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Abstract

Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease associated with exposure to
repetitive head impacts (RHI). In CTE, hyperphosphorylated tau (p-tau) aggregates are found in neurons
at the depth of cortical sulci close to the gray matter/white matter (GM/WM) boundary. To date, CTE
can only be diagnosed postmortem by neuropathological examination. Traumatic encephalopathy
syndrome (TES) is the clinical syndrome purported to be associated with CTE pathology. The aim of this
study is to investigate microstructural properties at the GM/WM boundary in individuals with a history
of exposure to RHI and clinical features of CTE (i.e., TES). Diffusion magnetic resonance imaging (dMRI), TES
diagnoses, and cerebrospinal fluid (CSF) biomarkers were acquired from 165 male former American football
players (age: 57.29 + 8.23 years) from the DIAGNOSE CTE Research Project, a multicenter, observational
cohort study. Fractional anisotropy (FA) was measured at the GM/WM boundary of the whole brain. In
addition, a widely used method (tract-based spatial statistics [TBSS]) was applied to measure FA of central
WM. We used analyses of covariance to test associations between FA and TES. Furthermore, we used linear
regressions to test associations between FA and nine CSF biomarkers (i.e., p-tau-181, -217, -231, total tau,
amyloid S [Afl1_s0, AP1_42, glial fibrillary acidic protein [GFAP], neurofilament light [NfL], and soluble
triggering receptor expressed on myeloid cells-2 [STREM2]). We report an association between higher FA at
the GM/WM boundary and higher levels of certainty for CTE pathology (F(1, 147) = 5.781, 95% confidence
interval (Cl) = 0.0003-0.003, p = 0.035) as well as neurobehavioral dysregulation (F(1, 148) = 7.559, 95% Cl =
0.001-0.009, p = 0.020), and functional dependence/dementia (F(1, 148) = 5.046, 95% Cl = 0.0004-0.006, p =
0.039). In addition, we report an association between higher FA at the GM/WM boundary and higher CSF
p-tau-181 (ff = 0.272, 95% Cl = 0.078-0.466, p = 0.029) and p-tau-217 (ff = 0.295, 95% Cl = 0.102-0.488, p =
0.027). FA of the central WM was not associated with TES diagnoses. Taken together, these findings suggest
that dMRI at the GM/WM boundary could be used to investigate microstructural alterations suggestive of
tau pathology-associated neurodegeneration in individuals with TES, the clinical presentation of CTE. Future
studies are needed to validate this approach and to identify clinically useful cutoff values for dMRI metrics.
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Introduction anisotropy (FA) is a commonly reported dMRI metric

Chronic traumatic encephalopathy (CTE) is a neurodege-
nerative disease associated with exposure to repetitive
head impacts (RHID).'* Early stages of CTE are character-
ized by the accumulation of hyperphosphorylated tau
(p-tau) primarily around small vessels in the depth of cort-
ical sulci® before tau pathology spreads across the brain in
later stages.z’3 To date, CTE can only be diagnosed post-
mortem by neuropathological examination. Objective bio-
markers would make a diagnosis possible in the living.
Individuals with a history of RHI exposure who are
later diagnosed with CTE at postmortem show diverse and
nonspecific symptoms several years before death. These
symptoms include cognitive impairment (e.g., memory
and executive dysfunction), neuropsychiatric abnormal-
ities (e.g., behavioral and emotional dysregulation), and
motor impairments (e.g., parkinsonism).1 The term trau-
matic encephalopathy syndrome (TES) has been used to
describe the clinical manifestation of CTE pathology. The
National Institute of Neurological Disorders and Stroke
(NINDS) consensus diagnostic criteria for TES were pub-
lished in 2021.* Associations between TES and potential
in vivo biomarkers of CTE such as neuroimaging or fluid
biomarkers could aid in the validation of TES diagnostic
criteria and may allow diagnosis of CTE in the living.
Diffusion magnetic resonance imaging (dMRI) is a
noninvasive MRI technique that quantifies diffusion
characteristics of water in the tissue, thereby providing
insights into brain microstructure.>®  Fractional

reflecting the directionality of diffusion. FA has been
shown to be sensitive to microstructural alterations asso-
ciated with current and previous exposure to RHI’ ™ and
neurodegenerative diseases.'®!'! Thus, it may be sensi-
tive to microstructural alterations related to CTE. More
specifically, a recent systematic review of dMRI in active
contact sport athletes reported an association between
lower FA and RHI in almost half of the 17 studies
included.® However, one-fourth of these studies found
increased FA following RHI® emphasizing the complex
association between RHI exposure and dMRI measures.
Studies in former American football players are rare.
One study reported lower FA in the right internal cap-
sule.'? In another study, more concussions were associ-
ated with lower FA among former college players but
with higher FA among former professional players.'?
Two articles based on the same study reported associa-
tions between lower FA in the corpus callosum and
younger age at first exposure to RHI® as well as worse
cognitive performance.’

