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Abstract

INTRODUCTION: Tau is a key pathology in chronic traumatic encephalopathy (CTE).
Here, we report our findings in tau positron emission tomography (PET) measurements
from the DIAGNOSE CTE Research Project.

METHOD: We compare flortaucipir PET measures from 104 former professional play-
ers (PRO), 58 former college football players (COL), and 56 same-age men without
exposure to repetitive head impacts (RHI) or traumatic brain injury (unexposed [UE]);
characterize their associations with RHI exposure; and compare players who did or did
not meet diagnostic criteria for traumatic encephalopathy syndrome (TES).

RESULTS: Significantly elevated flortaucipir uptake was observed in former football
players (PRO+COL) in prespecified regions (p < 0.05). Association between regional
flortaucipir uptake and estimated cumulative head impact exposure was only observed
in the superior frontal region in former players over 60 years old. Flortaucipir PET was
not able to differentiate TES groups.

DISCUSSION: Additional studies are needed to further understand tau pathology in
CTE and other individuals with a history of RHI.
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1 | BACKGROUND

Chronic traumatic encephalopathy (CTE) is a neurodegenerative dis-
ease associated with exposure to repetitive head impacts (RHI), such
as those experienced by contact/collision sport athletes and mili-
tary combat veterans.2 CTE is defined neuropathologically by the
presence of neurofibrillary tangles (NFTs) in neurons, around small
vessels, and in an irregular pattern at the depth of the cortical
sulci®# distinct from other tauopathy-related neurodegenerative dis-
eases such as Alzheimer’s disease (AD).>> The clinical presentation
of individuals with neuropathologically-confirmed CTE, referred to
as traumatic encephalopathy syndrome (TES), includes progressively
worsening cognitive impairment (especially in episodic memory and
executive functioning), neurobehavioral dysregulation (e.g., rage, short
fuse, emotional lability), and in some instances, parkinsonism, and
motor neuron disease.®"? Currently, CTE can only be definitively diag-
nosed post mortem based on neuropathological assessment. The lack of
well-validated in vivo biomarkers specific for CTE NFT hampers clin-
ical detection and diagnosis during life.!% To address this challenge,
the National Institute of Neurological Disorders and Stroke (NINDS)
funded a multi-institutional and multidisciplinary study, referred to as
the “Diagnostics, Imaging, and Genetics Network for the Objective
Study and Evaluation of Chronic Traumatic Encephalopathy (DIAG-
NOSE CTE) Research Project” to develop methods to detect, character-
ize, and DIAGNOSE CTE by evaluating a cohort of former professional
and college American football players and a comparison group of same-
age men without exposure to contact/collision sports or history of RHI
or traumatic brain injury (TBI).1°

Since tau is the central pathology that defines CTE, in vivo biomark-
ers that can assess tau pathology are essential for its detection and
characterization. Tau-specific Positron emission tomography (PET) has
emerged as a promising technique to detect and quantify NFTs in AD
and other tauopathies.’*"13 The PET tracer [F18]-flortaucipir (FTP)
was approved by the United States Food and Drug Administration (U.S.
FDA) to measure NFTs in patients being evaluated for AD, a mixed
3-repeat-4-repeat (3R-4R) tauopathy. Although FTP has been found

to have a high affinity for AD tau,'*15

its affinity for tau isoforms
in other tauopathies is weaker, especially in 4R tauopathies, such as
progressive supranuclear palsy (PSP) and corticobasal degeneration
(CBD).16:17

