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Abstract

Chronic traumatic encephalopathy (CTE) is a tauopathy associated with repetitive head impacts
(RHI) that has been neuropathologically diagnosed in American football players and other contact
sport athletes. In 2013, McKee and colleagues proposed a staging scheme for characterizing the
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severity of the hyperphosphorylated tau (p-tau) pathology, the McKee CTE staging scheme. The
staging scheme defined four pathological stages of CTE, stages I(mild)-I1V(severe), based on the
density and regional deposition of p-tau. The objective of this study was to test the utility of the
McKee CTE staging scheme, and provide a detailed examination of the regional distribution of p-
tau in CTE. We examined the relationship between the McKee staging scheme and semi-
quantitative and quantitative assessments of regional p-tau pathology, age at death, dementia, and
years of American football play among 366 male brain donors neuropathologically diagnosed with
CTE (mean age=61.86, SD=18.90). Spearman’s rho correlations showed higher CTE stage was
associated with higher scores on all semi-quantitative and quantitative assessments of p-tau
severity and density (p’s<0.001). The severity and distribution of CTE p-tau followed an age-
dependent progression: older age was associated with increased odds for having a higher CTE
stage (p<0.001). CTE stage was independently associated with increased odds for dementia
(p<0.001). K-medoids cluster analysis of the semi-quantitative scales of p-tau across 14 regions
identified 5 clusters of p-tau that conformed to increasing CTE stage (stage IV had 2 slightly
different clusters), age at death, dementia, and years of American football play. There was a
predilection for p-tau pathology in 5 regions: dorsolateral frontal cortex (DLF), superior temporal
cortex, entorinal cortex, amygdala and locus coereulus (LC), with CTE in the youngest brain
donors and lowest CTE stage restricted to DLF and LC. These findings support the usefulness of
the McKee CTE staging scheme and demonstrate the regional distribution of p-tau in CTE.
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Chronic traumatic encephalopathy; CTE stage; McKee CTE staging scheme; repetitive head
impacts; neurodegenerative disease; traumatic brain injury

INTRODUCTION

Chronic traumatic encephalopathy (CTE) is a tauopathy associated with exposure to
repetitive head impacts (RHI) [2,36] that has been reported in a variety of contact sport
athletes [14,27,29,34], including American football players [5,34,37]. In 2013, in a case
series of 68 male brain donors with CTE, McKee and colleagues proposed criteria for the
neuropathological diagnosis of CTE. The diagnostic criteria were adopted and refined at the
first National Institute of Neurological Disorders and Stroke (NINDS) and National Institute
of Biomedical Imaging and Bioengineering (NIBIB) consensus meeting to define the
neuropathological criteria for CTE [32]. The 2015 panel also defined the pathognomonic
lesion of CTE as “an accumulation of abnormal hyperphosphorylated tau (p-tau) in neurons
and astroglia distributed around small blood vessels at the depths of cortical sulci and in an
irregular pattern”. Since publication, the NINDS-NIBIB criteria for the neuropathological
diagnosis of CTE have been used in multiple studies and across different cohorts
[2,3,5,13,20,21,27,29,32,36,37]. In a few, isolated reports [23] [28], perivascular astrocytic
lesions of age-related tau astrogliopathy (ARTAG) have been confused with pathognomonic
lesions of CTE, leading to the suggestion that CTE pathlogy is found in people “not known
to have experienced multiple blows to the head” [23]. At the present time, however, there is
insufficient data to consider purely astrocytic lesions as diagnostic for CTE. Moreover, there
is mounting evidence that the presence of p-tau immunoreactive astrocytes in the
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pathognomonic lesions of CTE, in addition to neuronal NFT and disordered neurites, is a
function of advancing age [12].

In the case series published in 2013, McKee and colleagues proposed a staging system for
characterizing the severity of p-tau pathology, the McKee CTE staging scheme. The McKee
CTE staging scheme was based on hemispheric 50 um thick free-floating sections
immunostained for p-tau. Braaks’ method of staging the p-tau pathology of Alzheimer’s
disease (AD) [7,8] was used as a model for staging CTE. Four pathological stages of CTE
were defined, ranging from stage | (mild) to stage IV (severe) (Table 1). In stage | CTE, 1 or
2 isolated foci of p-tau NFTs and dot-like neurites are found arranged around small blood
vessels at the depths of the sulci, most frequently in the frontal cortex. In stage Il CTE, 3 or
more CTE lesions are found in multiple cortical regions, the lesions are larger, superficial
NFTs are found in adjacent cortices, and there is neurofibrillary pathology in the locus
coeruleus and nucleus basalis of Meynert. In stage |1l CTE, larger, confluent perivascular
patches of p-tau NFTSs, astrocytes, and dotlike and threadlike neurites are found at the sulcal
depths. NFTs are also seen in the superficial cortical laminae. Diffusely distributed NFTs are
also found in medial temporal lobe (MTL) structures, including the hippocampus, entorhinal
and perirhinal cortices, and amygdala. There is also more widespread brainstem p-tau
pathology. By stage 111, macroscopic features such as cerebral atrophy, ventricular
enlargement, and abnormalities of the septum pellucidum are often found. Neurofibrillary
degeneration in the hippocampus in stage 111 CTE involves CA4, CA2, and CAL. In stage IV
CTE, cerebral, MTL and anterior diencephalic atrophy are found grossly. There is neuronal
loss with corresponding depigmentation of the substantia nigra and locus coeruleus.
Perivascular p-tau lesions and NFTs are distributed throughout the cerebral cortex, with
pronounced neurofibrillary degeneration of the MTL. Perivascular p-tau lesions and NFTs
extend to the diencephalon and brainstem and NFTSs are found in the cerebellar dentate
nucleus, basis pontis and spinal cord. Neuronal loss and gliosis are often prominent in the
frontal and temporal cortices and there is abundant astrocytic p-tau pathology. Other
pathologic lesions, including myelin and axonal loss as well as TAR DNA-binding protein
43 (TDP-43) pathology are found in the most severe CTE cases.

