of scans during weekly multidisciplinary consensus con-
ferences at the Boston University ADRC.”2-74 Using T2 FLAIR MRI
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scans of RHI-exposed participants, we have observed a consistent pat-
tern of WMH with the following characteristics: (1) small, punctate,
and non-confluent, (2) spherical, and (3) proximal to the cortical gray
matter. We hypothesize that the closer the WMH are to the gray-
WM junction the more specific they are to RHI-related pathology, but
the diagnostic implications of this distance are unclear. It is the com-
bination of each of these features that makes the pattern unique as
opposed to any one of them inisolation. These WMH can be distributed
throughout the cerebrum but can also be focal. The localization of RHI-
WMH is in areas anatomically susceptible to impact injury, specifically
at the depths of cortical sulci (i.e., at the gray-WM junction). The total
burden of WMH in RHI-exposed participants is variable but is often
low, particularly in younger aged individuals. There may or may not
be confluent periventricular WMH that are often seen in aging. We
have observed RHI-WMH in young (e.g., 50-60) and otherwise healthy
individuals where this number of WMH might not be expected.
Previously, we described how neurons are susceptible to TAI
by impact damage due to their inherent morphology, and how the
brain is susceptible to damage from linear or rotational mechani-
cal forces.?””- 78171 Research in both mouse and human models has
demonstrated that forces from blunt trauma or blast shock are ampli-
fied near tissue heterogeneities, such as cerebral sulci, vessels, and
axons.124 172-174 \We propose that this pattern of RHI-WMH at the
sulcal depths is due to injury sustained at the most susceptible part
of the brain to linear and rotational forces of head trauma. Figure 5
shows the distribution of WMH described above. This figure depicts
pathology in brain areas susceptible to RHI, such as the depths of the
cerebral sulci through the methods of (Figure 5Aa) low magnification
immunohistochemistry, (Figure 5Ac) myelin staining, (Figure 5Ae) ex
vivo dMRIimaging, and (Figure 5B) a post-mortem brain slice stained to
show three-repeat tau deposition. These methodologies demonstrate
a localization of RHI-related pathology in the depths of the cortical
sulci, where we see the characteristic RHI-WMH pattern on FLAIR MRI
(Figure 5C,D). It is important to note that this figure is not intended to
imply that WMH are related to p-tau pathology outside of similarities

in localization.

6 | ILLUSTRATIVE CASE EXAMPLES

What follows is a presentation of a series of eight cases that are exem-
plary illustrations of the RHI-WMH pattern. These cases were selected
from research participants who completed research T2 FLAIR MRIs
at the Boston University ADRC. These participants were selected as
exemplary examples of the RHI-WMH pattern we describe. This was
not a systematic empirical selection, and therefore RHI-exposed par-
ticipants without this pattern, or participants who have this pattern
along with comorbidities or substantial vascular risk factors, are not
presented.

Case summaries are presented in Table 1. These participants ranged
from 50 to 75 years of age and included seven male participants
and one female. These participants were middle aged and had min-

imal to no modifiable vascular risk factors, including hypertension,
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(B)

FIGURE 5

Pathology in brain areas susceptible to damage by repetitive head impact (RHI). A, Figure taken from Holleran et al.107

Phosphorylated tau (p-tau), myelin black gold 11, and high-resolution ex vivo diffusion tensor imaging in chronic traumatic encephalopathy (CTE)
tissue. a, Low magnification immunohistochemistry using AT8 p-tau antibody demonstrating high tau pathology in the depth of one sulcus and
lower tau pathology in another sulcus. ¢, Myelin black gold Il staining in an adjacent slice from the same CTE brain tissue sample. The overlayed grid
demonstrates the individual regions of interest analyzed for power coherence measurements. The arrows indicate the tau-negative and
tau-positive sulcal depths. e, Diffusion tensor imaging fractional anisotrophy map from the corresponding region of the same CTE brain tissue
sample. The yellow outlines indicate 0.5 mm white matter regions of interest immediately adjacent to the sulcal depths. B, Figure taken from
McKee et al.2¢ Whole mount coronal sections in stage Il CTE show multiple foci of p-tau pathology primarily located at the depths of the cortical
sulci of the frontal and temporal lobes (free floating 50 u sections, AT8 immunostain). C, Coronal slices of fluid attenuated inversion recovery
magnetic resonance imaging (FLAIR MRI) of two RHI-exposed participants demonstrating round white matter hyperintensities (WMH) scattered
throughout the cerebrum at the base of the cerebral sulci. D, Axial slice of FLAIR MRI of an RHI-exposed participant exhibiting the RHI-WMH

