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Abstract

INTRODUCTION: Repetitive head impacts (RHI) from contact sports may cause

a unique pattern of white matter hyperintensities (WMH) on T2-weighted fluid-

attenuated inversion recovery (FLAIR) magnetic resonance imaging (MRI), termed

RHI-associated WMH (RHI-WMH). These lesions are punctate, circular, and

located at the gray–white matter boundary, an area vulnerable to trauma-related

damage.

METHODS: We investigated the association of RHI with these lesions in two aging

cohorts: (1) former American football players versus asymptomatic unexposed men

and (2) individuals with RHI from various contact sports versus non-RHI participants.

RHI-WMH were assessed using visual ratings and a novel automated quantification

pipeline.
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RESULTS: Individuals with RHI had greater RHI-WMH by both detection methods

in both cohorts. RHI-WMH were associated with plasma neurofilament light and

p-tau231, and flortaucipir positron emission tomography (PET) uptake.

DISCUSSION:RHI-WMHmay represent a new supportive biomarker for the detection

of RHI-related neuropathologies later in life.
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Highlights

∙ Repetitive head impacts (RHI) are associated with white matter and vascular

pathology.

∙ T2-weighted fluid-attenuated inversion recovery (FLAIR)magnetic resonance imag-

ing (MRI) of RHI-exposed participants revealed a unique pattern of white matter

hyperintensities (WMH) quantified by visual ratings and an automated pipeline in

two separate cohorts.

∙ These RHI-associatedWMHcorrelatedwith plasma neurofilament light chain (NfL),

hyperphosphorylated tau 231 (p-tau231), and tau positron emission tomography

(PET).

∙ RHI-WMH offer a potentially valuable tool for clinical assessment and detection of

RHI-related neurological conditions.

1 BACKGROUND

Repetitive head impacts (RHI) from contact and collision sports can

have long-term effects on brain health.1,2 RHI do not always mani-

fest in immediate clinical symptoms (i.e., concussion) but may result in

brain injury and are associated with increased risk of neurodegener-

ative diseases later in life such as chronic traumatic encephalopathy

(CTE).3,4 CTE is a neuropathological diagnosis characterized by the

abundance of neuronal hyperphosphorylated tau (p-tau) around small

blood vessels at the depths of the sulci.5–8 Those diagnosed with

CTE at autopsy may have exhibited an array of clinical symptoms

during life, including cognitive impairment and/or neurobehavioral

dysregulation.9,10 Cognitive symptoms are associated with CTE p-tau

neuropathology but the neuropsychiatric symptoms weakly corre-

late with p-tau.10,11 Other neuropathologies associated with RHI

beyond p-tau may contribute to clinical symptoms, such as chronic

damage to the white matter including axonal injury and myelin

loss.12

Autopsy studies show RHI has substantial white matter and vas-

cular consequences that can be detected during life with routine

MRI sequences.12–15,16 White matter damage can be visualized on

T2-weighted fluid-attenuated inversion recovery (T2-FLAIR) magnetic

resonance imaging (MRI) as white matter hyperintensities (WMH).17

WMH are non-specific, associated with aging, and typically presumed

to be of vascular origin, such as small vessel disease, that often

co-occur with neurodegenerative diseases.17 WMH have long been

associated with accelerated cognitive decline, neuropsychiatric symp-

toms, and risk for Alzheimer’s disease (AD) and related dementias.18,19

WMH also co-localize with pathology in brain regions characteris-

tically affected in AD and frontotemporal lobar degeneration,20–22

suggesting that the pattern, distribution, and appearance ofWMHmay

provide greater specificity to underlying disease processes rather than

a general or globalWMHburden estimate.

Aging former American football players exhibit greater WMH bur-

den compared to men without RHI exposure, independent of age and

vascular risk factors, which is associated with symptoms of cogni-

tive and functional impairment.23,24 Among former football players,

WMH correlated with cerebrospinal fluid (CSF) p-tau181, lower frac-

tional anisotropy on diffusion tensor imaging, and reduced cortical

thickness.25 We recently introduced the hypothesis that RHI might

result in a unique pattern of WMH on FLAIR MRI.26 Anecdotally, we

observed RHI-exposed individuals exhibit punctateWMH that tend to

be small and circular at the depths of the sulci that are distinguishable

from large, confluent periventricularWMH typically seen in aging, AD,

and vascular contributions to cognitive impairment. The lesion location

at the depths of the sulci near the gray/white matter junction corre-

sponds to areas susceptible to trauma including p-tau deposition in

CTE. We termed this pattern of small, spherical, discrete WMH near

the cortex at the depths of the sulci: RHI-associatedWMH(RHI-WMH)

(Figure 1).
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To date, RHI-WMH has only been informed by case series and

anecdotal observations. The objective of this study was to empirically

examine whether exposure to RHI is associated with a novel pattern

of WMH on T2-FLAIR MRI. We visually rated T2-FLAIR scans for

RHI-WMH as well as developed and applied an automated features

pipeline to detect RHI-WMH in two independent cohorts as most con-

ventional methods for WMH segmentation out total WMH volume or

total numberof lesions. The first cohort included former eliteAmerican

football playerswith RHI exposure and asymptomaticmenwithout any

history of RHI or traumatic brain injury (TBI) exposure from the DIAG-

NOSE CTE Research Project (DxCTE).27 The second cohort included

aging former contact and collision sport athletes as well as aging indi-

viduals without RHI exposure (non-RHI) from the Boston University

(BU) Alzheimer’s Disease Research Center (ADRC). We hypothesized

that exposure to RHI would be associated with a greater number of

RHI-WMH in both cohorts. In DxCTE, we tested the associations of

RHI-WMH with plasma biomarkers, tau PET (18F-flortaucipir), and

clinical outcomes.

2 METHODS

2.1 Study design and participants

The sample included two independent aging cohorts of researchpartic-

ipants: (1) former professional and collegiateAmerican football players

(n=164) and asymptomatic unexposedmenwithoutRHI or TBI history

(n= 55) from theDxCTE Research Project, and (2) people with (n= 38)

and without RHI exposure (n = 38) from the BU ADRC Clinical Core

Cohort. Eachdatasetwasanalyzed separately.DxCTE recruited former

elite American football players considered high risk for CTE, as well as

a comparison group of participants who were asymptomatic and had

no exposure to RHI or TBI.28 The BU ADRC enrolls participants who

span the continuum of exposure to RHI (in terms of type, frequency,

and intensity) and a comparison group of people with minimum to no

exposure to RHI. A brief overview of each study is provided below.