While previous studies on RHI focused on the central
white matter (WM), the peripheral WM underneath corti-
cal gray matter (GM) has not been systematically investi-
gated. Importantly, this part of the WM directly borders
the predominant location of tau pathology in CTE. To
date, only one study has combined postmortem dMRI
analysis with histopathological analysis of the brains of
10 deceased individuals with confirmed CTE.'* In this
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study, an association was reported between lower FA
and axonal disruption in the WM bordering tau-positive
GM sulci,* suggesting that WM alterations are associ-
ated with CTE pathology. It is nonetheless not known if
microstructural alterations at the GM/WM boundary are
associated with TES in individuals who are at risk for
CTE."

Furthermore, several studies have pointed out the poten-
tial of fluid biomarkers in the study of CTE by reflecting
pathological processes in the brain that could allow earlier
diagnosis and monitoring of disease progress.ls’16 Combin-
ing MRI with fluid biomarkers may thus provide additional
insights regarding the underlying pathophysiology of MRI
findings.

The aim of this study is to investigate microstructural
properties at the GM/WM boundary in individuals with a
history of substantial RHI exposure. First, we compare
former American football players diagnosed with TES
with former players without TES. We then test associa-
tions between FA at the GM/WM boundary and cerebro-
spinal fluid (CSF) levels of biomarkers of brain injury
and tauopathy. As this is the first empirical study to ana-
lyze the GM/WM boundary, we also apply a commonly
used approach to investigate central WM in the brain.

Materials and Methods

Ethics approval

This study was approved by the Institutional Review Boards
from all sites. Written informed consent was obtained from
all study participants before study enrollment according
to the Declaration of Helsinki. This article follows the
Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) reporting guidelines.

Study design and participants
This study is part of the multisite Diagnostics, Imaging,
and Genetics Network for the Objective Study and Evalua-
tion of Chronic Traumatic Encephalopathy (DIAGNOSE
CTE) Research Project.'” One of the aims of the DIAG-
NOSE CTE Research Project is to identify biomarkers for
the in vivo diagnosis of CTE. The study protocol includes
demographic questionnaires, neuropsychological tests,
evaluation of exposure to RHI, neurological and psychiat-
ric examinations, neuropsychiatric questionnaires, lumbar
puncture and blood draw, MRI, and positron emission
tomography (PET). The four study sites of DIAGNOSE
were: (1) Boston (Boston University with MRI scans con-
ducted at Brigham and Women’s Hospital); (2) Las Vegas
(Cleveland Clinic Lou Ruvo Center for Brain Health); (3)
New York (New York University Langone Health); and
(4) Scottsdale/Phoenix (Mayo Clinic Arizona with PET
scans conducted at Banner Alzheimer’s Institute).

One hundred and eighty former American football play-
ers (120 former professional players and 60 former

collegiate football players) were recruited. The inclusion
criteria were: (1) male sex; (2) age between 45 and
74 years; (3) English as the primary language; (4) no con-
traindications for neuroimaging or lumbar puncture; and
(5) consent to all procedures and willingness to have avail-
able a study partner (i.e., a spouse, a life partner, a close
friend, or a family member). Not all individuals exposed to
RHI will develop CTE or neuropsychiatric impairments. A
known risk factor is the cumulative exposure to RHI
including RHI frequency and intensity as well as younger
age of first exposure.'”™"? Thus, the former professional
football players were required to have played a minimum
of 12 years of organized football with =3 years at the pro-
fessional level. The former collegiate football players were
required to have played >6years of organized football,
with >3 years at the college varsity level at similar high
head impact playing positions. Participants from all groups
were excluded for the following reasons: (1) history of
stroke or significant neurological condition; (2) severe
vision or hearing impairment; (3) inability to provide
informed consent to participate; (4) currently clinically
significant infectious, endocrine, metabolic, pulmonary,
renal, hepatic disease, or cancer; and (5) body weight
>400 pounds (=181 kg). Of note, we did not include the
control group in our analyses as the focus of this study lies
on TES and potential associations with dMRI at the GM/
WM boundary; by definition, individuals without substan-
tial RHI exposure cannot meet criteria for TES.