The detection of NFT in CTE has unique challenges. First, because
tau deposition in earlier stages of CTE is patchy, with a focal sulcal
depth distribution,*18 the overall uptake across any specific region
of interest (ROI) is expected to be modest at best. Second, although
CTE is a mixed 3R-4R tauopathy like AD, there are changes to the
ratio of 3R:4R tau isoforms across disease stages, between neuronal
and glial tau,’? as well as across different regions.2° Finally, grow-
ing research using cryo-electron microscopy has demonstrated that
the molecular structure of tau filaments across different tauopathies
are distinct,®2122 and the 3R tau isoform which FTP is more sen-
sitive in detecting is more predominant at late-stage CTE. Despite

these challenges, in a previous investigation, higher FTP uptake was

RESEARCH IN CONTEXT

1. Systematic review: Chronic traumatic encephalopathy
(CTE) is a neurodegenerative disease associated with
exposure to repetitive head impacts (RHIs) and defined
neuropathologically by the presence of hyperphosphory-
lated neurofibrillary tangles. We previously reported in
a moderate-sized cohort of former professional football
players and controls that elevated tau can be detected
by flortaucipir PET in the player group; however, another
recent study failed to observe this. Here, in a larger
cohort that also included former college players, we
confirmed the modestly elevated flortaucipir uptake in
former football players. The flortaucipir uptake was also
associated with the estimated exposure to RHIs but only
in participants 60 years and older. The flortaucipir PET
was not able to differentiate clinical groups in former
players.

2. Interpretation: Elevated flortaucipir uptake can be
detected in patients with RHI exposure, although this
requires a sufficient sample size. There is also a delay
between RHI exposure and the accumulation of tau
pathology, which contributed to the conflicting results in
the literature.

3. Future directions: Future studies are needed to iden-
tify optimal CTE tau biomarkers, clarify the relationship
between tau markers and different indicators of RHI in
former football players and other groups, and the extent
to which they predict subsequent clinical progression and
post mortem CTE pathology.

observed in a group of 26 former National Football League (NFL)
players (all with cognitive, mood, and behavioral symptoms; ages 40-
69) compared to a control group of 31 same-age participants (all
asymptomatic and without a history of TBI).2% Association between
FTP uptake and exposure to RHI as measured by the years of
playing football was also observed. However, no association was
found between FTP uptake and cognitive function or neuropsychiatric
symptoms.23

In this study, we examine further the ability of FTP PET to detect
CTE tau pathology in former American football players and examine
the relationships between FTP PET uptake and RHI exposure and clin-
ical diagnosis. This study addresses previous limitations by including a
much larger sample size, greater variability in RHI exposure (including
in addition men who only played football up through college), greater
variability in symptom severity in the former players (from asymp-
tomatic to mild dementia), and an asymptomatic comparison group
of same-age men without a history of playing contact/collision sports,
other RHI exposure, concussion, or TBI.
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TABLE 1 Summary of cohort characteristics

PRO (N = 104)
Age (years) 58.7+7.9(45,74)
Mean + SD (min, max)
Race (n [%] Black/African-American) 45 (43.2%)
APOE-e4 carriers (n[%]) 30 (30%)
Education (years) 16.6 +1.2
Mean + SD (min, max) (15,21)
MoCA total score 244 +35
Mean + SD (min, max) (12,30)

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

COL (N =58) UE (N=56) p-Value
53.1+7.3(45,74) 59.5+8.4(45,74) <0.0001
11(19.0%) 21(37.5%) 0.008
20(35%) 10 (19%) 0.16
169+ 14 175+ 34 0.04
(15,22) (13,30)

252+32 26.6+2.3 <0.001
(11,30) (17,30)

Note: One-way ANOVA was performed to examine continuous cohort variables for exposure group level differences, and y2 test was used to determine group
difference for categorical variables, including percentage of Black or African American participants.
Abbreviations: APO-E, apolipoprotein E; COL, former college football players; MoCA, Montreal Cognitive Assessment; PRO, former professional football

players; SD, standard deviation; UE, participants with no football exposure.