2.2 Cohort 1: The DxCTE Research Project
(DxCTE)

The DxCTE Research Project was supported by a National Insti-

tutes of Health U01 award that included four U.S. clinical sites. A

detailed description of DxCTE is provided elsewhere.28 The objectives

of DxCTE were to characterize the clinical presentation and devel-

opment of in vivo biomarkers of CTE. The DxCTE sample included

180 former football players (120 professional and 60 college players),

and 60 asymptomatic unexposed men. All participants were between

the ages of 45–74. The current sample size was reduced because of

missing or incomplete T2-FLAIR sequences (n = 13), or for poor scan

quality rendering the sequence unusable (n = 4). Four asymptomatic

unexposedmenwere removed from the analysis after additional infor-

mation at their follow-up visit, which was not disclosed during their

RESEARCH INCONTEXT

1. Systematic review: Neuroimaging and autopsy studies of

contact sport athletes show that repetitive head impacts

(RHI) are associated with white matter and vascular

pathology. The present study is the first to character-

ize specific features of white matter hyperintensities

(WMH)onT2-weighted fluid-attenuated inversion recov-

ery (FLAIR) magnetic resonance imaging (MRI) in individ-

uals with RHI exposure.

2. Interpretation: RHI exposure was associated with a dis-

tinct pattern of WMH, termed RHI-associated WMH

(RHI-WMH). These lesions correlated with plasma neu-

rofilment light chain (NfL), hyperphosphorylated tau 231

(p-tau231), and tau positron emission tomography (PET).

These findings suggest that RHI-WMH reflect trauma-

related pathology.

3. Future directions: Additional research is needed to (a)

evaluate longitudinal change in RHI-WMH and its rela-

tionship to cognitive and functional decline; (b) inte-

grate diffusion MRI and quantitative susceptibility map-

ping to further characterize microstructural and vascular

features of RHI-WMH; (c) expand neuropathological-

imaging correlation studies to determine the range of

cellular substrates underlying these lesions.

screening visit,made them ineligible. The final sample included164 for-

mer football players (111 professional and 53 college) as well as 55

asymptomatic unexposedmenwithout RHI or TBI exposure. All partic-

ipants in the study were required to have an informant and adequate

capacity to consent to participate. All participant evaluation site insti-

tutions and associated sites received approval for study procedures by

their governing instutional review board (IRB). All participants were

provided written informed consent.

2.2.1 MRI acquisition

MRI data were acquired with a Siemens 3T MAGNETOM Skyra

(Erlangan, Germany; software version VE11) at all four sites. Qual-

ity control procedures have previously been described.28 Structural

MRI included T1-weighted rapid acquisition gradient echo struc-

tural sequences (repetition time [TR]/echo time [TE]/inverion time

[TI] = 2530/3.36/1100 ms, voxel size = 1 × 1 × 1 mm) and T2-FLAIR

(TR/TE/TI= 5000/388/1800ms; voxel size= 1 × 1 × 1mm).

2.2.2 Tau and amyloid PET

[F18]-Flortaucipir tau PET (FTP) and Florbetapir amyloid PET data

were available for the DxCTE cohort. Quality control, acquisition

 15525279, 2026, 4, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.71351 by E

cole D
e T

echnologie Superieur, W
iley O

nline L
ibrary on [22/05/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 17 GROH ET AL.

procedures, and processing have been described elsewhere.29–32

For FTP, three prespecified regions of voxel clusters defined in our

previous study were generated and included: bilateral superior frontal

region (2887 voxels), bilateral medial temporal region (1283 voxels),

and left parietal region (252 voxels).29,33 A positive florbetapir PET

scan was defined by an average cortical standardized uptake value

ratio (SUVR) of 1.10 or greater (Centiloid values > 24.3). Additional

methods have been previously published.34

2.2.3 Plasma biomarkers

Methods for collection, processing and analysis of plasma blood sam-

ples have been published.35,36 Participants completed fasting blood

draws (12 h) at their study visit. Samples were measured for beta-

amyloid 42/40 ratio (Aβ42/Aβ40), phosphorylated tau 181 & 231

(p-tau181 & p-tau231), neurofilament light (NfL), and glial fibrillary

acidic protein (GFAP). These were a priori selected.37–39 The ratio

of Aβ42/Aβ40, p-tau231, and p-tau181 were included based on their

use for the detection and monitoring of AD/ADRD.40,41 Additional

information about assays can be found in SupplementaryMaterials.

2.2.4 Clinical outcomes

Traumatic encephalopathy syndrome (TES) is the research diagnos-

tic criteria for the clinical syndrome presumed to result from CTE.42

TES diagnoses (yes/no) and TES provisional level of certainty for CTE

(TES-CTE suggestive, TES-CTE possible, and TES-CTE probable) were

assigned at multidisciplinary diagnostic consensus conferences, based

on the 2021 NINDS TES Research Diagnostic Criteria.42 Participants

were administered the Montreal Cognitive Assessment (MoCA) to

evaluate global cognitive function, the Functional Activities Ques-

tionnaire (FAQ) to assess instrumental activities of daily living, and

the Cognitive Change Index (CCI) to measure self-reported cognitive

change. These measures were selected in this analysis to test the

association between global clinical outcomes and RHI-WMH.

2.3 Cohort 2: BU ADRC Clinical Core Cohort (BU
ADRC)

The BU ADRC longitudinally follows older adults with and without

RHI to study the long-term effects of RHI and differentiate between

CTE and AD and related dementias.43 Participants span the cognitive

spectrum and are recruited based on RHI exposure status. Partici-

pants were administered annual assessments. Additional standardized

self-report measures include other neuropsychiatric, cognitive, and

daily functioning measures, as well as comprehensive lifetime and

head trauma characterization using the BU Repetitive Head Impact

Exposure Assessment.44–46 MRI is completed at baseline and 3-year

follow-up. Biomarkers harmonized to DxCTE were not available in BU

ADRC cohort, and therefore, the BU ADRC cohort analyses were lim-

ited togroupcomparisonsofRHI-WMH.All procedureswereapproved

by the BU Medical Campus Institutional Review Board and written

informed consent was obtained for all participants or their legally

authorized representatives.

Weekly multidisciplinary diagnostic consensus conferences involv-

ing neuropsychologists, neurologists, and neuroradiologists were con-

ducted to review clinical histories, neuropsychological data, and

biomarkers to reach consensus syndromal and etiological diagnoses

for each participant. During consensus meetings, RHI exposure was

evaluated using the BU Repetitive Head Impact Exposure Assess-

ment and RHI group assignment was made following the 2021 TES

research diagnostic criteria.42,44,47,48 The RHI group includes indi-

viduals with “substantial” exposure, as defined by the TES criteria,

primarily from contact and collisions sports such as boxing, American

football, ice hockey, mixed martial arts, men’s lacrosse, Greco-Roman

wrestling, and rugby. The non-RHI group could include individuals with

some history of RHI; however, their exposure level did not meet the

“substantial” exposure threshold for inclusion in the RHI group.49

This study considered all participants from the BU ADRC with

MRI completed as of November 7, 2023. When multiple scans were

available, the baseline scan was used. From this pool of eligible partic-

ipants, a matched dataset was created by pairing individuals 1:1 based

on age (± 1 year) and sex. Initially, 88 participants were included in

the matched sample. Six participants were excluded from the dataset

because they were missing either a T1 or T2-FLAIR sequence and sub-

sequently, we removed their matched counterpart (n = 6). Therefore,

the final sample included 76 participants (38 RHI, 38 non-RHI).