The McKee CTE staging scheme has been shown to have significant associations with level
of American football play (i.e., high school, college, semi-professional, professional) and
duration of football playing career (a proxy for cumulative exposure to RHI) [1,2,34,36].
The staging scheme has also been linked with age at death [2,34] and neuroinflammation
[13]. By contrast, racial identity, years of education, age of first exposure to RHI, number of
concussions, lifetime steroid use, substance abuse, or position played have not been found to
have an association with CTE stage [1,34,36], although many of these variables were never
primary targets of investigation.

The usefulness of the McKee CTE staging scheme remains unclear, and semi-quantitative
and quantitative assessments of regional p-tau pathology are needed to provide a more
refined characterization of p-tau distribution in CTE. The objective(s) of the current study
were two-fold: (1) to test the utility of the McKee CTE staging scheme, and (2) to provide a
detailed examination of the regional distribution of p-tau pathology in CTE. We examined
the relationship between the McKee CTE staging scheme and semi-quantitative and
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quantitative assessments of regional p-tau pathology. In addition, years of American football
play, age at death, and dementia status were evaluated in relation to CTE stage. We also
conducted a k-medoids cluster analysis of semi-quantitative p-tau ratings to identify patterns
of regional p-tau deposition and to determine if these patterns progressed by CTE stage, age
at death, dementia status, and years of American football play.

MATERIALS AND METHODS

Brain Donors and Study Design

The sample included 366 deceased individuals with a history of exposure to RHI who
donated their brain to the Veterans Affairs (VA)- Boston University School of Medicine
(BU)- Concussion Legacy Foundation (CLF)/Understanding Neurological Injury and
Traumatic Encephalopathy (UNITE) brain bank between 2008 and 2019 as part of the
UNITE research study [1,2,36,38,44]. The sample included only individuals who were
neuropathologically diagnosed with CTE [32]. Most brain donations to the UNITE study
originated with the next-of-kin contacting the brain bank near the time of death. The
remaining brain donors were referred by medical examiners, recruited by a representative of
the CLF, or participated in the Brain Donation Registry during life. The only inclusion
criterion for donation was having a history of exposure to RHI (i.e., from contact and
collision sport play, military service, and/or domestic violence), regardless of whether
symptoms were present during life. Donors were excluded if postmortem interval exceeded
72 hours. Institutional review board approval (IRB) for brain donation, post-mortem clinical
record review, interviews with informants, and neuropathological evaluation were obtained
through the Boston University Medical Campus (BUMC) IRB.

Neuropathological evaluation

Neuropathological evaluation occurred blinded to clinical data and was reviewed by three
neuropathologists (BH, TS, AM); any discrepancies in the neuropathological diagnosis were
resolved by discussion and consensus of the group. Pathological processing and evaluation
were conducted using previously published methodology [47,48]. Brain weight and
macroscopic features were recorded during initial processing. Twenty-two sections of
paraffin-embedded tissue were stained for Luxol fast blue, hematoxylin and eosin (LHE),
Bielschowsky’s silver, p-tau (AT8), alpha-synuclein, beta amyloid (AR), and phosphorylated
TDP-43 (pTDP-43) using methods described previously [33].

Well-established criteria were used for the neuropathological diagnosis of neurodegenerative
diseases, including AD [39,41], LBD defined by LBD-Brainstem (LBD-B), LBD-
transitional and neocortical (LBD-T, LBD-NC) [35], frontotemporal lobar degeneration
(FTLD) [6,11,16,30,31], and motor neuron disease (MND) [10]. The National Institute on
Aging (NIA)-Reagan Institute criteria were used for the neuropathological diagnosis of AD
[42] and not the NIA-Alzheimer’s Association (AA) neuropathological diagnostic criteria
for AD [40]. One study suggested that the addition of Thal staging for AR as required by the
NIA-AA criteria for AD [40) might have limited value in the prediction of antemortem
clinical function beyond Braak NFT stage and CERAD neuritic plaque scores [42];
although, the analyses for that study may have been underpowered. Lewy body pathology in
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the brainstem, limbic (transitional), and neocortical (diffuse) regions were used to define
LBD because of their contributions to clinical syndromes (i.e., Parkinson’s disease
dementia, Lewy body dementia) (for a review, see Jellinger et al. [25]).

Neuropathological diagnosis of CTE was made using criteria defined by the NINDS-NIBIB
Consensus Conference [32] with modifications. The 2015 panel defined the pathognomonic
lesion of CTE as “an accumulation of abnormal hyperphosphorylated tau (p-tau) in neurons
and astroglia distributed around small blood vessels at the depths of cortical sulci and in an
irregular pattern.” For this study, the neuropathological diagnosis of CTE required the
presence of at least one pathognomonic p-tau lesion in the cortex and purely astrocytic
perivascular p-tau lesions were considered non-diagnostic. Supportive features for the
diagnosis of CTE included neurofibrillary tangles (NFTSs) in superficial cortical layers
(layers 11/111) of the cerebral cortex and pretangles, NFTs or dendritic dystrophy in CA2 and
CAA4 of the hippocampus [32]. In each case, the CTE p-tau pathology was classified into
four stages using the McKee staging criteria as shown in Table 1 [34].

Semiquantitative Assessment of Pathology

Independent semi-quantitative assessments of the density of p-tau pathology were performed
by the same three aforementioned neuropathologists (BH, TS, AM) at the time of initial
diagnosis (blinded to clinical data) using semi-quantitative rating scales (0-3 scale; 0 = none,
1 =mild, 2 = moderate, 3 = severe) in 14 regions. AT8-immunostained, 10 um thick
paraffin-embedded sections of the following regions were evaluated: dorsolateral frontal
cortex (DLF), rolandic cortex (RC), inferior frontal cortex (IF), inferior parietal cortex (IP),
superior temporal cortex (ST), CAl-hippocampus, CA2-hippocampus, CA4-hippocampus,
entorhinal cortex (EC), amygdala, thalamus, substantia nigra (SN), locus coeruleus (LC),
and the dentate nucleus of the cerebellum (DN). These regions were a priori selected
because of their involvement in CTE [32,36,37]. Other regions were not included due to
excessive missing data and/or lack of involvement in CTE. Semi-quantitative measurements
were also recorded for diffuse and neuritic AR plaques, vascular AR, pTDP-43
immunoreactive inclusions and neurites and alpha-synuclein immunoreactive Lewy bodies
and Lewy neurites.