2 | METHODS

2.1 | Participants

The design of the DIAGNOSE CTE Research Project has been previ-
ously described.10 Briefly, the overall study enrolled 240 participants,
ages 45-74, including 120 former professional football players (PRO)
and 60 former college football players (COL) regardless of their cog-
nitive and clinical status, and 60 control participants without RHI
exposure, TBI, or combat military history and who denied symptoms
at telephone screening (unexposed, UE). Specific inclusion and exclu-
sion criteria are reported elsewhere.!° Participants were evaluated at
one of four Participant Evaluation Sites: (1) Boston (Boston University
Chobanian & Avedisian School of Medicine, with MRI scans conducted
at Brigham and Women'’s Hospital; (2) Las Vegas (Cleveland Clinic Lou
Ruvo Center for Brain Health); (3) New York (New York University Lan-
gone Health); and (4) Scottsdale/Phoenix (Mayo Clinic Arizona, with
PET scans conducted at Banner Alzheimer’s Institute in Phoenix, AZ).
The study was approved by the Institutional Review Boards at all sites,
and written informed consent was obtained for all participants. Eight
participants who were part of our previous study?3 were excluded from
this analysis to avoid circularity as the primary regions we examined as
described below were defined statistically using data including these
participants. Participants without FTP PET data were also excluded,
resulting in a total of 218 participants (104 PRO, 58 COL, and 56 UE)
included in this analysis (Table 1).

2.2 | Brain imaging

T1 MRIs were acquired on 3T Siemens Skyra scanners across the
four study sites using MPRAGE sequence with 1 mm?3 isotropic
resolution.’® FTP PET data were acquired following a bolus injection
of approximately 259 MBq (7 mCi) of the PET tracer on a PET/CT
scanner (GE Discovery 710 or Siemens mCT) at one of the four partici-
pating sites in dynamic mode with 5-min frames. Most FTP scans were

acquired with an 80-100 min post-injection window while three par-
ticipants only had data up to 90 min after injection. All PET data were
reconstructed with CT-based attenuation correction and standard ran-
dom and scatter corrections. The use of flortaucipir in this study was
carried out through an Investigational New Drug (IND #131,391) from
the U.S. FDA. FTP doses were requested through and provided at no
cost by Avid Radiopharmaceuticals (Philadelphia, PA, USA). Quality
control and imaging calibration procedures were completed prior to
study initiation by Invicro (Needham, MA, USA) to certify the scanners
used in this study at each site.

The T1-weighted MRI data were analyzed using FreeSurfer vé6 (Mar-
tinos Center for Biomedical Imaging, Charlestown, Massachusetts,
USA) to define anatomical regions of interest (ROIls) by the Brigham
and Women'’s Hospital team. FTP PET analysis was conducted at Ban-
ner Alzheimer’s Institute using an in-house pipeline.2425 The analysis
included scanner harmonization filtering to reach a common 8-mm
resolution,2® between frame motion correction, target frame sum-
mation, PET-to-MR coregistration, and regional standardized uptake
value ratio (SUVR) extraction based on the FreeSurfer generated
anatomical ROls with bilateral inferior cerebellar cortex as the ref-
erence region.2’ Fully bias field corrected and intensity normalized
T1-MRI from the FreeSurfer pipeline (T1.mgz) was also spatially nor-
malized using the Statistical Parametric Mapping (SPM) to generate the
individual-to-template space nonlinear transformation and transform
PET data into the MNI template space. The FTP PET data in template
space were also renormalized using cerebellum crus one region (5128
voxels) as the reference for prespecified regional analysis to be consis-
tent with our prior work.23 Three prespecified statistical ROls, bilateral
superior frontal region (2887 voxels), bilateral medial temporal region
(1283 voxels), and left parietal region (252 voxels)?® (referred to as
prespecified statistical ROls henceforth), were included as the primary
ROls. These prespecified statistical ROls were voxel clusters defined
in our previous study of 26 formal professional football players and
31 control subjects where former players had statistically significantly
higher FTP SUVR than controls?? (Figure S1). For 13 participants miss-
ing MR data, the summed FTP PET data were transformed to the
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template space using a separate PET only SPM pipeline with a pre-
established FTP template. For these participants, only the prespecified
statistical ROl measures were extracted.