2.3.1 MRI acquisition

Scans were acquired on a Philips 3T Ingenia Elition (or Philips 3T

Achieva prior to 2020) at Boston University’s Center for Transla-

tional Neuroimaging. Structural MRI included sagittal 3D MPRAGE

(TR/TE = 6.5/2.9 ms; flip angle = 9◦; voxel size = 1 × 1 × 1 mm)

and sagittal 3D T2-FLAIR (TR/TE/TI = 4800/271/1650 ms; voxel

size= 1 × 1 × 1.2mm).

2.4 RHI-WMH visual counts

A novel visual rating systemwas developed to count RHI-WMHon T2-

FLAIR in both cohorts. Visual counts were done to provide an initial

review and characterization of theWMHpattern that was anecdotally

visualized in consensus conferences (Figure 1). Automated pipelines

used for the detection of WMH typically provide global metrics (e.g.,

total volume) but fail to capture the heterogeneous features of dif-

ferent types of WMH.50,51 Established visual rating scales of WMH,

including the Fazekas or Scheltens scales, do not capture specific fea-

tures ofWMH such as distance to the cortex, volume/size of individual

lesions, or sphericity/confluence.52,53 Because none of the existing

visual scales capture thepatternofRHI-WMH(Figure1),wedeveloped

a system to count the number of RHI-WMH,within 1.0 cmof the cortex
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F IGURE 1 T2-FLAIR scan from a participant with substantial RHI exposure: Exemplar images of RHI-WMH. This figure, taken fromMiner and
Groh et al., displays the small, spherical punctate lesions close to the graymatter, distributed throughout the cortex, often in the absence of
confluent periventricular lesions.26 Lesions are also observed in relatively younger aged (e.g., 50s) individuals withminimal vascular risk factors.
RHI, repetitive head impacts; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery;WMH, white matter hyperintensities.

near the depths of the sulci. This method was developed by a board-

certified neuroradiologist (C.W.F.), neuropsychologist with a CTE/RHI

content specialization (M.L.A.), and advanced neuroscience PhD stu-

dent (J.R.G.). Our complete visual rating manual can be found in Figure

S1, but we briefly discuss our methods below.

To visualize the scans, we used the freely available viewing soft-

ware Horosproject.org. 3D T2-FLAIR images were viewed in axial

orientation and the number of RHI-WMH on each slice was counted.

RHI-WMH were counted if they were small and circular in shape,

distinguishable from large and confluent periventricular WMH, and

within 1.0 cm of the cortex near depths of the sulci. We required the

WMH to be at least as bright as the cortex to limit noise from varying

resolution. SomeWMHappeared onmultiple slices; in these instances,

we counted only the first appearance, flipping back and forth, slice-

to-slice, and viewing the scan in all three planes, to determine if the

positionof theWMHremained the same. If theWMHwasvisualizedon

one axial slice, but not present on the next slice, and then reappeared

in a similar location on the third slice, we counted that as two unique

WMH. Once these features were established and defined, we counted

the total number ofWMHwithin 0.5 and 1.0 cm of the cortex informed

by our hypothesis that WMH closer to the cortex are more specific to

RHI. We used the Horos length tool to measure 0.5 and 1.0 cm from

the cortex to count each individual WMH and marked them as they

were counted to avoid duplicate counting. WMH within 1.0 cm is a

total count within 1.0 cm from the cortex and includes allWMHwithin

0.5 cm of the cortex as well.

This novel visual rating system was developed using the BU ADRC

dataset. One rater (J.R.G.) met with board-certified neuroradiologist

(C.W.F.) to define the features, train on an initial set of 10 scans, and

develop the visual counts manual. After initial training, an additional

meeting occurred between J.R.G. and C.W.F. to further define fea-

tures and revise the visual counts manual for clarification. Once initial

training was completed, one rater (J.R.G.) rated all scans from the BU

ADRC.

For the DxCTE dataset, two additional raters were trained on the

method (A.E.M. and A.C.). To verify interrater reliability and consis-

tency of measurement for this new method, all four raters (J.R.G.,

C.W.F., A.E.M., and A.C.) counted RHI-WMH on 15 randomly selected

practice scans. We assessed the inter-rater reliability (IRR) using intr-

aclass correlation coefficient (ICC) estimates with a two-way mixed-

effects model (absolute agreement, mean rating) for both RHI-WMH

within 0.5 and 1.0 cm of the cortex. The IRR for the initial 15 scans

was “good” for the number of RHI-WMH within 0.5 cm of the cortex

(ICC = 0.765, 95% confidence interval [CI]: 0.520–0.907), and “good”

for the number of WMH within 1.0 cm (ICC = 0.840, 95% CI: 0.654–

0.939) between the raters. In order to improve IRR, re-training with

the neuroradiologist, CWF, was completed. An additional 10 randomly

selected practice scans from the DxCTE cohort were counted by all

four raters. The IRR for the secondary set of 10 scans improved and

was “good” for the number of RHI-WMH within 0.5 cm of the cortex

(ICC = 0.869, 95% CI: 0.698–0.961), and “excellent” for the number

of WMH within 1.0 cm (ICC = 0.940, 95% CI: 0.834–0.980) between
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6 of 17 GROH ET AL.

F IGURE 2 Automated white matter hyperintensity lesion counting pipelinemethods schematic overview. This figure illustrates the
preprocessing, lesion detection, and post-processing steps used to identify RHI-WMHon T2-FLAIRMRI. Preprocessing includes spatial
standardization toMNI152 space, intensity normalization, and tissue segmentation using a white matter mask. Cortical distancemapping is
performed using a Euclidean distance transform to stratify whitematter into 1mm layers, with lesion detection focused on layers 3–9mm from the
cortical surface. Lesions are identified through adaptive thresholding, a two-component GMM, andmulti-method consensus detection using
Hessianmatrix, top-hat transformation, and difference-of-Gaussians filtering. A consensus probability map is created and refined via selective
enhancement. Final lesion counts are extracted following peak detection, artifact suppression, and exclusion of lesions< 3 voxels or near
ventricles. Output includes lesion counts, spatial coordinates, and quality control metrics. GMM, Gaussianmixturemodel; RHI, repetitive head
impacts; T2-FLAIR, T2-weighted fluid-attenuated inversion recovery;WMH, white matter hyperintensities.

the raters. Once excellent agreementwas established, all of theDxCTE

scans for the second cohort were divided amongst three raters (J.R.G.,

A.E.M., A.C.) for counting.