| 107 | 26

pattern. Text adapted from Holleran et a and McKeeet a

hypercholesterolemia, diabetes, history of smoking or history of heart
attack, congestive heart failure, stroke, or transient ischemic attack. No
participants had imaging evidence of cardiovascular disease outside of
WMH findings, including no evidence of microhemorrhages. One par-
ticipant reported a remote/inactive history of alcohol use disorder and
one participant reported a history of adult marijuana use as a young
adult. No other participants reported substance use history. All cases
were exposed to RHI through a range of CCS, including American foot-
ball, mixed martial arts, ice hockey, soccer, rugby, and horse jockeying.
They all had substantial exposure to RHI, many of whom participated
at elite levels.

Participants’ diagnoses included normal cognition (n = 6) and
amnestic single-domain mild cognitive impairment (MCl; n = 2). On the
self-report Cognitive Change Index (CCl) questionnaire, seven partic-

ipants reached the threshold for subjective cognitive impairment (i.e.,

CClscore > 16).Inaformal consensus review by a panel of experts, four
participants were found to meet research diagnostic criteria for trau-
matic encephalopathy syndrome (TES), the research diagnostic term
for the clinical syndrome of CTE.17> Of these four participants, two
were determined to meet TES-CTE possible criteria and two were
determined to meet TES-CTE suggestive criteria. The two participants
who were TES-CTE possible also had MCI. The remaining four partic-
ipants did not meet criteria for a TES diagnosis because they either
did not present with the core clinical features of cognitive impair-
ment or neurobehavioral dysregulation, or they did not demonstrate
a progressive course of symptoms. None of the participants had other
neurological conditions (e.g., history of multiple sclerosis, history of
stroke, moderate to severe TBI, headaches).

Of the three participants with available amyloid biomarker data,

two had CSF assessed (participants A, H) and the third completed
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FIGURE 6 RHI-WMH: T2 FLAIR MRl images of eight RHI-exposed cases. Axial images demonstrate the pattern of RHI-WMH scattered
throughout the cerebrum at the depths of the cerebral sulci. Includes images from participants A to H.

an amyloid PET scan (participant B). None of the three participants
demonstrated elevated or abnormal amyloid biomarker results. Of the
two participants with available tau PET imaging (participants A, B), nei-
ther had tau PET evidence for AD. Three participants had hippocampal
atrophy on an MRI.

Each of the eight cases had a consistent pattern of small, punctate,
non-confluent, spherical, WMH proximal to the gray matter, most in the
absence of significant periventricular burden (Figure 6).

Participant D demonstrated an exemplary case of the RHI-WMH
pattern being described. We have included a series of images from
participant D’s T2 FLAIR MRI, demonstrating the dissemination of
RHI-WMH throughout the brain (Figure 7).

Overall, the participants examined in this illustrative case series
present with minimal to no modifiable vascular risk factors and have
substantial RHI exposure through a diverse range of CCS. All partici-
pants demonstrate the RHI-WMH pattern that we describe.