2.3 | Estimated cumulative RHI exposure and TES
diagnostic grouping

In this study, the cumulative head impact index based on mea-
surements of linear acceleration (CHII-G) was used to estimate the
lifetime cumulative g-force that participants experienced due to foot-
ball RHI.282% CHII-G is a composite score based on a combination
of self-reported measures of exposure,?® projected onto data aggre-
gated into a positional exposure matrix (PEM) based on published
helmet accelerometer studies, stratified by position and level of play.2?
All participants were diagnosed through multidisciplinary diagnos-
tic consensus conferences using the NINDS Consensus Diagnostic
Criteria for TES (including the Provisional Levels of Certainty for
CTE Pathology).¢19 The consensus conference panelists included 16
clinician-researchers (all DIAGNOSE CTE Research Project investiga-
tors) representing multiple disciplines (neurology, neuropsychology,
psychiatry, neurosurgery), from seven institutions. Panelists were pre-
sented with the participant’s medical history (including neurologic
and psychiatric); football history (and other RHI exposure); self- and
informant-reported complaints of cognitive, mood, and/or behavior
problems, as well as functional dependence status; neurological/motor
evaluation findings; and standardized neuropsychological and neu-
ropsychiatric test results (the specific tests and assessment methods
have been described previously'®) Based on this information, the pan-
elists used the TES criteria and adjudicated the following diagnostic
categories pertinent to the current study: (1) No TES, (2) TES with
suggestive level of certainty for CTE pathology, and (3) TES with pos-
sible or probable level of certainty for CTE pathology. A diagnosis of
TES® requires (1) substantial RHI exposure from contact sports, mil-
itary service, or other causes; (2) core clinical features of cognitive
impairment (in episodic memory and/or executive functioning, sub-
stantiated by performance on formal neuropsychological testing, > 1.5
SDs below norms) and/or neurobehavioral dysregulation (e.g., rage,
emotional dyscontrol, short fuse); (3) progressive course; and (4)
that the core clinical features are not fully accounted for other neu-
rologic, psychiatric, or medical disorders. The Provisional Levels of
Certainty for CTE Pathology are determined based on specific RHI
exposure thresholds, core clinical features (e.g., cognitive impairment
is required for possible or probable levels of certainty), functional
status, and additional supportive features, including delayed symp-
tom onset after retirement from football, motor signs, and psychiatric

features.®

2.4 | Statistical analysis

One-way analysis of variance (ANOVA) was performed to examine

continuous cohort variables for exposure group-level differences, and

the 2 test was used to determine group differences for categori-
cal variables, including the percentage of Black or African American
participants.

Exposure group-level differences in FTP PET-measured tau pathol-
ogy were examined in both regional and voxel-wise analysis. The
primary regional analysis focused on the three prespecified statistical
ROls to replicate our previous findings and examine the relationship
between FTP uptake and exposure to football. Exploratory analysis was
also performed for a preselected subset of eight anatomical ROIs (to
limit the impact of type | error due to multiple comparisons) that are
known to be susceptible to tau pathology in aging, Alzheimer’s disease,
and/or CTE, including entorhinal cortex, parahippocampal gyrus, supe-
rior frontal cortex, superior parietal cortex, hippocampus, amygdala,
inferior parietal cortex, and inferior temporal cortex. Group-level com-
parison of regional FTP SUVR adjusted for age and race was performed
using analysis of covariance (ANCOVA) followed by post hoc pair-wise
comparisons in the framework of ANCOVA.