2.5 Automated pipeline methods

In addition to visual counts, we developed and implemented a novel

automated WMH segmentation pipeline to provide standardized and

highly sensitive WMH detection that reduced potential for user

variability, and time demands inherent to visual ratings. Using the

automated pipeline alongside visual counts combined objective quan-

tification with expert interpretation, enhancing reproducibility and

detection of subtle lesions. Our automated pipeline combined the out-

put of three detection methods that each targeting distinct features of

WMH. The steps are summarized in Figure 2.

This process begins with T2-FLAIR skull stripping, N3 bias-field

correction, intensity normalization, and resampling to 1 mm3. White

matter is segmented and parcellated into 1 mm depth bins via

Euclidean distance transformations from the cortical gray–white

boundary toward the ventricles.54 This structure enables lesion counts

within specific white matter depths, reflecting the observed spatial

distribution ofWMHpathology in RHI.

The detection stage addresses threeWMH characteristics. (1)Mor-

phology: Hessian eigenvalue analysis distinguishes spherical punctate

foci (three negative eigenvalues) from sheet-like confluent lesions

(two negative eigenvalues) while suppressing tubular vessels and ran-

dom noise.55,56 (2) Contrast: subtle punctate lesions (<3–5 mm) are

enhanced using morphological white top-hat filtering with a struc-

turing element tuned to ≈3–4 mm after resampling, which amplifies

small hyperintense foci while suppressing gradual intensity variations.

(3) Scale: because WMH span punctate (<3–5 mm), focal (3–12 mm),
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and early-confluent/confluent (>12 mm) extents without a univer-

sal upper limit, Difference-of-Gaussians filtering with sigma≈1 mm

and ≈3 mm isolates features in the punctate/small-focal range while

attenuating noise and large-scale gradients.57,58 All detector maps

are percentile-clipped (1st–99th, nonzero voxels) and normalized to

[0,1]. Detector outputs are combined by confidence-weighted averag-

ing, using each method’s own normalized score as its weight (with a

small constant added to avoid zero contribution). The consensus map

is then probability-refined by integrating voxel-wise lesion segmenta-

tion posteriors from a Gaussian Mixture Model (GMM): multiplying

by (1 + posterior) and renormalizing to [0,1] provides a probability-

weighted contrast enhancement, up-weighting high-probability voxels

and suppressing residual noise.

Individual lesions are delineated via regional-maxima detection.59

To avoid over-counting, peaks located within 5 mm of each other are

merged so that multiple nearby foci are counted as a single lesion. Size,

brightness, ventricular-adjacent, and depth constraints remove spuri-

ous detections, with counts restricted to white-matter bins of interest.

The pipeline outputs lesion counts and distributions stratified by depth

bins, reducing detector-specific bias while enabling depth-resolved

WMHquantification.

2.6 Statistical analyses

All analyses were conducted using R (v4.1.2). The total number of RHI-

WMH (visual and automated counts) was square-root transformed

due to the non-normal distribution of residuals. Plasma and tau PET

analyses were adjusted for multiple comparisons using the Benjamini–

Hochberg false discovery rate (FDR) method with significance set at

an adjusted p-value of 0.05. p-values were corrected by the number of

items per biomarker domain for plasma biomarkers.

2.6.1 Cohort 1: DxCTE

Covariates

All DxCTE analyses included a priori selected covariates: age at MRI,

race, and vascular risk factors (presence/absence of sleep apnea,

and the revised Framingham Stroke Risk Profile (rFSRP).60 Race was

included as dichotomized variable (White vs. non-White) due to a lim-

ited number of participants identifying as races other than White or

Black/African American. As noted previously, MRI data for DxCTE

were acquired at four different sites using the same scanner type

across site locations, with identical acquisition parameters applied at

each scanner. Scanner site was included as a covariate in the auto-

mated pipeline analyses to account for any potential variability related

to scanner; however, it was not included in the visual count analyses

because the counts were performed by the same trained raters using

standardized criteria.

RHI-WMH visual counts

Analysis of covariance (ANCOVA) tested group differences in RHI-

WMH (0.5 and 1.0 cm) between former football players and asymp-

tomatic unexposed men. Additional ANCOVAs examined differences

between former professional and former college football players.

Among the former football players, linear regressionmodels tested the

association between RHI-WMH and metrics of RHI, including age of

first exposure61 and years of football play.4 Models examining age of

first exposure included total years of play as a covariate.

Biomarkers and clinical correlates

Among former football players, linear regressions evaluated relation-

ships betweenRHI-WMHand tau PET composite SUVR scores, plasma

biomarkers (p-tau181, p-tau231, NfL, GFAP, Aβ42/40), and clinical

measures (MoCA, CCI, and FAQ). MoCA models included education

as a covariate. TES group differences (yes/no, level of certainty) in

RHI-WMH count were assessed by ANCOVA with post hoc Tukey

comparisons and estimatedmarginal means (EMM).

Sensitivity analyses

We repeated all group level comparisons with the Headache Impact

Test (HIT-6) total score addedas anadditional covariate, aswell as after

excluding amyloid PET positive individuals (defined by 1.10 or greater

SUVR). To evaluate the incremental value of the RHI-WMH metric

relative to conventional white matter hyperintensity measures, we

conducted sensitivity analyses incorporating total lesion volume (TLV)

as an additional covariate in the primary models.23,50 These analyses

tested whether the RHI-WMH pattern explained variance in expo-

sure group membership beyond that accounted for by global WMH

burden.

2.6.2 Cohort 2: BU ADRC

Covariates

All analyses in the BU ADRC cohort included a priori selected covari-

ates: age at MRI, race, and vascular risk factors (presence/absence of

sleep apnea, and hypertension). The rFSRP was not available for BU

ADRC cohort. Race was included as dichotomized variable (White vs.

non-White) due to a limited number of participants identifying as races

other thanWhite or Black/African American.

RHI-WMH visual counts

We compared the total number of visually rated RHI-WMH between

RHI and non-RHI groups using ANCOVA. Separate models examined

RHI-WMH within 0.5 and 1.0 cm of the cortex. We tested the associ-

ation between RHI-WMH count and total years of football play using

linear regression. Among the former football players, linear regres-

sionmodels tested the association between RHI-WMH and age of first

exposure, including total years of play as a covariate.