Study enrollment for baseline evaluations began in
2016 and was completed in February 2020 (before the
surge of the COVID-19 pandemic). Detailed inclusion
and exclusion criteria and study methodology for the
DIAGNOSE CTE Research Project have been described
elsewhere.!”

MRI

Image acquisition. Non-contrast cranial MRI was con-
ducted at four study sites in the United States using a
Siemens 3T Magnetom Skyra MRI scanner (Siemens
Healthineers, Erlangen, Germany) with software version
VEI11 and a 20-channel head coil. We used two structural
MRI sequences: a Tl-weighted (T1w) Magnetization-
Prepared-Rapid-Gradient-Echo sequence (TR = 2,530 ms,
TE =3.36 ms, T1 = 1,100 ms, 7° flip angle, 256 FOV, 1 x
1 x 1 mm® voxel size) and a T2-weighted (T2w) Sampling-
Perfection-with-Application-optimized-Contrasts-by-using-
flip-angle-Evolution (SPACE) sequence (TR = 3,200 ms,
TE = 412 ms, 256 FOV, 1 x 1 x 1 mm® voxel size). In
addition, we used a multi-shell dMRI GeneRalized
Autocalibration Partial Parallel Acquisition (GRAPPA)
sequence (TR = 11,000 ms, TE = 105 ms, 30 gradient
directions at b = 2,500/mm?, 30 at b = 1,000 sec/mm?,
6 at b = 500 sec/mm?, 3 at b = 200 sec/mm?, and 5 inter-
leaved b0 images, 256 FOV, 2 X2 x 2 mm° voxel size).
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Image processing.  Preprocessing of structural and diffusion
MRI.  Our analyses required T1w, T2w, and dMRI data.

Of the 180 former American football players, 6 had miss-
ing data for T1w, T2w, or dMRI, and thus were excluded.
Next, Tlw, T2w, and dMRI data were inspected for
image quality and artifacts such as motion or ghosting
using 3D slicer (http://www.slicer.org; version 4.5, Surgi-
cal Planning Laboratory, Brigham and Women’s Hospi-
tal, Boston, MA), independently by two trained raters
(T.L.T.W., L.P.). Nine cases with insufficient quality in
T1w, T2w, or dMRI were excluded, leaving 165 cases

(8% excluded).
Processing of structural MRI.  T1w and T2w data were

processed and masked using custom tools developed by
the Psychiatry Neuroimaging Laboratory (https://github
.com/pnlbwh/luigi-pnlpipe, https://github.com/pnlbwh/
pnlNipype) as well as FreeSurfer version 7.1 (https://
surfer.nmr.mgh.harvard.edu). The brain images were
then parcellated according to the Destrieux neuroanatom-

ical atlas.?*>*
Processing of diffusion MRI. dMRI data were prepro-

cessed using a custom pipeline (https://github.com/pnlbwh/
pnlNipype). Specifically, images were first brain-masked
using a deep learning-based tool (https://github.com/
pnlbwh/CNN-Diffusion-MRIBrain-Segmentation).”> They
were then corrected for geometric distortions due to partici-
pant motion and eddy currents®®?” as well as susceptibility
artifacts due to EPI acquisition.?® Images were then
harmonized across the four data acquisition sites using
an established procedure based on rotationally invari-
ant spherical harmonics (https://github.com/pnlbwh/
dMRIharmoniziation).?**° FA maps were estimated
using a least-squares fit model. In addition, we applied a
method described by Pasternak et al.>' to calculate free
water (FW) maps for each case. The FW model separates
diffusion properties into a tissue-specific component and
an FW component. We used the tissue-specific compo-
nent to calculate tissue-specific FA, which eliminates the

influence of freely diffusing water molecules, for exam-

ple, due to CSF or neuroinflammation.®'
Diffusion MRI at the GM/WM boundary. B0 maps from

the dMRI data were registered to the FreeSurfer space of
the same individual using boundary-based registration®*>>
(FreeSurfer command: bbregister, option —t2 to indicate
the b = 0 contrast is similar to a T2w image). Based on the
resulting transformation, FA images in the original dMRI
space were then registered to the same individual’s Free-
Surfer “white” left and right hemisphere surfaces (Free-
Surfer command: mri_vol2surf). Based on the Destrieux
neuroanatomical atlas,20 we extracted the FA value of the
voxel line below the cortical GM and the area for each of
the brain regions (Fig. 1A). Based on the mean FA and
the size of each brain region, we calculated weighted
sums of the FA of the whole brain as well as all gyri and
all sulci. Higher FA represents more directed diffusion. In
the central WM, this is commonly interpreted as reflecting
more densely packed WM fibers. However, several studies
have reported higher FA values that are associated with
neurotrauma and potential tissue damage.8 Moreover,

