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Abstract

Background Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease characterized by hyperphos-
phorylated tau (p-tau) accumulation. The clinical features associated with CTE pathology are unclear. In brain donors
with autopsy-confirmed CTE, we investigated the association of CTE p-tau pathology density and location with cogni-
tive, functional, and neuropsychiatric symptoms.

Methods In 364 brain donors with autopsy confirmed CTE, semi-quantitative p-tau severity (range: 0-3)

was assessed in 10 cortical and subcortical regions. We summed ratings across regions to form a p-tau severity global
composite (range: 0-30). Informants completed standardized scales of cognition (Cognitive Difficulties Scale, CDS;
BRIEF-A Metacognition Index, MI), activities of daily living (Functional Activities Questionnaire), neurobehavioral dys-
regulation (BRIEF-A Behavioral Regulation Index, BRI; Barratt Impulsiveness Scale, BIS-11), aggression (Brown-Goodwin
Aggression Scale), depression (Geriatric Depression Scale-15, GDS-15), and apathy (Apathy Evaluation Scale, AES).
Ordinary least squares regression models examined associations between global and regional p-tau severity (separate
models for each region) with each clinical scale, adjusting for age at death, racial identity, education level, and history
of hypertension, obstructive sleep apnea, and substance use treatment. Ridge regression models that incorporated
p-tau severity across all regions in the same model assessed which regions showed independent effects.

Results The sample was predominantly American football players (333; 91.2%); 140 (38.5%) had low CTE and 224
(61.5%) had high CTE. Global p-tau severity was associated with higher (i.e., worse) scores on the cognitive and func-
tional scales: MI (8 ¢andardized = 0-02, 95%Cl=0.01-0.04), CDS (B ¢iandardized = 0-02, 95%Cl=0.01-0.04), and FAQ (8
standardized = 0-03, 95%C|=0.01-0.04). After false-discovery rate correction, p-tau severity in the frontal, inferior parietal,
and superior temporal cortex, and the amygdala was associated with higher CDS (8 Sqandardized =0-17-0.29, ps <0.01)
and FAQ (B Sqandardized =0-21-0.26, ps < 0.01); frontal and inferior parietal cortex was associated with higher Ml (8
Setandardized = 0-21-0.29, ps < 0.05); frontal cortex was associated with higher BRI (8 candardizeg=0-21, p < 0.01). Regions
with effects independent of other regions included frontal cortex (CDS, MI, FAQ, BRI), inferior parietal cortex (CDS)
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in neuropsychiatric scales.

tional, and certain neurobehavioral symptoms in CTE.

and amygdala (FAQ). P-tau explained 13-49% of variance in cognitive and functional scales and 6-14% of variance
Conclusion Accumulation of p-tau aggregates, especially in the frontal cortex, are associated with cognitive, func-

Keywords Activities of daily living, Amygdala, Behavioral dysregulation, Chronic traumatic encephalopathy,
Clinicopathological correlation, Cognition, Frontal cortex, Tau, Temporal cortex, Traumatic brain injury

Background

Chronic traumatic encephalopathy (CTE) is a neurode-
generative disease caused in part by exposure to repeti-
tive head impacts (RHI) from contact and collision sport
participation (e.g., boxing, American football), physi-
cal violence, and other sources [1-3]. At this time, CTE
can only be diagnosed at autopsy using published neu-
ropathological diagnostic criteria [4, 5]. A neuropatho-
logical diagnosis of CTE requires the accumulation of
perivascular hyper-phosphorylated tau (p-tau) in neu-
rons with preference for the cerebral sulci [4, 5]. Four
pathological stages of CTE severity have been defined
[5-8]. In stage I CTE, 1 or 2 isolated foci of p-tau neurofi-
brillary tangles (NFTs) are found, typically in the frontal
cortex. In stage II, p-tau lesions and superficial NFTs
spread to adjacent temporal cortices. In stage III, NFTs
are distributed in medial temporal lobe (MTL) struc-
tures. In stage IV, perivascular p-tau lesions and NFTs
are distributed throughout the cerebral cortex, with pro-
nounced neurofibrillary degeneration of the MTL.