2.7 Automated detection of RHI-WMH

Forboth theDxCTEand theBUADRCcohort, the sameANCOVAmod-

els compared automated RHI-WMH counts between exposure groups.
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8 of 17 GROH ET AL.

We conducted a Pearson correlation between the visual RHI-WMH

count (0.5 and 1.0 cm) and the pipeline-derived RHI-WMH count.

3 RESULTS

3.1 Cohort 1: DxCTE sample characteristics

Table 1 summarizes sample characteristics and demographic data. The

average age of the entire sample was 58.0 (SD= 8.41). Former football

players and asymptomatic unexposedmen did not differ in age, race, or

education; however, racial composition differed across the three expo-

sure groups (former professionals, college players, and asymptomatic

unexposed men). Vascular risk factors among the former football play-

ers and asymptomatic unexposed men included the following: football

players had higher rates of sleep apnea (p= 0.010), but not atrial fibril-

lation (p = 0.12) or diabetes (p = 0.54). Asymptomatic unexposed men

had higher stroke risk (rFSRP; p < 0.001). Among former players, the

averageMoCAwas 24.7 (SD = 3.4), and FAQwas 3.4 (SD = 5.3). Of the

former players, 36% (n = 58) were classified as TES-no, 20% (n = 32)

TES-CTE Suggestive, 13% (n= 21) TES-CTE Possible, and 32% (n= 52)

TES-CTE Probable.

3.1.1 Raw visual counts of RHI-WMH

Before square-root transformation of visually counted RHI-WMH

within 0.5 cm of the cortex, former football players had an average

of 24.6 (SD = 44.0, range: 0–265) RHI-WMH, while asymptomatic

unexposed men had an average of 12.0 (SD = 18.33; range: 0–89) RHI-

WMH. Within 1.0 cm of the cortex, former football players had an

average of 33.0 RHI-WMH (SD = 55.8, range: 0–294), whereas asymp-

tomatic unexposed men had an average of 16.8 RHI-WMH (SD = 25.6,

range: 0–128).

3.1.2 Group differences on visual counts of
RHI-WMH

Former football players had significantly more RHI-WMH within

0.5 cm (EMM difference = 1.84, p = 0.0003) and 1.0 cm of the cortex

(EMMdifference= 1.99, p= 0.0004) compared to asymptomatic unex-

posed men (Table 2; Figure 3). Total years of play was not associated

with RHI-WMHwithin 0.5 cm (standardized β=−0.04, p= 0.628, 95%

CI [−0.15, 0.09]) or 1.0 cm (standardized β = −0.03, p = 0.720, 95% CI

[−0.16, 0.11]) among former football players. Age of first exposurewas

not associated with RHI-WMHwithin 0.5 cm (standardized β = −0.07,
p=0.370,CI [−0.28, 0.11]) or1.0 cm (standardizedβ=−0.07,p=0.396,

95%CI [−0.31, 0.12]).
When examined by level of exposure, former professional players

had more visually rated RHI-WMH compared to asymptomatic unex-

posedmenwithin 0.5 and 1.0 cmof the cortex (EMMdifference= 1.87,

p = 0.001 & EMM difference = 2.05, p = 0.002, respectively). Former

F IGURE 3 Visually counted RHI-WMHwithin 0.5 and 1.0 cm of
the graymatter in the DxCTE Cohort. (A) The total number of
RHI-WMHwithin 0.5 cmwas significantly greater in football players
compared to asymptomatic unexposedmen (p= 0.0003). (B) The total
number of RHI-WMHwithin 1.0 cm of the cortex was also greater in
the former football players compared to the asymptomatic unexposed
men (p= 0.0004). The box represents the interquartile range (IQR;
25th–75th percentile), the horizontal line inside the box indicates the
median, and the whiskers extend to 1.5 × IQR. The orange triangle
denotes themean. IQR, interquartile range; RHI, repetitive head
impacts;WMH, white matter hyperintensities.

college players had more RHI-WMH compared to the asymptomatic

unexposed men within 0.5 and 1.0 cm of the cortex (EMM differ-

ence = 1.77, p = 0.018 and EMM difference = 1.85, p = 0.030, respec-

tively). There was no difference in number of RHI-WMH between the

professional and college players at 0.5 or 1.0 cm of the cortex (EMM

difference = 0.10, p = 0.98 and EMM difference = 0.20, p = 0.95,

respectively) (Figure S2 and Table S1).

3.1.3 Sensitivity analyses

All group differences in RHI-WMH remained statistically significant

when HIT-6 was included in the models and after excluding amy-

loid PET positive individuals (n = 17). When total lesion volume was

added to the models, former football players had significantly more

RHI-WMH within 0.5 cm (EMM difference = 2.56, p = 0.035) and
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GROH ET AL. 9 of 17

TABLE 1 Sample characteristics of DxCTE cohort.

Parameter

Former football

players

N= 164a

Asymptomatic

unexposedmen

N= 55a p-valueb

Demographics

Age (years) 57.38 (8.34) 59.67 (8.44) 0.077

Education (years) 16.75 (1.46) 17.47 (3.50) 0.68

Race: (% non-White) 62 (38%) 21 (38%) 0.96

Athletic characteristics

Total years of play 15.8 (4.3) NA (NA) –

Medical/vascular profile

Sleep apnea 57 (35%) 9 (17%) 0.010

Diabetes 10 (6.2%) 5 (9.1%) 0.54

Revised Framingham Stroke Risk Profile 0.03 (0.03) 0.05 (0.04) <0.001

Smoked> 100 cigarettes in lifetime 22 (13%) 15 (27%) 0.018

Atrial fibrillation 9 (5.6%) 0 (0%) 0.12

Systolic blood pressure 126.04 (12.24) 134.44 (13.75) <0.001

High cholesterol 60 (37%) 26 (47%) 0.18

High blood pressure or hypertension 71 (44%) 25 (46%) 0.73

Myocardial infarction 3 (1.9%) 1 (1.8%) >0.99

Cardiac arrest 0 (0%) 0 (0%) >0.99

Coronary artery disease 14 (8.6%) 2 (3.6%) 0.37

Congestive heart failure 0 (0%) 0 (0%) >0.99

Angina 1 (0.6%) 0 (0%) >0.99

Peripheral vascular disease 3 (1.8%) 1 (1.8%) >0.99

Angioplasty 5 (3.1%) 2 (3.6%) >0.99

Cardiac bypass surgery 1 (0.6%) 0 (0%) >0.99

Valvular heart disease 2 (1.2%) 1 (1.8%) >0.99

Clinical characteristics

HIT-6 total score 46.65 (10.29) 40.09 (5.33) <0.001

FAQ total score 3.4 (5.3) 0.2 (0.5) <0.001

CCI total score 32 (13) 14 (2) <0.001

MoCA (raw total score) 24.7 (3.4) 26.7 (1.9) <0.001

Florbetapir PET positivec 14 (8.6%) 3 (5.7%) 0.77

Diagnoses

TES—Dementia <0.001

Independent—NoDementia 98 (60%) 54 (98%)