studies on dMRI of the GM/WM boundary are sparse.
Diffusion MRI of the WM skeleton. In addition, we used

tract-based spatial statistics (TBSS)* to study FA at the
WM skeleton (Fig. 1B). We used an established pipeline
(https://github.com/pnlbwh/TBSS) based on the Enhancing
Neuro Imaging Genetics through Meta-Analysis Diffusion
Tensor Imaging (ENIGMA-DTTI) working group’s protocol
(http://enigma.ini.usc.edu/ongoing/dti-working-group). We
only used FA of the whole-brain WM skeleton.

Traumatic Encephalopathy Syndrome

The NINDS consensus diagnostic criteria were published
in 2021 and represent clinical criteria for a diagnosis of
TES as well as more specific core clinical features and
supportive features of TES. Details of the NINDS con-
sensus diagnostic criteria have previously been pub-
lished.* We applied the NINDS consensus diagnostic

7

FIG. 1.

Visualization of the gray matter/white matter (GM/WM) boundary and the central WM. (A) Depiction
of the GM/WM boundary, where tau pathology may accumulate in chronic traumatic encephalopathy (CTE).
Tissue-specific fractional anisotropy (FA) was extracted from one voxel line below the cortex. (B) Tract-based
spatial statistics (TBSS) depicting FA at the central WM that might be less specific to tau pathology in CTE.

~\
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criteria to our sample through multidisciplinary diagnos-
tic consensus conferences.'’

Based on the NINDS criteria,* TES is defined by: (1)
substantial exposure to RHI; (2) cognitive impairment
(involving episodic memory and/or executive functioning),
neurobehavioral dysregulation (explosiveness, impulsivity,
rage, violent outbursts, and emotional lability), or both;
(3) a progressive worsening of clinical features; and (4)
symptomology not fully accounted for by other disorders,
although other neuropsychiatric illnesses or neurodege-
nerative diseases do not exclude TES. In addition, for
individuals with a diagnosis of TES, their level of func-
tional dependence/dementia is determined, that is, no
dementia, subtle/functional limitations, mild dementia,
moderate dementia, or severe dementia. A provisional
level of certainty for CTE pathology (i.e., suggestive of
CTE, possible CTE, and probable CTE) is also derived
based on the amount of RHI exposure, presence of cogni-
tive impairment, level of functional dependence/dementia,
and supportive features such as delayed onset, motor signs,
and psychiatric symptoms (please see the original publica-
tion for the detailed criteria and cutoff values™).

Investigation of the binary diagnosis of TES, the provi-
sional level of certainty for CTE pathology, as well as the
clinical features “cognitive impairment,” “neurobehavio-
ral dysregulation,” and “level of functional dependence/
dementia” were selected a priori. Information on cogni-
tive impairment and thus also on TES diagnosis and level
of certainty was missing for one study participant.

Fluid Biomarkers

CSF was collected via lumbar puncture. CSF samples
were processed, aliquoted, and stored at —80°C at the
four study sites and then shipped on dry ice overnight to
VA Puget Sound, where they were stored at —70°C.
Samples were shipped to the University of Gothenburg,
Sweden, where the measurements were performed. Con-
centrations of the p-tau epitope CSF p-tau-181, total tau
(t-tau), as well as amyloid 5 (Af);_40 and AB_4> (markers
of Alzheimer’s disease [AD]), were measured by Lumipulse
(Fujirebio, Ghent, Belgium), as previously described.*
CSF p-tau-217 concentration was measured using the
ALZpath Single Molecule Array (Simoa) assay (ALZpath,
Carlsbad, CA).*® CSF p-tau-231 concentration was meas-
ured using an in-house Simoa assay.®” CSF glial fibrillary
acidic protein (GFAP; a marker of astroglial injury) con-
centration was measured using a commercially available
Simoa assay (Quanterix, Billerica, MA). CSF neurofila-
ment light (NfL; a marker of neurodegeneration) concen-
tration was measured using an in-house enzyme-linked
immunosorbent assay.>® CSF soluble triggering receptor
expressed on myeloid cells-2 (STREM2; a microglial
marker) concentration was measured using an in-house

immunoassay.® All CSF assays were performed in one
batch. Intra-assay coefficients of variation were below 10%.