For the voxel-wise analysis to examine the spatial extent of the
FTP measured tau burden group differences, voxel-wise general lin-
ear model analysis on the spatially normalized FTP SUVR images was
performed between the groups. The primary comparison was made
between all former players (PRO+COL) and UE followed by additional
comparisons for PRO versus UE and COL versus UE. To avoid poten-
tial biases caused by analysis variation, only those FTP scans with
data over the full 80- to 100-min post-injection window that had suc-
cessful FreeSurfer runs were included in the voxel-wise analysis. A
Monte-Carlo simulation approach introduced previously?® was used to
assess the omnibus significance for the voxel-wise SUVR differences
between groups. Referred to as the majority-count statistics (MCS) in
this report, this statistical significance examination is a way to assess
the significance free from the multiple comparisons concern. MCS cap-
italizes on the argument that the likelihood of observing wide-spread
tau load increase in one contrast direction (e.g., higher SUVR in PRO
than in UE) versus minimal load in the opposite direction (e.g., lower
SUVR in PRO than in UE) should be very low if no group difference
exists. In other words, the number of voxels where one group has
higher SUVR than the other group should be statistically the same for
the opposite direction if no group SUVR difference exists. A detailed
description of MCS can be found in our previous study.?® Addition-
ally, we applied family-wise error (FWE) corrections to adjust for the
voxel-wise multiple comparisons with localization power.

To investigate whether tau burden is associated with exposure to
RHI, linear regression analysis was performed within the PRO+COL
group with CHII-G as the response variable, regional FTP SUVRs for
the three prespecified statistically defined ROIs as the independent
variable, and age and race as covariates. To examine whether FTP PET
can differentiate the two TES diagnostic groups described above in
former football players, ANCOVAs were performed between the two
groups for FTP SUVR in each of the three prespecified ROIs again
with age and race as covariates. Exploratory analyses were also per-
formed in the subset of former football players (PRO+COL) older than
60 (N = 54, 45 PRO, 9 COL) to examine the tau association with RHI

exposure and its ability to differentiate clinical groups, as in our recent
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FIGURE 1 Comparison of flortaucipir SUVR in prespecified statistical ROls among football exposure groups controlling for age and race. The
p-value for the ANCOVA test was indicated for each plot, significance level of post hoc pair-wise comparison was also reported. ANCOVA, analysis
of covariance; COL, former college football players; PRO, former NFL players; ROls, regions of interest; SUVR, standardized uptake value ratio; UE,

asymptomatic participants with no football exposure;

investigations of white matter changes in this cohort, increased white

matter lesion was only observed in participants older than 60.3°

3 | RESULTS

Demographics for each of the three exposure groups are summarized
in Table 1, example FTP SUVR images are shown in Figure S2. A sta-
tistically significant (ANCOVA p < 0.01) exposure group difference in
regional FTP SUVR was observed for all three prespecified statistical
ROls controlling for age and race (Figure 1). In pair-wise post hoc com-
parisons, the PRO group had higher regional FTP SUVRs than the UE
group for all three statistical ROIs (p < 0.01). The COL group also had
higher regional FTP SUVRs than the UE group (p < 0.05). The combined
group of all former football players (PRO+COL) also had higher FTP
SUVRs than the UE group for all three regions (p < 0.05). No statisti-
cal differences were observed between the PRO and COL groups. In
the exploratory analysis with anatomically defined regions, significant
group difference in the same direction in the three-way comparison
(p < 0.05) in FTP SUVR was observed in six of the eight preselected
regions including entorhinal cortex, parahippocampal gyrus, superior
frontal cortex, superior parietal cortex, hippocampus, and amygdala
(Figure S3). The PRO group also had higher FTP SUVRs than the UE
group in the same six regions in pair-wise comparisons (p < 0.02).

In the voxel-wise analysis, a total of 202 participants (99 PRO, 51
COL, and 52 UE) with consistent imaging data acquisition and pre-
processing were included and controlled for age and race. The raw
statistical significance (Z-score) map of the one-tailed test for the
PRO+COL group having greater FTP SUVRs than the UE group is
shown in the left panel of Figure 2 with a threshold of p < 0.005 not cor-
rected for multiple comparisons which were dealt with using MCS. The

map of the opposite direction is shown in the right panel. We observed

24016 voxels where the FTP SUVR was higher in former players than
in UE, in comparison to only 1100 voxels where FTP SUVR was lower in
former players than in UE. Given the difference in the number of voxels
between the two directions, the omnibus significance assessed by MCS
isp <0.001. After FWE correction 43 voxels in the superior frontal cor-
tex, medial temporal cortex, and precuneus remained significant in the
expected direction while no voxels remained significant in the oppo-
site direction. Similar findings were observed in the PRO versus UE and
COL versus UE comparisons (Figure S4).