Subtle/mild functional limitation 53 (32%) 1 (1.8%)

Mild dementia 13 (7.9%) 0 (0%)

TES Level of CTE certainty <0.001

No TES 58 (36%) 55 (100%)

Suggestive of CTE 32 (20%) 0 (0%)

Possible CTE 21 (13%) 0 (0%)

Probable CTE 52 (32%) 0 (0%)

Abbreviations: CCI, Cognitive Change Index; CTE, chronic traumatic encephalopathy; DxCTE, DIAGNOSE CTE Research Project; FAQ, Functional Activi-

ties Questionnaire; HIT-6, Headache Impact Test-6; MoCA, Montreal Cognitive Assessment; RHI-WMH, repetitive head impact associated white matter

hyperintensities; SUVR, standardized uptake value ratio; TES, traumatic encephalopathy syndrome.
aMean (SD); n (%).
bWilcoxon rank sum test; Pearson’s chi-squared test; Fisher’s exact test.
cPositivity defined by SUVR of 1.10 or greater.
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10 of 17 GROH ET AL.

TABLE 2 Group differences in visual and automated counts of RHI-WMHbetween former football players and asymptomatic unexposed (UE)
men from the DIAGNOSECTE Research Project (DxCTE) cohort.

95%CI

Parameter Exposure EMM SE Lower Upper p-value

Visual counts

(0.5 cm)

Football 4.06 0.25 3.56 4.56 0.0003

Asymptomatic UEMen 2.22 0.45 1.34 3.11

Visual counts

(1.0 cm)

Football 4.67 0.29 4.12 5.23 0.0004

Asymptomatic UEMen 2.68 0.50 1.69 3.67

Automated

counts

Football 2.87 0.16 2.55 3.18 0.006

Asymptomatic UEMen 1.99 0.28 1.44 2.55

Note: Estimated marginal means (EMM) and standard error (SE) of repetitive head impact associated white matter hyperintensities (RHI-WMH), assessed

via visual counts at 0.5 and 1.0 cm of the cortex and automated counts, are presented for former football players and asymptomatic unexposed men. Group

differences were evaluated with 95% confidence intervals (CI) and corresponding p-values. Significantly higher RHI-WMH burden was observed in former

football players via bothmethods of RHI-WMH counts.

1.0 cm of the cortex (EMM difference = 2.53, p = 0.028) compared to

asymptomatic unexposed men. When examining differences by level

of exposure (professional vs. college vs. unexposed), effect size esti-

mates remained similar in magnitude; however, the overall model no

longer reached statistical significance, likely reflecting limited power

given the small subgroup sample size. Pairwise contrasts demonstrated

numerically higher RHI-WMH burden among exposed groups relative

to unexposed asymptomatic men (Professional vs. Unexposed: EMM

difference = 2.40, p = 0.094; College vs. Unexposed: EMM differ-

ence = 3.53, p = 0.056), whereas differences between professional

and college players were small and non-significant (EMM differ-

ence = −1.13, p = 0.431). The RHI-WMH signal remains consistent

after accounting for total lesion volume.

3.1.4 Biomarker associations with visual counts
RHI-WMH

Among former football players, higher plasma p-tau231 (standardized

β=0.17, SE=0.47, padj=0.041, 95%CI [0.17, 2.01]) andNfL (standard-

ized β = 0.18, SE = 0.61, padj = 0.028, 95% CI [0.14–2.54]) concentra-

tions were associated with more RHI-WMH within 0.5 cm (Figure 4)

but p-tau181 (standardized β = 0.08, SE = 0.48, padj = 0.295, 95% CI

[−0.44 to 1.45]), GFAP (standardized β=−0.03, SE= 0.82, padj = 0.784,

95%CI [−1.84 to1.39]), and the ratioAβ42/40 (standardized β=−0.03,
SE= 19.21, padj = 0.697, 95%CI [−45.49 to 30.49]) were not.

Resultswere similar for associationswithin 1.0 cm: higherNfL (stan-

dardized β = 0.18, SE = 0.68, padj = 0.034, 95% CI [0.11, 2.78]) was

associated withmore RHI-WMH, but p-tau231 (standardized β= 0.16,

SE = 0.52, padj = 0.067, 95% CI [0.10, 2.14]), p-tau181(standardized

β = 0.07, SE = 0.53, padj = 0.319, 95% CI [−0.52 to 1.59]), GFAP (stan-

dardized β=−0.03, SE=0.91, padj =0.771, 95%CI [−2.07 to 1.53]), and
the ratio Aβ42/40 (standardized β = −0.03, SE = 21.39, padj = 0.692,

95%CI [−50.78 to 33.79]) were not.
RHI-WMH within 0.5 cm was associated with composite tau PET

SUVRs in the frontal (standardized β = 0.18, SE = 2.27, padj = 0.046,

95%CI [0.47–9.44]) and left-parietal (standardized β= 0.17, SE= 2.29,

padj = 0.046, 95% CI [0.47–9.53]) cortex (Figure 4) but not the mesial-

temporal lobe (standardized β = 0.10, SE = 1.87, padj = 0.285, 95%

CI [−1.69 to 5.70]). RHI-WMH within 1.0 cm were not associated

with tau PET SUVRs in the frontal (standardized β = 0.17, SE = 2.52,

padj = 0.060), 95%CI [0.25–10.22], left-parietal (standardized β= 0.17,

SE = 2.54, padj = 0.060, 95% CI [0.32–10.39]), or the mesial-temporal

lobe (standardized β = 0.09, SE = 2.08, padj = 0.323, 95% CI [−2.04 to

6.17]).

3.1.5 Clinical associations

Among former football players, a higher FAQ score (worse function-

ing) was associated with more RHI-WMH within 0.5 cm (standardized

β = 0.21, SE = 0.05, p = 0.008, 95% CI [0.04–0.23]) and 1.0 cm (stan-

dardized β = 0.21, SE = 0.06, p = 0.0074, 95% CI [0.04–0.26]). MoCA

total scores, CCI total scores and TES diagnoses were not associated

with RHI-WMH.

3.2 Cohort 2: BU ADRC

Sample characteristics and demographics are summarized in Table S2.

Demographic and clinical characteristics were similar between groups.

Clinical characteristics and vascular risk factors, including sleep apnea

presence (p= 0.21), and hypertension (p= 0.15) did not differ between

groups. The groups did not differ in terms of cognitive diagnoses; there

were 21 participants total with mild cognitive impairment (RHI: 9,

non-RHI: 12), and 10 participants with dementia (RHI: 5, non-RHI: 5).