Statistical Analyses

All statistical analyses were conducted using the soft-
ware R, version 4.1.1. We used analyses of covariance to
test associations between FA at the GM/WM boundary
as well as the central WM and TES. In the case of group
differences with more than two groups, we performed
Tukey post hoc analyses for group-wise comparisons. In
addition, we used linear regressions to test associations
between FA at the GM/WM boundary and CSF bio-
markers. We controlled for the effects of age in years at
the time of the MRI scan, body mass index (BMI), years
of education, imaging site, binary apolipoprotein E4
(APOE4) carrier status, and racial identity, which have
previously been shown to influence neuroimaging and/or
clinical metrics.?>**~*? Race, for example, was previ-
ously shown to be associated with BMI, systolic blood
pressure, GM volumes, and tau levels of former profes-
sional football players.40 Most participants self-identified
as Black/African American or White individuals with
insufficient representation of other racial or ethnic groups
to analyze them separately (see Table 1). We thus recoded
race into two groups: White and Black or African Ameri-
can, American Indian or Alaska Native, Native Hawaiian
or other Pacific Islander, and multiple races combined.
Whenever there were significant associations for the
whole brain, we performed post hoc pairwise compari-
sons to assess whether gyri or sulci were the main con-
tributors to the association. All results were corrected for
multiple comparisons using false discovery rate. After
correction, p values <0.05 were considered statistically
significant. For regression analyses, we report standar-
dized beta weights.

Results

Sample characteristics

We included a total of 165 former American football
players (age: 57.29 £ 8.23 years; time since active play:
29.21 * 8.49 years). Among all football players, 106
were diagnosed with TES. For detailed sample character-
istics, see Table 1.

FA and TES

Higher FA at the GM/WM boundary was associated with
a higher level of certainty for CTE pathology (F(1, 147) =
5.781, 95% confidence interval (CI) = 0.0003-0.003,
p = 0.035; Fig. 2 and Table 2). Tukey post hoc analysis
showed that group differences in FA were significant
between the categories with the highest and the lowest
level of certainty for CTE pathology (probable CTE vs.
no TES; Estimate = —0.516, 95% CI = —-1.013 to —0.018,
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Table 1. Detailed Sample Characteristics

Measure Football players (n = 165)

Demographic information
Age (years)
Time since active play (years)
Total years of active play (years)
Duration of education (years)
Body mass index (BMI) (kg/m?)
APOE4 carrier
Racial identity

Mean: 57.29, SD: 8.23

Mean: 29.21, SD: 8.49

Mean: 15.96, SD: 4.34

Mean: 16.75, SD: 1.49

Mean: 32.61, SD: 4.71

Yes: 44, No: 115

American Indian or Alaska Native: 0
Asian: 0

Black or African American: 56
Native Hawaiian, Pacific Islander: 0
White: 106

Multiple races: 3

Traumatic encephalopathy

syndrome (TES)
TES diagnosis Yes: 106, No: 58
Levels of certainty for CTE TES and probable CTE: 55
pathology TES and possible CTE: 20
TES and suggestive of CTE: 31
No TES: 58
Cognitive impairment Yes: 97, No: 67
Neurobehavioral dysregulation Yes: 95, No: 70

Severe dementia: 0

Moderate dementia: 0

Mild dementia: 15
Subtle/functional limitations: 53
No dementia: 97

Dementia

BMI: normal = 18.5-24.9 kg/m? overweight = 25.0-29.9 kg/m?, obese =
>30 kg/m? Information on apolipoprotein E4 (APOE4) carrier status is
missing for six individuals. Information on cognitive impairment and thus
diagnosis of TES as well as level of certainty for chronic traumatic ence-
phalopathy (CTE) pathology is missing for one individual. SD, standard
deviation.

p =0.039; Fig. 2; for detailed demographic characteristics
for each level of certainty, see Supplementary Table S1).
Higher FA at the GM/WM boundary was associated
with neurobehavioral dysregulation (F(1, 148) = 7.559,
95% CI = 0.001-0.009, p = 0.020; Fig. 2). In addition,
higher FA at the GM/WM boundary was associated with

the level of functional dependence/dementia (F(1, 148) =
5.046, 95% CI = 0.0004-0.006, p = 0.039; Fig. 2). Tukey
post hoc analysis showed that group differences in FA
were significant between the categories with no and subtle
functional dependence/dementia (Estimate = —0.423, 95%
CI=-0.826 to —0.020, p = 0.038; Fig. 2).