Regional FTP SUVR was not significantly associated with CHII-G
in the PRO+COL group for any of the prespecified ROIs. However,
in the sensitivity analysis, there was an association in the superior
frontal region in PRO+COL participants over age 60 years (p = 0.03,
Figure 3D). Regional FTP SUVRs were not significantly different
between former players with a TES diagnosis from those who did not
(Figure 4A-C). In addition, regional FTP SUVRs were also not signif-
icantly different between former players with a TES diagnosis at a
suggestive level of CTE pathology and those who had a possible or
probable level of CTE pathology (Figure 4D-F). The results were similar
inthe sensitivity analyses that only included participants over 60 years,
and FTP SUVR was not able to differentiate TES diagnostic groups.

4 | DISCUSSION

In this study, we examined tau PET imaging with the FTP tracer in
former professional and college American football players from the
DIAGNOSE CTE Research Project cohort. Significantly higher FTP
SUVR was observed in the former football players compared to the
unexposed controls in all three prespecified ROIls (bilateral superior
frontal, bilateral medial temporal, and left parietal), controlling for age

and race. Higher FTP SUVR was also observed in six anatomically
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FIGURE 2 Voxel-wise comparison of FTP uptake between football exposure groups PRO+COL versus UE. Voxel-wise Z-score map for
one-tailed test for each direction is shown at a threshold of p = 0.005 uncorrected for voxel-wise multiple comparisons which were dealt with using
MCS, age and race are controlled for in all analyses. A total of 24,016 voxels were above this threshold in the expected direction (PRO+COL > UE)
in contrast to 1100 voxels in the opposite direction (PRO+COL < UE). MCS analysis with N = 1000 iterations found overall significantly elevated
FTP uptake in former American football players (PRO+COL) than control participants (UE) (p < 0.001). Additionally, 43 voxels remained significant
after the FWE correction. COL, former college American football players (N = 51); FTP, flortaucipir; FWE, family-wise error; MCS, majority count
statistics; PRO, former professional American football players (N = 99); UE, control participants not exposed to head injuries (N = 52)
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FIGURE 3 Association between regional FTP SUVR and CHII-G in the full COL+PRO group (A, B, C) and the subset of COL+PRO participants
over age 60 years (D, E, F). All analyses controlled for age and race. CHII-G, cumulative head impact index based on measurements of linear
acceleration; COL, former college football players; FTP, flortaucipir; PRO, former NFL players; SUVR, standardized uptake value ratio; UE,
participants with no football exposure
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FIGURE 4 Comparison of FTP SUVRs in the prespecified regions between former American football players (PRO+COL) with or without a
TES diagnosis (A, B, C); and comparison of FTP SUVRs in the prespecified regions between former players with a TES diagnosis and suggestive level
of CTE pathology (sugg CTE) and former players with a TES diagnosis and possible or probable level of CTE pathology (poss/prob CTE) (D, E, F).
COL, former college football players; CTE, chronic traumatic encephalopathy; FTP, flortaucipir; PRO, former NFL players; SUVR, standardized

uptake value ratio; TES, traumatic encephalopathy syndrome

defined brain regions in former football players compared to controls.
The voxel-wise analysis also revealed widespread elevation in FTP
SUVR inthe PRO group compared to the UE as well as for the combined
player group versus UE. The spatial extent of the elevated FTP SUVRs
included 39% of the voxels in the bilateral superior frontal region, 67%
of voxels in the bilateral medial temporal region, and 25% of voxels in
the left parietal region.