Among the RHI group, sources of RHI could be cumulative from par-

ticipation in multiple sports which included the following: American

football (n = 29), ice hockey (n = 11), soccer (n = 17), wrestling (n = 4),

lacrosse (n= 6), mixedmartial arts (n= 1), and rugby (n= 2).

3.2.1 Raw visual counts of RHI-WMH

Before square-root transformation, RHI participants had an aver-

age of 21.61 visually counted RHI-WMH (SD = 22.89, range:

0–82) within 0.5 cm of the cortex and 31.63 RHI-WMH (SD = 31.56,
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GROH ET AL. 11 of 17

F IGURE 4 Adjusted associations between the number of RHI-WMH (visual) within 0.5 cm of the cortex and log-transformed plasma
biomarkers/tau PET composite regions in the former American football players. Partial regression plots were adjusted for covariates: age, race,
rFSRP, and sleep apnea. Significant associations include FTP composite SUVR regions left parietal (Panel A; standardized β= 0.17, padj = 0. 046)
and frontal SUVR (Panel A; standardized β= 0.18, padj = 0.046) and plasma p-tau231 (Panel B; standardized β= 0.17, padj = 0.041) and NfL (Panel
B; standardized β= 0.18, padj = 0.028). FTP, [F18]-flortaucipir tau PET; NfL, neurofilament light chain; PET, positron emission tomography; rFSRP,
revised Framingham Stroke Risk Profile score; RHI, repetitive head impacts; SUVR, standardized uptake value ratio;WMH, white matter
hyperintensities.

range: 0–119)within 1.0 cmof the cortex. Non-RHI participants had an

average of 9.11 visually counted RHI-WMH (SD = 13.64, range: 0–57)

within 0.5 cm of the cortex, and 14.61 RHI-WMH (SD = 20.87, range:

0–78) within 1.0 cm of the cortex.

3.2.2 Group differences on visual counts of
RHI-WMH

RHI participants had more RHI-WMH compared to the non-RHI par-

ticipants within 0.5 cm (EMM difference = 1.72, p = 0.002) and 1.0 cm

(EMMdifference= 2.01, p= 0.002) (Table S3, Figure S3). Total number

of RHI-WMH at 0.5 and 1.0 cm from the cortex was associated with

total years of football play (standardized β= 0.34, SE= 0.05, p= 0.007,

95% CI [0.04- 0.22] and standardized β = 0.33, SE = 0.05, p = 0.010, CI

[0.04–0.25], respectively) (Figure 5). Total number of RHI-WMH at 0.5

and 1.0 cm from the cortex was not associated with age of first expo-

sure to football (standardized β = −0.02, SE = 0.24, p = 0.943, 95% CI

[0.53–0.50] and standardized β = 0.06, SE = 0.28, p = 0.786, 95% CI

[−0.51 to 0.67], respectively.
Automated Detection of RHI-WMH: DxCTE and BUADRC

There was strong correlation between the automated counts of

RHI-WMH and the visual counts of RHI-WMH for both the DxCTE

(0.5 cm: r= 0.90, 95%CI [0.87–0.92], p< 0.0001; 1.0 cm: r= 0.91, 95%
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12 of 17 GROH ET AL.

F IGURE 5 Adjusted associations between the number of RHI-WMH (square-root transformed) within 0.5 and 1.0 cm of the cortex and total
years of football play in the BUADRCCohort. Partial regression plots were adjusted for covariates: age atMRI, race, hypertension, and sleep
apnea. Years of play were significantly associated with the number of RHI-WMHwithin 0.5 cm (standardized β= 0.34, SE= 0.05, p= 0.007, 95%
CI= 0.04–0.22) andwithin 1.0 cm (standardized β= 0.33, SE= 0.05, p= 0.010, 95%CI= 0.04–0.25) of the cortex. BUADRC, Boston University
Alzheimer’s Disease Research Center; CI, confidence interval; MRI, magnetic resonance imaging; RHI, repetitive head impacts;WMH, white
matter hyperintensities.

CI [0.89–0.93], p < 0.0001) and the BU ADRC cohort (0.5 cm: r = 0.80,

95% CI [0.70–0.87], p < 0.0001; 1.0 cm: r = 0.84, 95% CI [0.76–0.90],

p< 0.0001) (Figure S4).

3.3 Automated pipeline results

3.3.1 Cohort 1: DxCTE raw automated counts of
RHI-WMH

Before square-root transformation of automated counts RHI-WMH,

former football players had an average of 11.6 RHI-WMH (SD = 20.1,

range: 0–103) while asymptomatic unexposed men had an average of

7.7 RHI-WMH (SD = 11.5, range: 0–71). When broken down by expo-

sure group, former professional football players had an average of 14.4

(SD=23.4, range: 1–103)RHI-WMHand former college football player

had an average of 5.8 (SD= 8.0, range: 0–37) RHI-WMH.

3.3.2 Cohort 1: DxCTE group differences on
automated counts of RHI-WMH

Former football players had a greater number of RHI-WMH compared

to asymptomatic unexposed men (EMM difference = 0.87, p = 0.006)

(Table 2). All group differences on RHI-WMH remained statistically

significant when HIT-6 was included in the model and after excluding

amyloid PET positive individuals. Number of RHI-WMH was signif-

icantly greater in former professional football players compared to

asymptomatic unexposed men (EMMdifference = 0.99, p = 0.008) but

there was no difference between former college players and asymp-

tomatic unexposedmen (EMMdifference= 0.59, p= 0.30), or between

former professional and college players (EMM difference = 0.39,

p= 0.51) (Table S1).

3.3.3 Cohort 2: BU ADRC raw automated counts
of RHI-WMH

Before square-root transformation of automated counts, RHI par-

ticipants had an average of 20.16 RHI-WMH (SD = 17.50, range:

2–76), while non-RHI participants had an average of 12.71 RHI-WMH

(SD= 14.47, range: 0–62).

3.3.4 Cohort 2: BU ADRC group differences on
automated counts of RHI-WMH

RHI-WMH detected by the pipeline was greater in RHI participants

compared to non-RHI participants (EMM difference = 1.07, p = 0.014)

(Table S3).
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4 DISCUSSION

Prior research has described greater WMH in former American foot-

ball players, but here we assessed specific WMH characteristics

beyond total volume.23 We examined RHI-WMH in two independent

aging cohorts, using both visual counts and a new automated pipeline.

In the DxCTE cohort, former football players had more visual and

automated counts of RHI-WMH than asymptomatic unexposed men,

controlling for age, race, and cardiovascular risk factors. This finding

was replicated in the BUADRCClinical Core Cohort; RHI exposed par-

ticipants had more visual and automated counts of RHI-WMH than

non-RHI individuals, controlling for age, race, and cardiovascular risk

factors, with greater years of play associated with more RHI-WMH.