Additional analyses distinguishing between FA at the
gyri versus the sulci showed that FA at the gyri was sig-
nificantly associated with all three variables (i.e., level of
certainty for CTE pathology, neurobehavioral dysregula-
tion, and dementia), whereas FA at the sulci was only
associated with neurobehavioral dysregulation (Table 2).

There were no statistically significant associations
between FA at the GM/WM boundary and binary TES
diagnosis or cognitive impairment (Table 2). For addi-
tional analyses on associations between FA at the GM/WM
boundary and more detailed measures of neurobehavioral
dysregulation and cognitive function, see Supplementary
Materials.

In contrast, FA of the WM skeleton was not associated
with any diagnosis or diagnostic criterion related to TES
(Table 2).

For detailed analyses on TES and FA at the GM/WM
boundary of 12 lobes/regions (6 per hemisphere: frontal,
temporal, parietal, occipital, insula, limbic), as well as
regions of the Destrieux atlas corresponding to the supe-
rior frontal, dorsolateral frontal, and inferior frontal lobes,
see Supplementary Table S2.

FA at GM/WM boundary and fluid biomarkers

Higher FA at the GM/WM boundary was significantly
associated with higher CSF levels of p-tau-181 (ff =
0.272, 95% CI = 0.078-0.466, p = 0.029). This associa-
tion was similar for sulci (f = 0.257, 95% CI = 0.058-

r

~

No TES Suggestive Possible Probable
Level of Certainty for CTE Pathology

FIG. 2. Diffusion magnetic resonance imaging at the gray matter/white matter (GM/WM) boundary in trau-
matic encephalopathy syndrome (TES). Associations between fractional anisotropy (FA) at the GM/WM boundary
and (A) the level of certainty for chronic traumatic encephalopathy (CTE) pathology, (B) neurobehavioral
dysregulation, and (C) functional dependence/dementia.

8]
T
No Yes No Sublte Mild
Neurobehavioral Functional Dependence/
Dysregulation Dementia
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Table 2. Associations Between Fractional Anisotropy at the Gray Matter/White Matter Boundary Versus White Matter

Skeleton and Traumatic Encephalopathy Syndrome Diagnoses

GM/WM boundary Central WM

Whole brain Gyri Sulci Whole brain
TES diagnosis F(1, 149): 3.565, p: 0.061 F(1, 149): 0.593, p: 0.443
Level of certainty for CTE pathology F(1, 149): 6.159, p: 0.028 F(1, 149): 7.532, p: 0.014 F(1, 149): 3.490, p: 0.064 F(1,149): 0.319, p: 0.443
Cognitive impairment F(1, 149): 3.058, p: 0.082 F(1, 149): 0.460, p: 0911
Neurobehavioral dysregulation F(1,149): 7.877, p: 0.017 F(1, 149): 9.612, p: 0.005 F(1, 149): 4.550, p: 0.035 F(1,149): 0.251, p: 0911
Dementia F(1, 149): 5.291, p: 0.034 F(1, 149): 6.365, p: 0.025 F(1, 149): 3.280, p: 0.072 F(1,149): 0.012, p: 0911

Significant p values are marked in bold.

CTE, chronic traumatic encephalopathy; GM, gray matter; TES, traumatic encephalopathy syndrome; WM, white matter.

0.456, p =0.012) and gyri (f = 0.263, 95% CI = 0.070-
0.455, p=0.012). In addition, higher FA at the GM/WM
boundary was significantly associated with higher CSF
levels of p-tau-217 (ff = 0.295, 95% CI = 0.102-0.488,
p = 0.027). This association was, again, comparable for
sulci (f =0.301, 95% CI = 0.104-0.500, p = 0.006) and
gyri (f =0.259, 95% CI = 0.064-0.454, p = 0.010).

There were no significant associations between FA at
the GM/WM boundary and p-tau-231 (f = 0.135, 95%
CI =-0.071 to 0.340, p = 0.353), t-tau (f = 0.041, 95%
CI = -0.144 to 0.226, p = 0.661), GFAP (f = 0.218,
95% CI = 0.009-0.426, p = 0.123), NfL (f = 0.086, 95%
CI = -101 to 0.273, p = 0.466), sSTREM2 (f = 0.066,
95% CI =-139 t0 0.272, p =0.588), Af1_42 (f =0.167,
95% CI =-0.022 to 0.355, p = 0.185), and Af1_4o/Af1_40
(p =-0.099, 95% CI = —0.295 to 0.097, p = 0.466). For
exploratory analyses on FA at the GM/WM boundary and
additional inflammatory biomarkers, see Supplementary
Table S3. Of note, those with missing CSF variables were
younger, had a higher BMI, and had a slightly lower FA
(Supplementary Table S4).