The National Institute of Neurological Disorders and
Stroke (NINDS) consensus diagnostic criteria for trau-
matic encephalopathy syndrome (TES) were published
in 2021 [9]. TES is described as the clinical syndrome of
CTE. The TES criteria are based, in part, on informant-
reported symptoms of brain donors with autopsy-con-
firmed CTE [10, 11]. The TES criteria classify the core
clinical features of CTE to include cognitive impairment
(i.e., in episodic memory and/or executive function) and/
or neurobehavioral dysregulation (e.g., impulsivity, short
fuse). Cognitive and functional status (but not neurobe-
havioral dysregulation) and other supportive features
are used to determine the level of certainty of underly-
ing CTE pathology. Supportive features include psychi-
atric features (e.g., depression, apathy, anxiety, paranoia),
motor signs and symptoms, and delayed symptom onset
after RHI exposure. These TES criteria were developed
to improve specificity compared with the original 2014
TES criteria [12]. However, the described clinical features
among people with CTE pathology are heterogeneous
and their etiology and association with CTE pathology
require further study.

P-tau is a known precipitant of neurodegeneration
and resulting cognitive and neuropsychiatric decline in

Alzheimer’s disease and related dementias (AD/ADRD)
[13-18]. In vivo tau positron emission tomography (PET)
imaging studies in AD/ADRD show significant corre-
spondence between regional tau PET binding and the
different clinical manifestations of AD [18, 19]. Marshall
et al. examined the association between regional flor-
taucipir PET and instrumental activities of daily living
and apathy in 40 people with mild cognitive impairment
(MCI) and AD dementia [20]. Findings suggest that func-
tional impairment in AD might be related to tau burden
in frontal and medial temporal lobe regions, whereas
apathy is explained by tau in the right frontal cortex. In
behavioral variant FTD (bvFTD), the presence of apathy
and disinhibition hinge upon neurodegeneration in the
dorsomedial and orbitofrontal lobe, respectively [21, 22].
A recent study of amyotrophic lateral sclerosis (ALS)-
FTD showed that neurodegeneration of the dorsolateral
prefrontal cortex corresponded to executive dysfunction;
anterior cingulate cortex and dorsomedial prefrontal
atrophy with apathy; and orbitofrontal atrophy with dis-
inhibition [23].

We hypothesize similar associations in CTE. Published
autopsy studies by our team have linked CTE p-tau sever-
ity with increased odds for antemortem dementia, based
on informant-reported symptoms and judgment from a
panel of expert clinicians [6, 24, 25]. Mez et al. evaluated
the validity of the 2014 TES research diagnostic criteria
and found that CTE p-tau pathology was associated with
the presence of informant-reported cognitive but not
behavioral or mood symptoms in 309 brain donors (244
with CTE) [11].

Detailed investigations on the association between
CTE p-tau pathology and the various clinical features
described in CTE have yet to be performed. The het-
erogeneity of clinical features observed in CTE might
be explained by the regions that p-tau occupies, along
with overall p-tau density. As in AD and frontotemporal
dementia (FTD), p-tau aggregates in CTE affect neuro-
anatomical regions that modulate cognitive, mood, and
behavior functions. For example, frontal p-tau aggrega-
tion is prominent in CTE and could contribute to execu-
tive dysfunction, neurobehavioral dysregulation, and
apathy. Stage III and IV CTE involve p-tau aggregation in
limbic system structures (e.g., hippocampus, entorhinal




Alosco et al. Molecular Neurodegeneration (2024) 19:10

cortex, amygdala) known to modulate memory, mood,
and behaviors.

Increased understanding of the association between
CTE p-tau pathology and clinical symptoms will inform
future clinical research diagnostic criteria and poten-
tial avenues for intervention. Here, we investigated the
association between regional and density of CTE p-tau
pathology across 10 brain regions and tested their asso-
ciations with various cognitive, neuropsychiatric, and
functional features described in the 2021 TES research
diagnostic criteria.