Quantitative assessment of AT8 pathology

Using digitally scanned slides at 20x magnification, the density of total AT8 staining was
quantitatively measured in 7 regions, including the DLF, hippocampus subfields CA1,
CA2/CA3 (CA2 and CA3 combined), CA4, subiculum, and the LC on a Leica Aperio
ImageScope (Leica Biosystems). Slide scanning methods have been described elsewhere
[13]. The gray matter was highlighted from the pia to the boundary between the white and
gray matter. Leica’s image analysis and automated counting software (Aperio positive pixel
algorithm, Version 9, Leica Biosystems) was calibrated for positive staining to detect AT8-
immunoreactivity within the region of interest. Counts were normalized to the area
measured and presented as density of positively stained pixels within the analyzed region
(positive pixels/mm?). For the DLF, p-tau density was measured at the gyral crest (defined as
the top third of two connecting gyri) and at the depth of the cortical sulcus (defined as the
bottom third of two connecting gyri). These regions had the most complete quantitated data
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at the time of the data freeze (July 2019) and were prioritized for slide scanning due to their
involvement in the clinical and neuropathological pathogenesis of CTE and/or other
neurodegenerative diseases.

Clinical evaluation

Retrospective clinical evaluations were performed using online surveys and structured and
semi-structured telephone interviews between researchers and informants of brain donors
[1,37,38,44]. Researchers conducting these evaluations were blind to the neuropathological
analysis and informants were interviewed before receiving the results of the
neuropathological examination. For all participants, a clinician (JM, MLA, DHD, RAS, or
BD) obtained a detailed history, including a timeline of cognitive, behavioral, mood and
motor symptomology. Clinician’s also assessed for symptoms associated with mental illness,
such as depression, anxiety, and posttraumatic stress disorder. Clinicians qualitatively
summarized the clinical presentation (e.g., presence and course of symptoms, functional
independence) into a narrative and a dementia diagnosis (at time of death) was adjudicated
using modified Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text
Revision criteria. To assist with determination of dementia, informants were administered
the Functional Activities Questionnaire (FAQ) to determine the presence and severity of
functional impairment. The FAQ is a 10-item scale of instrumental activities of daily living
and scores range from 0-30, with higher scores reflecting greater severity of functional
impairment. Demographic, athletic, military, and other exposure to RHI history
characteristics were self-reported by informants using an online survey (and confirmed by
clinicians during telephone interviews).

Sample Sizes

There was no missing data for CTE stage or age at death (N = 366). For analyses that
examined dementia as an outcome, the sample of 366 was reduced to 359 following
exclusion of cases with missing data for antemortem dementia. There was missing data
across the brain regions for the semi-quantitative and quantitative measurements of p-tau.
Reasons for missingness included poor tissue quality, exhausted tissue sources, or
incomplete brain specimens that did not include the area of analysis. In addition, for the
quantitative measurements only a subset of cases had been scanned by the time of the data
freeze (July 2019), as mentioned above. Analyses were restricted to brain donors who had
complete data across all brain regions, resulting in a sample size of 287 for the semi-
quantitative scales of p-tau and 176 for the quantitative measurements of p-tau density. For
the semi-quantitative scales, there was no statistically significant difference in CTE stage
between the analytic sample and those excluded (mean difference = 0.11, t = 0.85, p = 0.40);
however, brain donors excluded for missingness were younger (mean difference = 5.65, t =
2.37,p =0.02) and less likely to have dementia (48.1% vs 63.6%, Pearson Chi-square =
6.15, p = 0.01). Brain donors excluded for missingness on the quantitative measurements of
p-tau density were also younger (mean difference = 4.76, t = 2.43, p = 0.02), less likely to
have dementia (51.9% versus 68.8%, Pearson Chi-square = 10.61, p = 0.001), and more
likely to have a lower CTE stage (mean difference = 0.27, t = 2.53, p = 0.01) compared to
those included.
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Statistical Methods

Three neuropathologists rated CTE stage and the density of p-tau using 4-point semi-
quantitative scales (0-3). We conducted an interrater reliability study to examine rater
concordance for CTE stage and select regions, which included DLF, CA1-hippocampus, EC,
and LC. The 3 neuropathologists (AM, TS, BH) used the semi-quantitative scales to rate
these regions for randomly selected sixteen cases across the CTE stage severity spectrum.
These 16 cases included 6 with stage | CTE, 4 for stage 11, 3 for stage 111, and 3 for stage IV.
We intentionally overrepresented CTE stages | and Il, given our hypothesis that agreement
for mild CTE would be lowest. Kendall’s coefficient of concordance (Kendall’s W) was
used to evaluate rater agreement. Kendall’s W statistic is used for evaluating agreement
among raters on ranked ordinal variables.

Outcomes for the statistical analyses included CTE stage (ordinal scale), semi-quantitative
regional ratings of p-tau severity (ordinal scale), quantitative regional measurements of p-tau
density (continuous scale), and yes/no dementia (binary scale). The quantitative regional
measurements of p-tau density were log-transformed due to a hon-normal distribution.
Spearman’s rho correlations were first conducted to test the association of CTE stage with
each of the semi-quantitative scales of p-tau severity, as well as with the regional
quantitative measurements of p-tau density. Ordinal (for ordinal outcomes) and linear (for
continuous outcomes) regressions tested the association between age at death and the
following: CTE stage, regional semi-quantitative scales of p-tau severity, and quantitative
measurements of p-tau density. For analyses that examined the semi-quantitative and
quantitative variables as outcomes, separate models were performed for each brain region
and p-values were false discovery rate (FDR) adjusted using Benjamini-Hochberg methods.
An FDR-adjusted p-value less than 0.05 defined statistical significance.