Discussion

This study found an association between higher FA at
the GM/WM boundary and higher level of certainty for
CTE pathology in former American football players.
Furthermore, higher FA at the GM/WM boundary was
also associated with higher CSF levels of p-tau-181 and
-217. Taken together, these findings suggest that dMRI
of the GM/WM boundary could be used to investigate
microstructural alterations associated with tauopathy in
living individuals with TES, the clinical presentation of
CTE.

Here, we report microstructural alterations (i.e., higher
FA) at the GM/WM boundary associated with worse
symptoms in former American football players with a
history of exposure to RHI. In the context of this study,
there are three potential mechanisms that appear as pos-
sible causes of microstructural alterations at the GM/WM
boundary: (1) a history of extensive exposure to RHI
and sport-related concussion; (2) neurodegenerative proc-
esses not specific to CTE; and (3) CTE-specific tau

pathology. In what follows, we discuss these three
potential mechanisms.

To date, research on diffusion characteristics of the
GM/WM boundary in sport-related concussion and RHI
is sparse. In the past, most studies in RHI have analyzed
dMRI at the central WM in youth or young adult samples
still engaged in contact sports.® In several of these stud-
ies, RHI exposure was associated with lower FA, which,
in turn, was interpreted as axonal damage.® However, as
pointed out by a recent systematic review on dMRI in
sport-related RHI, one in four studies in youth and young
adult samples reported higher FA in the central WM. 3434
These studies attributed the findings to adaptive growth
processes such as axonal budding or inflammatory proc-
esses. Similarly, higher FA in the WM following mild trau-
matic brain injury or sport-related concussion has been
attributed to inflammatory processes and associated with
poor long-term outcomes.*’™"

Among former American football players, one study
with a small sample size reported lower FA in the central
WM compared with controls.'? Higher exposure to RHI
and sport-related concussion in former American football
players has been associated with both, lower and higher
FA in central WM areas.”'? As inflammatory processes
can persist chronically,52 we corrected our analyses for
FW and thus extracellular edema. However, inflamma-
tory processes also include the invasion of immune cells
and astrogliosis. In consequence, the number of cells in a
given voxel can increase, which could potentially restrict
diffusion and, in turn, may be responsible for an increase
in FA.>*7° However, chronic inflammatory processes
have more commonly been associated with decreases in
FA.%37 In addition, we did not find associations between
FA and inflammatory CSF biomarkers such as GFAP or
STREM?2 in our study, which further argues against inva-
sion of immune cells as the underlying mechanism. Also,
we did not find an association between an estimate of
cumulative RHI exposure and FA (see Supplementary
Materials). Thus, exposure to RHI and sport-related con-
cussion alone does not seem to fully explain our findings.

WM alterations may also be due to nonspecific neuro-
degenerative processes. For example, higher FA has been
reported in other neurodegenerative tauopathies (e.g.,
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AD).5 860 Of note, in AD, FA has been shown to follow
nonlinear trajectories with higher FA in early stages fol-
lowed by a decrease in FA as the disease progresses.m’62
The early stages of AD are characterized by cellular dam-
age and inflammation rather than demyelination. Thus,
similar to what has been described in AD and other neu-
rodegenerative diseases, higher WM FA in individuals
with TES could potentially be due to inflammatory proc-
esses. As mentioned above, we did not find associations
between FA and inflammatory CSF biomarkers. How-
ever, higher FA at the GM/WM boundary was associated
with higher levels of CSF p-tau-181 and -217. Whereas
both biomarkers have also been observed in AD,63’64
diagnostic criteria of TES require that symptoms are not
accounted for by another disease such as AD.*In fact, as
previously reported, there were no group differences in
amyloid PET uptake between the American football play-
ers included in our study and controls.%® Furthermore, we
did not find associations between FA and the AD bio-
markers Af_4> and Af;_42/Af1_49. Thus, AD seems to
be an unlikely cause of the findings reported here.