In addition to group differences, among former players in the DxCTE

cohort, the number of RHI-WMH correlated with plasma biomarkers

reflecting p-tau pathophysiology (p-tau231) and axonal degeneration

(NfL) as well as with 18F-FTP PET uptake across large, composite

regions of interest (frontal and left parietal).

The greater number of RHI-WMH in former football players com-

pared to asymptomatic unexposed men from the DxCTE cohort

provides evidence of this pattern in elite athletes with substantial

exposure. The BU ADRC provided an independent cohort of individ-

uals with varying levels and types of RHI exposure beyond American

football, in addition to a non-RHI comparison group who spanned the

continuum of cognitive impairment (n = 17 with mild cognitive impair-

ment [MCI]/dementia). The use of these cohorts is a notable strength

of the study. Metrics of football exposure, total years of play and age

of first exposure, were not significantly associated with RHI-WMH in

the DxCTE cohort. The lack of association with years of play in the

DxCTE may relate to a ceiling effect in this sample. The DxCTE cohort

required > 12 years of play for the former professionals or a mini-

mum of 6 years of play for the former college players for inclusion

into the study. Within the BU ADRC cohort, we observed a significant

association between years of play and RHI-WMH because this cohort

had the entire spectrum of exposure (range: 0–25 cumulative years of

play). The BU ADRC cohort also exhibited a wider range of types of

exposure, providing support that RHI from sources beyond American

football can contribute to white matter damage visible on T2-FLAIR

MRI.

The presence of RHI-WMH at the gray-white matter interface is

notable, as this anatomical stress point is vulnerable to trauma-related

pathology. Neuropathological studies found axonal injury and white

matter disruption at sulcal depths near hyperphosphorylated tau-

positive regions in RHI-exposed brains, consistent with our DxCTE

cohort where RHI-WMH correlated with plasma NfL, a marker of

axonal injury.13 Other studies showed that RHI exposure increases

chronic microglial activation and neuroinflammation, which may par-

tially mediate the pathways of developing hyperphosphorylated tau

pathology.62,63 The association between RHI-WMH and p-tau231

might also be of significance. Phosphorylation of amino acid 231 of

tau has been specifically linked to tau pathology in TBI, especially the

cis p-tau231 form.64 While our assay does not differentiate cis and

trans p-tau231, it is interesting to note that p-tau231 correlated more

stronglywith RHI-WMHthan p-tau181. RHI-WMH likely reflectmulti-

ple neuropathologies related to RHI, including vascular injury, axonal

damage, demyelination, and/or neuroinflammation, that may be up

or downstream of tau-related neurodegeneration, warranting further

imaging-pathological research. Future work will include a study of in

vivo and ex vivo MRI–histopathology co-localization in a post mortem

cohort, enabling more robust, lesion-level and quantitative analyses of

the neuropathologic substrates underlying RHI-WMH.

RHI-WMH could be of potential aid to clinicians and increase sus-

picion for underlying neuropathologies related to RHI later in life.

T2-FLAIR is a widely used imaging sequence in both research and clini-

cal settings. We hypothesize that RHI-WMH closer to the gray/white

matter junction are specific to RHI-related pathology. If an individ-

ual presents with cognitive or neurobehavioral dysfunction and has

substantial RHI exposure, identifying this pattern could help provide

support (albeit non-specific) that RHI exposure has contributed at least

in part to clinical symptoms. This could be particularly useful because

the clinical and biomarker presentation of CTE, for example, canmirror

AD. While RHI-WMH is not going to be a biomarker for CTE, it could

provide supportive data for RHI-related underlying processes. It is also

important to note that RHI-WMH is distinct from patterns observed in

AD/ADRDs as has been reviewed in detail elsewhere.26

RHI-WMH were present to a much lesser extent in the control

groups. While we hypothesize that lesion location, that is, near the

depths of the sulci within 1.0 cm of the cortex, is an important fea-

ture of RHI-WMH, the specificity of shape, exact size, and signal

intensity, is not yet fully defined. We suspect that as we continue to

study these lesions, we will further define these features to be more

specific to RHI. As an example, our data suggest that proximity to

the gray–white matter boundary will improve specificity. Additionally,

many of the control participants had RHI-WMH in the context of mod-

erate, confluent WMH (perhaps related to aging or disease). In the

RHI groups, we often observe RHI-WMH in the absence of confluent

WMH. Accounting for non-RHI-WMH lesions on T2-FLAIR in com-

parisons group will be important in future studies when examining

and interpreting specificity to RHI. Furthermore, future studies lever-

aging larger, independent imaging cohorts (i.e., National Alzheimer’s

Disease Coordinating Center, NACC) with detailed characterization

of RHI exposure will be critical for further establishing the specificity

of RHI-WMH relative to vascular and neurodegenerative white mat-

ter pathology. Importantly, the newly implemented Uniform Data Set

(UDS) Version 4.0 now includes structured queries assessing contact

sports participation and RHI history, which will facilitate more rigor-

ous exposure stratification and external validation of the RHI-WMH in

future studies.

The ability to establish causal links and etiology of RHI-WMH is lim-

ited by the cross-sectional design of the study. Longitudinal studies

assessing temporality of onset relative to RHI exposure andRHI-WMH

change over time are needed to better understand if or how they

evolve, which in turn may inform their etiology (e.g., static effects of

prior RHI vs. a downstream progressive process). The DxCTE cohort

includedonlymen, and theBUADRCcohort includedonly16%women,

limiting the generalizability of our findings based on sex. Additionally,
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our study primarily included American football players. The BU ADRC

included participants with exposures beyond American football; how-

ever, 34% of the cohort had exposure from football, whichmay restrict

the broader applicability of these results. Further research is necessary

to examine this novel pattern in individuals from different RHI-related

sports and different types of RHI exposure, as well as placing a greater

emphasis on the inclusion of women. While we observed associations

with exposure groupmembership, furtherwork is needed todetermine

whether RHI-WMH predicts cognitive decline, functional impairment,

or biomarker progression over time, and whether it provides incre-

mental prognostic value beyond traditionalmeasures ofWMHburden.

Future work, including clinicopathological research correlating in vivo

MRI, ex vivoMRI and neuropathology is needed to fully understand the

relationship between these lesions and neuropathological correlates.

5 CONCLUSIONS

In two separate aging cohorts,we found that exposure toRHIwas asso-

ciated with small, punctate, discrete WMH at the depths of the sulci

near the gray/white boundary (i.e., RHI-WMH). RHI may be associated

with a distinct pattern onT2-FLAIRMRI, offering a potentially valuable

tool for clinical assessment and detection of RHI-related neurological

conditions.
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