Additional analyses were conducted to examine the utility of the McKee CTE staging
scheme. Binary logistic regression was used to examine the relationship between CTE stage
and dementia, controlling for age at death. This model was repeated with education level (no
high school/some high school, high school degree, some college, college degree, more than a
college degree/graduate degree) and racial identity (White vs other) added as covariates to
determine their effects on the CTE stage estimate for dementia. To support the association
between CTE stage and dementia, post-hoc linear regressions were conducted to evaluate the
relationship between CTE stage and FAQ scores (n = 307 due to missing FAQ data). Our
previous findings in deceased former American football players from the UNITE study
showed that years of football play is associated with p-tau pathological severity, including
CTE stage [1,13,36,43]. We sought to test this association in this specific UNITE sample.
Ordinal logistic regression was used to test the association between years of football play
and CTE stage in 304 individuals whose primary sport was American football (based on the
sport played the longest), controlling for age at death. For the above models, identical post-
hoc analyses were repeated controlling for absence/presence of co-morbid
neurodegenerative disease diagnoses (i.e., AD, LBD, FTLD, and MND), and severity of
arteriolosclerosis and white matter rarefaction. Sample size for these post-hoc analyses was
reduced due to missing data on LBD (n = 1), FTLD (n = 4), arteriolosclerosis (n = 4) and
white matter rarefaction (n = 7). There were only two brain donors who had prion disease
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and this variable was not entered into the model due to the small cell size that would
preclude reliable estimates. Instead, the post-hoc analyses were done with these two brain
donors excluded.

A k-medoids cluster analysis was performed on the 14 semi-quantitative rating scales of p-
tau severity to identify regional patterns of p-tau deposition and to determine if these
patterns differed by CTE stage. The Gap Statistic method was used to identify the optimal
number of clusters, based on examination of up to 10 cluster sizes [45]. Using the identified
number of clusters, we compared each brain donor’s cluster assignment to their CTE stage
in order to determine the regions affected by p-tau at each stage of disease. We also
examined the relationship between cluster membership and age at death, dementia status,
and years of football play.

RESULTS

Of the 366 brain donors who met the neuropathological diagnostic criteria for CTE, 58
(15.8%) had stage I, 79 (21.6%) had stage 11, 127 (34.7%) had stage 111, and 102 (27.9%)
had stage IV CTE. A majority of the sample included individuals whose primary sport
(based on the sport played the longest) was American football (N = 304 of 356; primary
sport was not able to be determined for 10 brain donors due to missing data). Demographic,
clinical, athletic, and neuropathologic characteristics are shown in Tables 2-4.
Supplementary Table 1 also provides descriptive data on the presence of cognitive,
behavioral/mood, headache, and motor symptoms by CTE stage.

Interrater Reliability

The three neuropathologists demonstrated very good agreement for CTE stage (Kendall’s W/
=0.92, p < 0.0001) and for the semi-quantitative ratings of the DLF (Kendall’s W= 0.93, p
< 0.0001), CA1-hippocampus (Kendall’s W= 0.92, p < 0.0001), EC (Kendall’s W= 10.83, p
<0.0001), and LC (Kendall’s W= 0.96, p < 0.0001).

CTE Stage: Association with Semi-Quantitative P-tau Severity (N = 287) and Quantitative P-
tau Density (N = 176)

Spearman’s rho correlations showed that higher CTE stage was associated with higher
scores on all 14 semi-quantitative scales of p-tau severity (p = 0.42 - 0.73, all p’s < 0.001).
Likewise, for the quantitative measures of p-tau density, higher CTE stage corresponded to
greater log-transformed p-tau density for each region assessed (p = 0.55-0.77, all p’s <
0.001) (Figure 1, Table 4).

CTE Stage: Association with Age (N = 366)

The age range of the sample was 17-100 years old (mean = 61.86, SD = 18.90; median =
66). The nature, severity and distribution of CTE-related p-tau pathology followed an age-
dependent progression (Figure 2). Older age was associated with increased odds for having a
higher CTE stage (OR = 1.08, 95% CI = 1.06-1.09, p < 0.001). This effect remained when
co-morbid neurodegenerative disease and severity of arteriolosclerosis and white matter
rarefaction were included in the model (OR = 1.07, 95% CI = 1.05-1.09, p < 0.001). Older
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age indeed corresponded to increased semi-quantitative ratings of p-tau for all 14 regions
(Figure 3): DLF (OR =1.03, 95% CI = 1.02-1.04, p < 0.001), RC (OR = 1.04, 95% CI =
1.03-1.05, p < 0.001), IF (OR = 1.05, 95% CI = 1.04-1.06, p < 0.001), IP (OR = 1.03, 95%
Cl =1.02-1.04, p <0.001), ST (OR =1.04, 95% CI = 1.02-1.05, p < 0.001), CA1 (OR =
1.05, 95% CI = 1.05-1.08, p < 0.001), CA2 (OR = 1.06, 95% CI = 1.05-1.08, p < 0.001),
CA4 (OR =1.07, 95% CI = 1.05-1.08, p < 0.001), EC (OR = 1.06, 95% CI = 1.05-1.07, p <
0.001), amygdala (OR = 1.07, 95% CI = 1.05-1.08, p < 0.001), thalamus (OR = 1.06, 95%
Cl =1.06-1.07, p < 0.001), SN (OR =1.06, 95% CI = 1.05-1.08, p < 0.001), LC (OR = 1.04,
95% CI = 1.02-1.05, p < 0.001), and DN (OR = 1.06, 95% CI = 1.04-1.08, p < 0.001).