Tau burden measured by regional FTP SUVR did not show a signifi-
cant association with estimated cumulative RHI exposure as measured
by CHII-G in the full PRO+COL group. However, the association was
significant when only former players older than 60 years were exam-
ined but only in the superior frontal region. This may suggest that
there is a significant delay between exposure to RHI and the accumu-
lation of tau pathology measurable by FTP PET, as would be expected
in a progressive tauopathy. This may also reflect the specificity of FTP
binding to 3R tau isoforms expected in later-stage CTE. FTP SUVR in
our prespecified regions was not able to differentiate players who met
diagnostic criteriafor TES from those who did not. Similarly, there were
no differences in FTP SUVR when comparing former players with lower

versus higher levels of certainty of CTE pathology, based on the TES

criteria. These patterns remained the same when only older partici-
pants were examined.

The group level differences and the spatial patterns of elevated FTP
SUVR observed in this study are in line with our previous study in
a smaller cohort.?® We extended the findings to demonstrate CTE-
related tau pathology also affects former football players at the college
level. The previous study reported the association of FTP SUVR with
years of football play?® which was not confirmed in our current study.
Another recent study3! failed to observe differences in FTP SUVR
between former professional football players and controls, and the
discrepancy is attributable to the younger age and smaller sample
size of that study given the moderate differences in FTP uptake and
the delayed manifestation of tau pathology as we discussed earlier. A
recent study of the incidence rate of CTE-related pathology in mili-
tary personnel did not observe increased pathology in those who were
exposed to blasts or other miliary-related TBI, while those with expo-
sure to contact sports had a higher incidence rate of CTE pathology.3?
This may be attributable to the fact that the exposure to head injury
due to blasts or other military-related events was more likely to be

incidental and less frequent than those playing contact sports.
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Inasmall subset of six participants of this cohort, we have previously
reported a moderately strong association between FTP SUVR and post
mortem pathological measures of tau density.>® Those findings, along
with this current study suggest that FTP-as a first-generation tau PET
tracer with substantial off-target binding - could be useful for detect-
ing CTE-related tau pathology but may not be optimal. As described
previously, although CTE is characterized by a mixture of 3R and
4R tau isoforms, their relative contribution to the overall tauopathy
shifts from predominantly 4R in the early stages to 3R as the disease
progresses2® making FTP less optimal for detecting CTE related tau
aggregates at the early stages and different tracers are likely needed
for detecting CTE related tau pathology at different stages due to the
stage related variability in the underlying tau pathologies.3* Moreover,
because early-stage CTE p-tau deposition is patchy, with a perivascu-
lar, sulcal depth distribution,*18 tau tracer uptake across specific ROls
would not be expected to be as robust as is seen in early-stage AD
pathology, for example.®®> This is also confirmed in this study where
only patchy and moderately elevated FTP SUVR was observed in for-
mer football players and does not follow the typical spatial pattern
of tau deposition in clinical/preclinical AD patients. Examination of

36-38

other tau PET tracers is warranted, as is the development of trac-

ers specifically targeting CTE tau based on knowledge gained through

recent cryo-EM findings,2122

as well as studies of molecular docking
and dynamics simulations.! PET imaging of other pathways such as
neuroinflammation®? in the individuals exposed to substantial RHI is

4041 may also improve

warranted. Advanced quantification techniques
the ability to use tau PET imaging to assess CTE-related tauopathies.

Insummary, we confirmed our previous finding of modestly elevated
PET measurements of tau tangle burden in empirically predefined ROIs
in a larger number of former American football players and controls
and related the findings to three levels of RHI exposure in the former
professional players, former college players, and unexposed controls.
Additional studies are needed to clarify the extent to which these or
other measurements of PET or fluid biomarker measurements of tau
tangle pathology are associated with different indicators of RHI former
football players and other groups, the extent to which they distinguish
between those who do or do not meet criteria for TES, and the extent
to which they predict subsequent clinical progression and post mortem
CTE pathology.
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