Methods

Study design and brain donors

The sample included 364 deceased individuals who
donated their brain to the Understanding Neurological
Injury and Traumatic Encephalopathy (UNITE) brain
bank as part of the UNITE research study [10]. The sam-
ple included only brain donors neuropathologically diag-
nosed with CTE. Most brain donations to the UNITE
study originated with the next-of-kin contacting the brain
bank near the time of death. Other brain donors were
referred by medical examiners, recruited by a representa-
tive of the CLF, or participated in the Brain Donation
Registry during life. Inclusion criterion for donation is
having a history of exposure to RHI such as from contact
and collision sport play, military service, physical vio-
lence, or other sources. Eligibility for brain bank enroll-
ment is not determined by antemortem symptomatic
status. Institutional review board (IRB) approval for brain
donation, post-mortem clinical record review, interviews
with informants, and neuropathological evaluation were
obtained through the Boston University Medical Campus
(BUMC) IRB. Informed consent for brain donation and
study enrollment was obtained from the brain donors’
next-of-kin.

Neuropathological diagnoses

Neuropathological evaluation occurred blinded to clinical
data and was reviewed by study neuropathologists (VEA,
BRH, TDS, ACM). Discrepancies in the neuropathologi-
cal diagnosis were resolved by discussion and consensus
of the group. Neuropathological processing and evalua-
tion methods have been described [26, 27]. 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 (Af3), and phosphorylated TDP-
43 (pTDP-43). Neuropathological diagnosis of CTE was
made using criteria defined by the NINDS-NIBIB Con-
sensus Conference [4, 5]. The 2015 panel defined the
pathognomonic lesion of CTE as “an accumulation of
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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”
[5]. This definition was refined in 2021 to require perivas-
cular p-tau in neurons, with or without astrocytes, and
the presence of at least one pathognomonic p-tau lesion
in the cortex” [4]. The UNITE study has historically fol-
lowed this criterion for the neuropathological diagnosis
of CTE. CTE p-tau pathology was classified into four
stages using the McKee staging criteria [6]. Established
criteria were used for the neuropathological diagnosis of
other neurodegenerative diseases, including AD (NIA-
Reagan Institute criteria) [28], Lewy body disease (LBD)
[29], frontotemporal lobar degeneration (FTLD) [26, 27,
30], and motor neuron disease (MND) [31]. Of note, CTE
and primary age-related tauopathy (PART) can be dif-
ficult to differentiate due to overlap in regions affected.
PART was determined using consensus criteria [32]. In
participants meeting criteria for both CTE and PART,
NFTs in CA4 were considered indicative of higher stage
CTE; in the setting of advanced age and significant tangle
burden in the entorhinal cortex, NFTs in CAl were not
considered indicative of higher stage CTE.

Regional P-tau assessment

Assessments of the density of neuronal p-tau pathol-
ogy were performed by the study neuropathologists at
the time of initial diagnosis (blinded to all data with the
exception of age) using semi-quantitative rating scales
(0=none, 1 =mild, 2=moderate, 3=severe). Semi-quan-
titative rating systems adhere to the National Alzheimer’s
Coordinating Center (NACC) guidelines and recommen-
dations [33]. These ratings are routine for all brain donors
and allow for assessment of many cortical and subcortical
regions throughout the brain. Our team of neuropatholo-
gists has been shown to have good inter-rater reliabil-
ity using these rating scales [6]. AT8-immunostained,
10 pm thick paraffin-embedded sections of the follow-
ing 10 regions were examined for this study (one section
per stain per region): dorsolateral frontal cortex (DLFC),
inferior frontal cortex (IFC), inferior parietal cortex
(IPC), superior temporal cortex (STC), CAl-hippocam-
pus, CA2-hippocampus, CA4-hippocampus, entorhinal
cortex (EC), amygdala, and the locus coeruleus (LC, at
the level of dorsal pons). Neuronal p-tau was assessed,
and the entire gray matter was examined for cortical
regions and the targeted subcortical structures. Subnu-
clei of the amygdala were not delineated. These regions
were a priori selected because of their involvement in
CTE [2, 5, 6, 8] and their known role in modulating cog-
nitive, mood, and behavioral functions. Objectives of this
study included examination of both the density and loca-
tion of p-tau. As a single measure of overall p-tau density,



Alosco et al. Molecular Neurodegeneration (2024) 19:10

we summed the rating scores across all 10 regions to
form a global composite of p-tau severity (possible score
range: 0—30). For the examination of regional p-tau,
the DLFC and IFC were summed to form a frontal cor-
tex composite (FC, possible score range: 0—6) and CAl,
CA2, and CA4 were summed to create a hippocampal
(HC) composite (possible score range: 0—9). The remain-
ing regions (ie., IPC, STC, EC, amygdala, and LC) were
examined separately due to their more distinct neuroana-
tomical location.