Older age was associated with greater quantitative p-tau density (log-transformed) for each
region assessed: DLF gyral crest (standardized beta = 0.52, p < 0.001), DLF depths of sulcus
(standardized beta = 0.50, p < 0.001), CAL1 (standardized beta = 0.75, p < 0.001), CA2/3
(standardized beta = 0.72, p < 0.001), CA4 (standardized beta = 0.75, p < 0.001), subiculum
(standardized beta = 0.76, p < 0.001), and LC (standardized beta = 0.59, p < 0.001) (Figure
4).

CTE Stage: Association with Dementia (N = 359)

Of the 359 brain donors with CTE who did not have missing data for ante-mortem dementia,
216 (60.2%) were determined to have had dementia. Like CTE stage, the presence of
dementia followed an age-dependent progression and older age at death was associated with
increased odds for having dementia (OR = 1.10, 95% CI = 1.08-1.12, p < 0.001). Binary
logistic regression controlling for age at death showed that for every one level increase in the
stage of CTE, there was a 1.64X increased odds for antemortem dementia at time of death
(95% Cl =1.19-2.27, p = 0.003) (Table 5, Figure 5); statistical significance remained when
controlling for education level and racial identity (OR = 1.63, 95% CI = 1.18-2.26, p =
0.003). Post-hoc linear regressions showed that increases in CTE stage also corresponded to
higher scores on the FAQ controlling for age at death (standardized beta = 0.21, p < 0.001),
as well as when education level and racial identity were added to the model (standardized
beta = 0.22, p < 0.001). Note that the sample size was reduced by one for that above models
that included racial identity as a covariate due to missing data on this variable.

The statistically significant association between CTE stage and dementia remained after
controlling for co-morbid neurodegenerative disease and severity of arteriolosclerosis and
white matter rarefaction, along with age at death (OR = 1.51, 95% CI = 1.03-2.21, p =
0.036). Supplementary Table 2 shows the contributions of the co-morbid pathologies.
Education level and racial identity were not included here because of their lack of
association with dementia in this sample, as shown in Table 5.

CTE Stage: Association with Years of American Football Play (N = 304)

Among the 304 brain donors whose primary sport was American football, 41 (13.5%) had
stage | CTE, 60 (19.7%) had stage 1l CTE, 114 (37.5%) had stage I1l CTE, and 89 (29.3%)
had stage IV CTE. More years of American football play was associated with increased odds
for having a higher stage of CTE (OR = 1.10, 95% CI = 1.06-1.15, p < 0.001), controlling
for age at death. The association between years of American football play and CTE stage
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also remained when co-morbid neurodegenerative disease and arteriolosclerosis and white
matter rarefaction were included in the model (OR =1.14, 95% CI = 1.09-1.19, p < 0.001).
The effects of age at death on CTE stage and quantitative measurements of p-tau density
remained when years of American football play was included as a covariate (data not
shown).

Cluster Analysis of Semi-Quantitative Scale of P-tau Severity (N = 287)

Based on the k-medoid cluster analysis of the 14 semi-quantitative rating scales of p-tau
severity, the optimal number of clusters was 5 (Figure 6a). The five clusters ranged from
minimal, focal p-tau pathology to severe, widespread p-tau pathology and corresponded with
the McKee CTE staging scheme (Figure 6b-6c). As the severity of p-tau increased across the
clusters, CTE stage age at death, years of American football, frequency of dementia, and
presence of co-morbid neurodegenerative disease increased.

Cluster 1, N = 31 (CTE Stage I): Donors in cluster 1 most frequently had CTE stage I (n
= 29/31). It was characterized by mild p-tau severity of DLF and LC and absence of p-tau
across all other regions. This cluster included brain donors who were young (mean = 38.74,
SD = 15.41) and had the fewest years of American football play (mean = 10.02, SD 4.98).
Dementia was less frequent (n = 7/30, 23%) and only five (15.6%) had a co-morbid
neurodegenerative disease diagnosis.

Cluster 2, N = 66 (CTE Stage II): Donors in cluster 2 most frequently had CTE stage 11
(n = 41/66) and, to a lesser extent, CTE stage | (n = 15/66). Cluster 2 showed increased
pathology in the LC; mild pathology in DLF and other neocortical regions (with the
exception of the RC), mild pathology in MTL structures (EC, amygdala, hippocampal
subfields CAl and CA2) and in the substantia nigra. The mean age at death was higher than
cluster 1 (mean = 55.47, SD = 19.57), as were the years of American football play (mean =
13.32, SD =5.21). Dementia frequency increased (30/64, 46.9%), but rate of co-morbid
neurodegenerative disease diagnosis was similar to cluster 1 (n = 10, 15.2%)

Cluster 3, N = 84 (CTE Stage IIl): Donors in cluster 3 most frequently had CTE stage 11l
(n =57/84). Compared to cluster 2, cluster 3 showed increased p-tau pathology in DLF, RC,
ST and all MTL regions, including CA4. There was also mild p-tau pathology of the
thalamus. Cluster 3 had a mean age at death of 66.14 (SD = 15.00), mean years of American
football play was 13.83 (SD = 5.32), and 53/82 (64.6%) had dementia. Thirty-one (36.9%)
had a co-morbid neurodegenerative disease diagnosis.

Cluster 4, N = 39 (CTE Stage IV): Donors in cluster 4 most frequently had CTE stage
IV (n = 26/39). Cluster 4 had severe p-tau pathology in all neocortical regions: DLF, RC, IF,
IP, ST, as well as EC, with less severe pathology in the amygdala, hippocampus, thalamus,
and brainstem. Mild involvement of the DN was present. The mean age at death of cluster 4
was 73.00 (SD = 13.89) and brain donors of this cluster played 13.94 (SD = 5.29) years of
football on average. Cluster 4 had the greatest proportion of brain donors with dementia
(36/39, 92.3%) and co-morbid neurodegenerative disease (n = 29/39, 74.4%).
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Cluster 5, N = 67 (CTE Stage IV): Cluster 5 was a second larger cluster associated with
stage IV CTE (n = 45/67); although, many had stage 111 CTE (n = 20). Brain donors in
cluster 5 had severe p-tau pathology in DLF, IF, IP, and ST, and moderate pathology in the
RC. There was severe p-tau pathology in all MTL and brainstem regions. Mild and moderate
p-tau pathology was present in the DN and thalamus, respectively. The mean age at death of
this cluster was 72.21 (SD = 10.36). Brain donors of this cluster had the highest mean years
of American football play (mean = 16.70, SD = 6.12). The frequency of dementia was high
(n =52/65, 80.0%) and a majority, 38 (56.7%), had a comorbid neurodegenerative disease
diagnosis; there were no statistically significant differences on these variables between
clusters 4 and 5.