Lastly, the observed WM alterations at the GM/WM
boundary may also be due to CTE-specific tau pathol-
ogy. This is supported by the fact that we studied FA at
the GM/WM boundary in individuals at risk for CTE and
that FA was associated with clinical features of CTE
such as neurobehavioral dysregulation.* It is further sup-
ported by a previous study reporting evidence of axonal
disruption in the WM bordering tau-positive cerebral
sulci based on a histopathology study of 10 confirmed
cases of CTE.'* This study, however, found lower FA
bordering tau-positive sulci,'* whereas in our analyses
the sulci did not stand out as the primary driver of the
results. Moreover, the role of p-tau-181 and -217 in CTE
is not yet fully elucidated. Thus, the association between
higher FA at the GM/WM boundary and higher levels of
CSF p-tau-181 and -217 may also be due to CTE-specific
tauopathy.®® However, it is important to emphasize the
substantial overlap of FA between all levels of certainty
for CTE pathology. Thus, no diagnostically useful cutoff
values have emerged.

Taken together, our findings suggest that AMRI of the
GM/WM boundary could provide additional insights
into microstructural alterations in individuals at risk for
CTE even when TBSS/dMRI of the central WM is nega-
tive. Although dMRI of the central WM is more estab-
lished in RHI than dMRI of the GM/WM boundary, the
latter approach may be more promising given the pre-
dominant location of CTE tauopathy, which is close to
the boundary. However, future studies are needed to vali-
date our approach and to clarify the role of higher FA
many years after exposure to sport-related RHI. In addi-
tion, clear cutoff values for FA at the GM/WM boundary

that would allow a differentiation between TES and no
TES did not emerge in our study.

There are several limitations to our findings. First, the
analyses are cross-sectional. Thus, the predictive value of
dMRI at the GM/WM boundary for individual disease pro-
gression remains unknown. Second, this study uses the
clinical criteria for TES and does not include postmortem
neuropathology information. Thus, it is unknown if the
participants in this study have CTE p-tau pathology. Third,
diagnostic criteria for TES have only recently been estab-
lished and require further validation. Fourth, our analyses
do not include a control group. Thus, no comparison with
asymptomatic participants without a history of RHI is pos-
sible. Fifth, study participants were all male former Ameri-
can football players who were active in the 1970s to
2000s. Thus, the findings cannot be generalized to today’s
football players, other sources of RHI exposure, or to
females. Last, CSF p-tau levels are missing for around 40
of the 166 participants included here, mostly due to unsuc-
cessful lumbar punctures.

Conclusion

We report an association between microstructural alterations
at the GM/WM boundary and clinical features of CTE
pathology in former college and professional American
football players. Additionally, higher FA at the GM/WM
boundary was associated with higher CSF p-tau-181 and
-217. Taken together, these findings suggest that AMRI
at the GM/WM boundary could be used to investigate
microstructural alterations in individuals at risk for CTE.
However, future studies are needed to validate this app-
roach and identify clinically useful cutoff values for dMRI
metrics.

Transparency, Rigor, and Reproducibility

This article follows the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE)
reporting guidelines for observational studies. Details on
the study design and acquired data were published previ-
ously.'” The study was approved by the Institutional
Review Boards from all sites. Written informed consent
was obtained from all study participants before study
enrollment according to the Declaration of Helsinki. Pre-
liminary results were previously presented at an interna-
tional scientific conference. Analyses are based on a
unique sample of former professional American football
players. Inclusion and exclusion criteria for study partic-
ipants are described in detail in this article. Initially, 180
individuals were recruited at four data acquisition sites
across the United States. Analyses presented here are
based on 165 former professional American football
players. The reasons for excluding 15 (8%) individuals
are provided in detail in the methods section of this arti-
cle. We developed a novel algorithm to investigate
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dMRI metrics at the GM/WM boundary, thereby apply-
ing an approach that is linked more directly to the patho-
physiology of RHI and CTE. Image processing steps are
described in detail in this article, and processing tools
are made publicly available via GitHub. Diffusion MRI
data were harmonized between sites prior to processing
and analysis. Furthermore, we controlled all statistical
analyses for the effects of several potential confounders,
including age, BMI, years of education, imaging site,
binary APOE4 carrier status, and racial identity. More-
over, results were corrected for multiple comparisons
using false discovery rate. We include multiple post hoc
analyses on measures such as cognitive function, neurobe-
havioral dysregulation, and RHI exposure to provide more
detailed information on our study sample and main find-
ings. Results are interpreted and put into context based
on a recent systematic review article.® Data from the
DIAGNOSE CTE Research Project will be available to
qualified investigators through the Federal Interagency
Traumatic Brain Injury Research Informatics System:
https://fitbir.nih.gov/content/access-data. Data will also
be available to qualified investigators through a project-
specific data-sharing portal. Interested investigators
should contact Dr. Robert A. Stern: bobstern @bu.edu.
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