Informant interviews and standardized clinical scales
Methods and procedures for the retrospective evalua-
tions of brain donors have been described in detail else-
where [10, 24]. The evaluations of the brain donors were
performed using online surveys and structured (e.g.,
questionnaires pertaining to cause of death, medical his-
tory, psychiatric history) and semi-structured (e.g., Ohio
State University TBI Identification Method Short Form,
modified Structured Clinical Interview for DSM) tel-
ephone interviews between researchers and informants
of donors, all of whom were blinded to neuropathologic
findings. On average, informants knew the donors for
42.55 (SD=16.11) years. Medical record review is also
completed. The evaluation is done in stages (five parts)
and time to completion varies but efforts are made to
complete all parts of the evaluation as soon as possible.
Most pertinent to this study, the protocol involves the
administration of standardized scales that assess cog-
nitive function, neurobehavioral dysregulation, symp-
toms of depression and apathy, and daily function of the
brain donors prior to death or at their worst (for those
symptoms that tend to fluctuate over time, such as neu-
ropsychiatric symptoms). All scales were modified to be
appropriate for retrospective assessments by informants.
The domains assessed and scales administered included:

Cognitive function
The Behavior Rating Inventory of Executive Function-
Adult Version (BRIEF-A) Metacognition Index (MI) [34]
and the Cognitive Difficulties Scale (CDS) [35] assessed
informant-reported cognitive concerns. The BRIEF-A is
a well-validated, 75 item measurement of executive func-
tion behaviors. Informants rated how often each behav-
ior had been a problem on a three-point scale (1 =never,
2=sometimes, 3 =often); higher scores indicate greater
dysfunction. The BRIEF-A MI (40 items, range: 40—120)
is a subscale of the BRIEF-A and reflects aspects of
cognitive executive functions including activity initia-
tion, problem-solving, working memory, planning, and
organization.

The CDS is a 39-item instrument used to assess cog-
nitive difficulties in attention, memory, perception,
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and psychomotor abilities [35]. Responses were made
on a 5-point scale (O=not at all, 4=very often). Scores
are summed for a global composite (range: 0—156) that
served as an outcome; higher scores represent more cog-
nitive concerns. Factor analyses on the CDS have been
performed to derive sub-domain cognitive composites
[36, 37]. However, there is scarce research on the CDS in
an aging and dementia setting and none in a neurodegen-
erative disease brain bank. We therefore conducted a fac-
tor analysis on the CDS to derive factor scores that tap
into different aspects of cognitive function (see Statistical
Analyses section). In addition to the CDS total score, the
derived CDS cognitive domain factor scores also served
as outcomes.

Daily function

The Functional Activities Questionnaire (FAQ) is a
10-item scale of instrumental activities of daily living and
scores range from 0 to 30, with higher scores reflecting
greater severity of functional impairment [38]. A score of
> 9 is indicative of functional impairment.

Neurobehavioral dysregulation

Neurobehavioral dysregulation was assessed by the
BRIEF-A BRI [34], Barratt Impulsiveness Scale (BIS-11)
[39],and the Brown-Goodwin Aggression Scale [40]. The
BRIEF-A BRI (30 items, range: 30—90) is another sub-
scale of the BRIEF-A and reflects an individual’s abil-
ity to control impulses and self-monitor their behavior.
The BIS-11 is a 30-item questionnaire designed to assess
impulsiveness in three domains: motor, non-planning,
and attention. BIS-11 items are ranked on a four-point
Likert-type scale, where higher scores reflect more
impulsive behaviors (range: 30—120). The Brown-Good-
win Aggression Scale is a 16-item assessment of life-
time (i.e., childhood, adolescence, adulthood) history of
aggressive and impulsive behavior (verbal and/or physi-
cal). Informants rated the observed frequency of specific
aggressive behaviors on a five-point scale (range: 11—44).
A higher score indicates a higher frequency of aggressive
behaviors. We only used the adulthood subsection of the
Brown-Goodwin to reduce possibility of responses being
reflective of lifelong and neurodevelopmentally-related
aggression.