DISCUSSION

In this sample of 366 brain donors who met neuropathological diagnostic criteria for CTE
and were staged for CTE severity using the McKee CTE staging scheme, higher CTE stage
was associated with higher scores on semi-quantitative scales of p-tau severity in 14 brain
regions and higher quantitative p-tau density in 7 regions. In addition, higher CTE stage was
significantly associated with older age at death, increased odds for having antemortem
dementia, and greater years of American football play. Cluster analysis of the semi-
quantitative p-tau scores in the 14 regions demonstrated 5 clusters of pathology ranging from
mild, focal p-tau deposition to severe, widespread p-tau pathology that corresponded to the
McKee stages of CTE. Clusters 1, 2, and 3 were associated with CTE stages I, Il and 111
respectively; clusters 4 and 5 were associated with stage IV. As p-tau severity increased
across the 5 clusters, age at death, years of American football, frequency of dementia, and
presence of co-morbid neurodegenerative disease also increased.

Across all 4 stages of CTE and all ages at death, the semi-quantitative and quantitative
ratings of p-tau density, as well as the cluster analysis demonstrated a predilection for p-tau
pathology in 5 key brain regions (DLF, ST, EC, amygdala and LC), with CTE in the
youngest brain donors and lowest CTE stage primarily restricted to DLF and LC. P-tau
pathology in the LC is common in other tauopathies, such as AD and may contribute to the
neuropsychiatric symptoms characteristic of early (“preclinical”) disease [9,17,19,49]. The
extent to which minor amounts of p-tau pathology in the amygdala, EC, and LC (or other
regions) found in young brain donors with low CTE stage (e.g., stage 1) contribute to the
heterogenous cognitive, mood and behavioral disturbances reported by family members of
brain donors with CTE has not been investigated [37]. Furthermore, the isolated p-tau
lesions found in low CTE stage might be hallmarks of more profound molecular, cellular, or
synaptic alterations than can be captured by light microscopic examination alone.

CTE is distinguished from AD by the lack of AR plaques and a distinctive pattern, type and
regional distribution of p-tau pathology. Early p-tau pathology in CTE is cortical and
consists of patchy, irregular perivascular clusters of NFTSs, neuritic processes that are often
dotlike, and variably, astrocytes, at the depths of the sulci [32] that enlarge over time and
progressively involve the gyral banks, gyral crests and superficial laminae of the neocortex.
P-tau pathology in AD, by contrast, initially appears as NFTs and threadlike neurites in the
MTL and later progresses to the neocortex in diffusely laminar pattern affecting layers 3 and
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5. In the hippocampus, p-tau pathology in CTE shows involvement of CA2 and CA4, as well
as CA1, whereas hippocampal regions CA2 and CA4 are relatively spared in AD. NFTs are
also found in the mammillary bodies, base of the pons and cerebellar dentate nucleus of the
cerebellum in advanced CTE and are uncommon in AD.

The latent development of p-tau pathology in MTL structures in CTE might be precipitated
by previous sub-threshold traumatic brain injury that increases neuronal vulnerability to p-
tau neurodegeneration with increasing age. This p-tau neurodegeneration may be enhanced
by other age-related changes, such as lowered cerebral blood flow [51], loss of blood brain
barrier integrity [18,40], increased neuroinflammation [13,46], altered metabolism and
decreased neurogenesis and neuroplasticity [15]. Other mechanisms of pathological protein
propagation might also contribute to the spread of p-tau in CTE, including prion templating
[50] and age related decline in glymphatic clearance [26].

The McKee CTE staging scheme was associated with age at death, dementia status, and
years of American football play. Autopsy studies are inherently cross-sectional and there are
difficulties in drawing inferences regarding disease progression. With that caveat in mind,
the severity and distribution of CTE-related p-tau pathology was strongly associated with
age. The semi-quantitative and quantitative data and cluster analyses demonstrated marked
increases in p-tau pathology in widespread neocortical regions, hippocampus, EC and
amygdala in CTE stages 1l and IV, as well as in age groups 40 years and older. Although
most individuals with low CTE (stage | or I1) were under the age of 40 at death, the presence
of low stage CTE in advanced middle-age and older American football players, whose
football careers ended decades earlier, suggests that the onset of p-tau and/or pathological
progression in CTE is heterogeneous. Many factors may increase susceptibility to p-tau
pathology, including genetic factors, differences in RHI exposure (e.g., duration, intensity,
age of first exposure), and other environmental variables, which are directions for future
study.