7 | DIFFERENTIAL DIAGNOSIS OF RHI-WMH

There are several competing differential etiologies that could give
rise to WMH including aging, multiple sclerosis, AD/ADRD, vascular
risk factors, migraine, and index TBls. RHI-WMH are distinct from

the hyperintensities with periventricular extensions (Dawson'’s fin-

gers) seen in multiple sclerosis,*”¢ 177

as well as from the perivascular
and often confluent (with more severe disease) lesions in aging and
AD.178.179 Figure S1 in supporting information illustrates the charac-
teristic WMH patterns seen in AD and normal aging through FLAIR
MRI of one non-RHI participant with AD dementia (male, 80-85 years)
and one female participant with normal cognition (70-75 years). Age-
related WMH frequently present around the lateral ventricles. AD and
ADRD can have a distinct topography that mirrors the distribution of
their characteristic pathology.'89 WMH co-localize with atrophy and
proteinopathy in AD and frontotemporal lobar degeneration (FTLD);
we expect that a similar phenomenon is happening in RHI.181-183
WMH burden has also been found to be elevated in older participants
with vascular risk factors, and has been associated with clinical out-
comes like depression.8* The updated Boston criteria for the diagnosis
of cerebral amyloid angiopathy has recently incorporated WM char-
acteristics into the diagnostic criteria.’®> WMH in cerebral amyloid
angiopathy are numerous and punctate and are associated with lobar
cerebral microbleeds.*8¢ Punctate and non-confluent T2 FLAIR WMH
are also a consistent finding in participants with migraines.'87- 188 The
periventricular location of these lesions and smaller overall numbers is
different from RHI-WMH.8? We note that post-traumatic migraines
could be quite frequent in this setting and cannot be ruled out as a
differential diagnosis; however, even if migraine is the driver of these

lesions, it is still potentially reflective of RHI exposure.
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FIGURE 7

RHI-WMH: T2 FLAIR MRl slices fromillustrative case participant D. A series of axial images taken from one participant

demonstrate the pattern of WMH throughout the cerebrum. These RHI-WMH are consistently located at the depths of the cerebral sulci and
demonstrate the same small, punctate, non-confluent, and spherical morphometry. Images taken from participant D’s FLAIR MRI.

Perhaps most similar to RHI-WMH are the WMH seen in TBI.170: 191
The mechanical forces applied to the head in TBI may also cause
microbleeds, axonal shearing, and TAI.2%2 These injuries, like in RHI
exposure, may appear as hyperintensitieson T2 FLAIR MRI along with a
hemosiderin footprint.2?3 The number of discrete WMH increases with
higher TBI severity.1?% 191 TBI-related WMH are subcortical and close
to the gray-WM junction,?1 194 and are visually similar to RHI-WMH.
This distribution may be due to RHI and TBI resulting in similar patterns
of axonal injury.2?2 Incidence of TBI tends to be higher in individuals

with RHI exposure,1?>

which may be the reason for the similar WMH
presentation. Additionally, evidence from computational modeling has
shown that TBI cause brain tissue injury in areas of high strain, such
as the sulcal depths.'?® Overall, RHI-WMH may be capturing TAI that

occur because of TBIs from RHI.

8 | DISCUSSION

The neuropathological literature suggests that WM and vascular neu-
ropathologies may be long-term consequences of RHI. Guided by
these autopsy studies, an increasing number of in vivo neuroimag-
ing studies have investigated the relationship between RHI and WM
and vascular injury in individuals with RHI exposure. WMH on T2

FLAIR MRI are a common finding in RHI-exposed participants, inde-

pendent of modifiable vascular risk factors. Initial visual observations
of T2 FLAIR MRIs from RHI-exposed participants who are part of
the Boston University ADRC suggest a distinctive pattern of WMH in
this population. Taken together, we hypothesize that exposure to RHI
can lead to long-term WM and vascular injury, inducing a potentially
unique pattern of WMH on T2 FLAIR MRI that we refer to as RHI-
WMH. RHI-WMH are small, punctate, non-confluent, spherical, and
proximal to the gray matter and appear commonly at the depths of
cortical sulci.