Depression and apathy

Symptoms of depression and apathy are supportive fea-
tures of TES and were evaluated by the Geriatric Depres-
sion Scale 15-item version (GDS-15) [41, 42] and the
Apathy Evaluation Scale (AES) [43], respectively. The
GDS-15 is a 15-item yes/no checklist of depression
symptoms (range: 0—15), with higher scores represent-
ing more severe symptoms of depression. The AES is an
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18-item self-report measure of the cognitive, behavioral,
and emotional symptoms of apathy. Informants ranked
each symptom using a four-point Likert scale (1="“not
at all characteristic, 4="very characteristic”; range:
18—72). Higher total AES scores indicate worse apathy.

Demographic, athletic, RHI and TBI, and clinical history
Demographics, educational attainment, athletic history
(type of sports played, level, position, age of first expo-
sure and duration), military history, and traumatic brain
injury history were queried during a telephone interview
and/or using an online questionnaire. Medical records
supplemented these sources. Here, we also specifically
report on the presence of vascular risk factors and his-
tory of substance use due to their potential confounding
of associations being investigated. Vascular risk factors
included reported diagnostic history (absent/present)
of hypertension and obstructive sleep apnea (OSA) [44,
45]. Informants were also asked if brain donors had ever
received treatment for substance use and this served as
an indicator of substance use severity as it is less influ-
enced by informant recall.

Statistical analyses

CDS factor analysis

A confirmatory factor analysis of the CDS was performed
to derive domain-level cognitive factor scores. A clini-
cal neuropsychologist (MLA) and behavioral neurologist
(JM) assigned each item of the CDS to one of four cog-
nitive domains, specifically attention, memory, language,
and motor. These domain assignments were guided by
previous factor analyses on the CDS [36, 37]. Based on
the expert assignment, a multidimensional item response
theory (MIRT) model was used to derive the CDS fac-
tor scores. We compared two models: nominal response
model (NRM), which does not assume that response
categories are ordered and can be used on nominal or
ordinal scale data, and generalized partial credit model
(GPCM), which is used when response categories may/
may not be ordered and the categories may not have been
used equally. Because the NRM had the smaller AIC, we
used it as our final model and extracted the factor score
estimates. Root mean square error of approximation
(RMSEA), comparative fit index (CFI), and the Tucker
Lewis Index (TLI) assessed model fit.

Analytic plan

Multivariable ordinary least squares (OLS) regression
analyses examined the association between global p-tau
severity and p-tau severity in each region with each of
the clinical scales. The independent variables included
the global and regional (ie., FC, IPC, STC, HC, EC,
amygdala, and LC) measures of p-tau severity, with each
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p-tau measure included in a separate model. The depend-
ent variables included the clinical scales [i.e., cognitive/
functional (BRIEF-A MI, CDS-total, CDS-attention,
CDS-memory, CDS-language, CDS-motor, FAQ) and
neuropsychiatric (BRIEF-A BRI, BIS-11, Brown-Good-
win-Adult, GDS-15, AES)] completed by the informants,
with each scale or factor score included in a separate
model. All models were adjusted for age at death, racial
identity, education level, history of hypertension and
OSA, and history of substance use treatment. Parameter
estimates were standardized. For the regional p-tau mod-
els, false discovery rate (FDR) adjustment was based on
seven analyses (i.e., seven regions) for each clinical scale.
Sample sizes varied due to missing data across the stand-
ardized scales and model variables.

The above analyses did not account for correlation in
p-tau pathology across regions. By accounting for this
correlation, we could also investigate which regions may
be driving the associations, independent of the effects
from the other regions. Pairwise correlations among the
regional measures of p-tau severity and age are presented
in Supplemental Fig. 1 and showed a high correlation
among the regions. To address concerns for multicollin-
earity and resulting unstable (large variance) parameter
estimates, multivariable ridge regression was performed.
Ridge regression is a parameter shrinkage approach used
when the independent variables are highly correlated.
Compared with OLS regression, ridge regression pro-
vides more precise parameter estimates due to smaller
variances. Separate ridge regressions that included the
seven regional p-tau measures and the same covariates
as above were performed for each clinical scale/factor
outcome.

To investigate how comorbid pathology may have
impacted the observed relationships, we performed two
sensitivity analyses: 1) Models were repeated with the
Consortium to Establish a Registry for AD (CERAD)
neuritic plaque score, limbic/neocortical LBD and FTLD
added as additional covariates, and 2) Models were
repeated after restricting the sample to donors without
comorbid neurodegenerative disease, defined as AD,
LBD, FTLD, and/or MND.