In addition to CTE stage and age at death associations, in stages Il and 1V, quantitative
analysis revealed increased p-tau pathology in the gyral crests of the neocortex suggesting
intracortical spread of the p-tau pathology. Furthermore, severity of p-tau pathology
corresponded to increased odds for having ante-mortem dementia: for every one level
increase in the stage of CTE, there was a 1.64X increased odds for dementia, controlling for
age at death (the OR remained similar after controlling for racial identity and education
level). This association remained statistically significant after accounting for
neurodegenerative disease co-morbidity, arteriolosclerosis, and white matter rarefaction. The
binary logistic regression that evaluated this association assumes that the increase in odds for
dementia is equal across the CTE stages. The odds ratio might have been suppressed by the
lower levels of disease stages (e.g., stage 1). By comparison, clinical-pathological correlation
studies investigating AD neuropathological changes and AD dementia have classified brain
donors with low likelihood of AD as being part of the disease absent group [24].
Measurement error in dementia (which was based on retrospective reports from informants)
may have also affected the accuracy of the estimated effect between CTE stage and
dementia. We only examined dementia as the primary clinical outcome and, as previously
described, family members of brain donors with CTE have reported a combination of
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cognitive, behavioral, and mood symptoms, as well as parkinsonism (Supplementary Table
2). Clinical-pathological correlation studies by our team and others are investigating the
specific clinical phenotypes associated with CTE, as well as the contributions of mixed
neuropathologies. Notably, the ORs for co-morbid pathologies and dementia in the present
study were large with wide ranging 95% CI (Supplementary Table 1), particularly for AD.
This is because the effects of these co-morbid pathologies on dementia are based on brain
donors who have more severe disease and at least two diseases (the entire sample has CTE).
Consequently, dementia is much more common and in fact, all but one of the brain donors
with co-morbid AD had dementia. In contrast, the effect of CTE stage on dementia (which is
per unit increase in CTE stage) is based in part on the 40% of brain donors who did not have
co-morbid neurodegenerative disease.

The present study showed that greater years of American football (a proxy for cumulative
exposure to RHI) was associated with higher CTE stage. Duration of football playing career
has consistently emerged as a strong correlate of CTE pathology, along with age at death, in
previous reports from our brain bank [2,13,34,36], and other autopsy samples [4,5,29]. A
recent autopsy case study (n=8) reported CTE in brain donors who did not have a history of
exposure to RHI [23]. In that report, based on the images and data presented, the lesions
were not diagnostic of CTE and more consistent with aging-related tau astrogliopathy
(ARTAG). This confusion underscores the need to refine the neuropathological diagnostic
criteria of CTE to allow better distinction between CTE and other neurodegenerative
diseases, including ARTAG. Nevertheless, the presence of CTE lesions in individuals who
were not known to be exposed to RHI does not negate exposure to RHI as a risk factor for
CTE pathology.

The current study is not without limitations. This autopsy sample was male,
demographically homogenous and predominantly American football players. Future
research is needed to confirm the universal usefulness of the McKee CTE staging scheme
via examination in demographically and athletically diverse autopsy samples. Interrater
reliability of the McKee CTE staging scheme is an important component to support its
utility. Here, three neuropathologists demonstrated very good agreement in their ratings of
CTE stage and semi-quantitative p-tau pathology. In order to establish the interrater
reliability of the McKee CTE Staging scheme, similar ratings will need to be performed
using independent neuropathologists across different institutions. This study also used NIA-
Reagan and not the NIA-AA criteria for the neuropathological diagnosis of AD for reasons
described in the Methods. Thereby, a binary ascertainment of AD (present/not present) was
made and such approach might not have accounted for low levels of AD pathology. That
being said, the NIA-Reagan and NIA-AA diagnoses of AD in this data set were correlated
and the effects of age at death and years of American football play on CTE stage, as well as
the effect of CTE stage on dementia remained statistically significant when the NIA-AA
diagnosis of AD was used instead of the NIA-Reagan (data not shown).

The generalizability of autopsy studies is limited because selection into brain banks is
dependent on dementia status, depression, marital status, age, sex, race, education, and other
factors [22]. The accuracy of estimated effects is affected only if both the predictor and the
outcome are differentially association with selection. The primary purpose of this study was
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to examine the usefulness of the McKee CTE staging scheme by examining its
correspondence with measures of p-tau severity and density (e.g., semi-quantitative and
quantitative scales). Because are all measures of p-tau, the influence of selection bias is
likely to be constant and have a non-differential effect. Our prior studies among brain donors
from the VA-BU-CLF/UNITE brain bank have also shown that the associations between
exposure to RHI and CTE pathology remain after accounting for factors that influence
selection [1,36]. In the current study, analyses were restricted to brain donors who had
complete data across all brain regions, resulting in reduced sample sizes for the semi-
quantitative and quantitative scales of p-tau. Those excluded from analyses were younger,
less likely to have dementia, and more likely to have lower CTE stage (for the quantitative
measures). The exclusion of these brain donors may have led to an under- or overestimation
of estimated effects related to age, dementia, and CTE stage. The semi-quantitative ratings
are subjective; however, the addition of quantitative assessments is a strength and attenuates
concerns regarding rater bias. At the time of the data freeze, quantitated assessments of AT8
pathology were available for 7 brain regions that play a key role in the clinical and
neuropathological pathogenesis of CTE and/or other neurodegenerative diseases. There are
ongoing efforts to provide more widespread quantitative assessment of AT8 pathology
throughout the brain in the UNITE sample.

CONCLUSIONS

Findings from the present study support the usefulness of the McKee CTE staging scheme in
assessing CTE pathological severity and support their continued use in the study of CTE.
The findings additionally demonstrate the distinctive regional distribution of p-tau pathology
in CTE, as well as link p-tau severity in CTE with older age, dementia, and greater years of
American football play. Future research is needed to clarify the clinical correlates of CTE
across the different stages of disease and identify RHI- and non-RHI related risk factors that
enhance susceptibility and course progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Box Plots of Quantitative Measurements of Regional P-tau Accumulation by CTE Stage.
Spearman’s rho correlations showed that greater p-tau density was associated with a higher