In RHI-exposed participants, WM pathology encompasses dam-
age to oligodendrocytes?h?> and the myelin sheath,”® reduced
MAG and PLP proteins,”® increased WM rarefaction,2® and TAI.24 97
Vascular pathology presents as damage to endothelial cells, BBB
disruption,'2¢ and arteriolosclerosis.?® While etiologically separate,
WM and vascular injury are both associated with post-mortem CTE
p-tau pathology.2425:49.97.197 \We hypothesize that RHI may initiate
WM and vascular injury at the time of exposure, and these pathologies
potentially progress over time. The co-localization of RHI-WMH and
p-tau accumulation raises the question of whether WM injury may pre-
cipitate or occur in parallel with p-tau lesion development. While p-tau
has been linked with cognitive symptoms in the setting of RHI and CTE,
there is a weak correlation between p-tau pathology and neurobe-
havioral dysregulation.2% 30 As WM and vascular injury are associated

E 28,129,198,199

with cognitive changes in the setting of CT! we propose
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that these pathologies may also be potential drivers of neurobehavioral
dysregulation.

We hypothesize that RHI-WMH have potential specificity to RHI
given (1) their anatomical location in areas susceptible to traumatic
injury (gray-WM junction); (2) the presentation is inconsistent with
what is typically observed in cognitive aging; (3) the growing empirical
evidence that links RHI and WMH; and (4) absence of other conditions
that might fully explain the presence, phenotype, and distribution of
these WMH. However, we acknowledge the non-specificity of WMH.
This review represents a first step toward defining the patterns of
WMH that exposure to RHI might induce and a call for future research

into this potential phenomenon.

8.1 | A Call for Future Research
Our hypothesis surrounding RHI-WMH and the accompanying liter-
ature review and illustrative case series is an initial step and raises
several directions for future research including an improved under-
standing of the following: (1) the specificity of RHI-WMH, (2) the
clinical meaning of RHI-WMH, (3) the biological correlates of RHI-
WMH, and (4) the standard measurement of the anatomical features of
WMH. Currently, our observations of RHI-WMH are based on anecdo-
tal evidence from research participants with agreement among content
experts. These illustrative case examples were chosen to be exemplary
of the pattern to guide future research. Empirical studies are needed
to validate this pattern as being unique to RHI, as well as demonstrate
how the pattern may progress in these participants longitudinally and
across the lifespan including from time of injury. A critical question is if
these WMH arise at the time of injury and persist and/or progress with
age. There is an ongoing collaboration between the Boston University
and the University of California San Francisco ADRCs that is con-
ducting a comprehensive investigation on the relationships between
exposure to RHI, WM and vascular injury, and corresponding clinical
sequelae in aging former CCS athletes. This collaborative study, titled,
“Project SAVE,” involves WM and vascular imaging, fluid biomarker
analyses of WM and vascular proteins, and clinical phenotyping. As
part of Project SAVE, there are ex vivo aims to comprehensively char-
acterize WM and vascular pathologies in tissue, including through the
use of 3D techniques known as CLARITY.29 This study will also seek
to conduct imaging-to-autopsy studies to improve our understanding
of the neuropathological underpinnings of RHI-WMH. Other ongo-
ing initiatives are also uniquely positioned to study RHI-WMHs in
different cohorts and age groups, including the National Collegiate
Athletic Association (NCAA)-Department of Defense (DOD) Concus-
sion Assessment, Research and Education (CARE) Consortium;2°! the
Prospective, Longitudinal, and Translational Study for Former National
Football League Players (NFL-LONG);202-205 the Football Players’
Health Study (FPHS) at Harvard University;2%¢ and the Neurode-
generation: Traumatic Brain Injury as Origin of the Neuropathology
(NEWTON) study.207

In conclusion, we hypothesize that exposure to RHI leads to long-

term WM and vascular changes that manifest in a unique pattern on

T2 FLAIR MRI that we now refer to as RHI-WMH. Future research
that empirically validates RHI-WMH and establishes their speci-
ficity, explores their association with cognitive and neurobehavioral
outcomes, and identifies pathologies associated with these hyperin-
tensities will shed light on this pattern’s utility as a neuroimaging
consequence of RHI exposure.
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ing Information section at the end of this article.
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