CTE stage for all regions assessed (p’s < 0.001 for all). The sample size was reduced to 176
as this represents the sample with available quantitative data across all 7 brain regions at the
time of this data freeze (July 2019). The mid-point line in the box represents the median, the
interquartile range box represents the middle 50%, and the whiskers represent the bottom
and top 25% of data value. Y-axis values are positive pixels (mm?2) and are on a logarithmic
scale.
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Fig. 2. Association Between Age at Death and CTE Stage.
Histogram of the distribution of age at death by CTE stage (N = 366). Ordinal logistic

regression showed that older age was associated with increased odds for having a higher
CTE stage (OR =1.08, 95% CI = 1.06-1.09, p < 0.001).
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Age at CTE Stage CTE Stage
Death N @iy (mnv) DLF RC IF IP ST CA1 CA2 CA4 EC Amygdala Thalamus SN LC Dentate
20-29 25 25(23.8%) 0 1.16 040 056 0.84 0.92 0.24 0.04 0.16 0.76 0.56 0.36 0.16 0.96 0.00
30-39 12 11(10.5%) 1 (0.5%) 150 0.75 092 0.92 1.58 0.83 0.17 0.58 1.00 0.92 0.25 042 1.33 0.00
40-49 34  20(19.0%) 14(7.7%) 179 079 106 129 144 1.06 103 0.85 1.68 1.24 0.68 0.85 1.97 0.18
50-59 28 13(12.4%) 1(8.2%) 1:798 1.11 1.00 1.14 1868 1.57  1.21 0.93 B1.86 1.61 1.00 129 214 0.36
60-69 61 16(15.2%) 45(24.7%) = 213 141 159 170 193 1.98 1.84 169 226 1.97 1.44 1.79 243 0.74
70-79 70 9(8.6%) 61(33.5%) 226 159 189 183 221 180 196 1.90 2.59 231 1.67 1.84 226 0.74
80-89 54 10 (9.5%) 44 (24.2%) [ 215 167 191 1.89 211 187 1.76 1.91 244 235 1.65 196 215 0.98
90-100 3 1(1.0%) 2 (1.1%) . . . . . . . . . . . . . .
Total 287 105 182 199 130 149 156 1.87 157 147 144 2.09 1.84 1.26 1.47 208 0.58

Increasing severity of i-q itatively rated ph

Fig. 3. Association Between Age at Death and Regional P-tau Progression.
Heat map of semi-quantitative p-tau pathology (0 to 3, 3 most severe) for 14 brain regions

(N = 287); in addition to exclusion of those for missing data across all regions, the three
individuals in the 90-100 decade of age at death were not included in the heat map due to
insufficient sample size. In each region, 0= no NFTs, 1= 1 NFT per 20X field, 2= 2-3 NFTs
per 20X field, 3 = =4 NFTs per 20 x field. Darker color is indicative of greater p-tau
pathology. The color scale for the heat map is based on the distribution of all values. The
values are averages of semi-quantitative p-tau pathology among the individuals for each age
group.

Abbreviations: DLF = dorsolateral frontal cortex; RC = Rolandic Cortex; IF = inferior
frontal cortex; IP = inferior parietal cortex; EC = entorhinal cortex; SN = substantia nigra;
LC = locus coeruleus
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Fig. 4. Scatter Plots of the Association between Age at Death and Quantitative Measurements of
P-tau Density.

The sample size was reduced to 176 as this represents the sample with available quantitative
data across all three brain regions at the time of this data freeze (July 2019). Older age was
associated with greater quantitative p-tau density for each region assessed (p’s < 0.05). For
the dorsolateral frontal cortex, p-tau density was measured at the depth of the cortical sulcus
(defined as the bottom third of two connecting gyri) and at the gryal crest (defined as the top
third of two connecting gyri). For quantitative hippocampal subfield analysis, CA2 and CA3
were combined into one field denoted as CA2/3. Y-axis values are positive pixels (mm?) and
are on a logarithmic scale.
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Fig. 5. Dementia Status by CTE Stage and p-tau Accumulation in the Dorsolateral Frontal
Cortex and Hippocampus.

Left: Pie chart of the number (%) of brain donors with dementia by CTE stage (N = 359).
For percents, denominator is total brain donors with dementia (n = 216). Right: In CTE, p-
tau deposition often begins in the dorsolateral frontal cortex (DLF), with the hippocampus
becoming involved in later disease stages (i.e., Stage I11). The density of p-tau in the DLF
and hippocampus and the size of the pathognomonic CTE lesions increases with age. These
regions are therefore sensitive markers of the progression and severity of disease. The
images on the right are exemplary of the severity of pathology in these regions by age and
dementia status. (A) Mild perivascular accumulation of p-tau at the depths of the cortical
sulcus in the DLF in a non-demented 30 year old with stage Il CTE; (B) Severe perivascular
accumulation of p-tau at the depths of the sulcus in the DLF in a demented 80 year old with
stage IV CTE; (C) Absence of hippocampal p-tau accumulation in a non-demented 44 year
old with stage 1l CTE; (D) Hippocampal p-tau accumulation in a demented 69 year old with
stage Il CTE. Positive staining for p-tau is depicted in red while hematoxylin counterstain is
in blue. Scale bar represents 200um (A, B) and 2mm (C, D).
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Fig. 6. K-Medoids Cluster Analysis of 14 Semi-Quantitative Rating Scales of Regional P-tau
Pathology and their Association with CTE Stage.

A k-medoids cluster analysis with the 14 semi-quantitative rating scales was conducted to
determine the different patterns of regional p-tau deposition and to ascertain how these
patterns differed by CTE stage. (6a) Using the Gap Statistic method, 5 clusters best fitted the
data. (Ten cluster sizes were examined. After 5 clusters, there was minimal difference
between the clusters). (6b) Heat map of the medoids of each cluster. The 14 brain regions on
the x-axis are those that were rated for p-tau severity using a 0-3 scale, with 0 being none
and 3 being severe p-tau involvement. The 5 clusters are represented on the y-axis. The
median score of p-tau severity for each brain region is graphed using the shown color scale;
darker colors reflecting more severe p-tau. (6¢) Association of cluster assignment and CTE
stage.

Abbreviations: DLF = dorsolateral frontal cortex; RC = Rolandic cortext; IF = inferior
orbitofrontal cortex; IP = inferior parietal cortex; ST = superior temporal cortex; EC =
entorhinal cortex; SN = substantia nigra; LC = locus coeruleus
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