Results

Sample characteristics

Tables 1 and 2 present sample demographic, athletic,
and neuropathology characteristics of the 364 brain
donors with autopsy confirmed CTE. The sample
was predominantly former American football play-
ers (333/364, 91.2%) who played at the college level or
higher. Fifty-five (15.1%) self-reported being Black. One
hundred forty (40.5%) had low (i.e., stage I and II) CTE.
Two hundred thirty (63.2%) had CTE without other
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Table 1 Sample Characteristics

(2024) 19:10

Page 6 of 19

Table 1 (continued)

Total Sample (N=364)

Total Sample (N=364)

Demographics
Age of death, mean (SD) years
Race, n (%) Black
Education Level, n (%)
Some High School
High School Diploma/GED
Some College
College Degree
More than College
Graduate Degree
APOE e4 carriers
Athletics
Sport Played, n (%)°
Football
Ice hockey
Wrestling
Soccer
Boxing
Skiing
Rugby
Lacrosse
Other
Years of Football Play, mean (SD)
Highest Level Football Played, n (%)
Youth
High school
College
Semi-Professional
Professional
Military history, n (%)
Medical Characteristics, n (%)
Hypertension
Obstructive sleep apnea
Substance use treatment
Neuropathological Characteristics
CTE stage, n (%)
Stage |
Stage Il
Stage lll
Stage IV
Alzheimer's disease, n (%)
Braak Stage, n (%)
0
/1l
/v
V/VI
CERAD neuritic plaque score, n (%)
None
Sparse

6248 (19.16)
55(15.1)

2(05)

10 (2.7)
72(19.7)
190 (52.2)
18 (4.9)

13.71 (5.60)

5(1.5)
25(7.5)
115(34.5)
9(27)
179 (53.8)
89 (24.5)

182 (50.8)
91 (25.8)
81(224)

71(19.5)
69 (19.0)
128 (35.2)
96 (26.4)
51(14.0)

75(20.8)
89 (24.7)
134 (37.1)
63(17.5)

236 (64.8)
86 (23.6)

Moderate 27 (7.4)
Severe 15 (4.1
Thal Phase, n (%)
0 162 (44.6)
172 54 (14.9)
3 49(13.5)
4/5 98 (27.0)
Lewy body disease, n (%) neocortical 35(9.6)
Frontotemporal lobar degeneration, n (%) 35 (9.7)
Motor neuron disease, n (%) 13 (3.6)

No comorbid neurodegenerative pathol- 234
ogy

Abbreviations: CTE Chronic traumatic encephalopathy

2 Categories are not mutually exclusive and there were 31 who did not play any
American football

Missing data: n= 149 for APOE; n=3 for highest level football played,
frontotemporal lobar degeneration; n=11 for obstructive sleep apnea; n=6 for
hypertension; n=2 for substance use treatment; n=1 for Thal phase

neurodegenerative disease diagnoses (i.e., CTE-only).
The remaining sample had co-morbid neurodegenera-
tive disease diagnoses, with the most common being
AD. As shown in Table 1, 88.4% of the cases had none
or sparse neuritic amyloid plaques.

Figure 1 shows representative images of p-tau pathol-
ogy across the ten regions assessed in the study in a
71-year-old former professional American football
player with severe (stage IV) CTE. Ratings of p-tau
(Table 2) were most severe in MTL regions (particu-
larly the amygdala and EC). Of the hippocampal sub-
fields, CA1 was most severely affected, followed by CA2
and then CA4. The LC and DLFC were also among the
regions most affected. Table 3 presents summary scores
on the clinical scales for the full sample and stratified
by CTE severity (i.e., stage I/II and stage III/IV) among
those without comorbid neurodegenerative pathology.
Impairment was common in cognitive function; 254
(75.8%) had elevated T-scores on the BRIEF-A MI (i.e.,
T-score > 65) and 204 (58.6%) had an FAQ >9, consid-
ered meaningful functional impairment. There were
high rates of elevated scores on the AES [265 (80.1%)
had an AES >34] and GDS-15 [265 (78.6%) had a GDS-
15 score >4].] Clinically meaningful symptoms of neu-
robehavioral dysregulation were present in 245 (73.1%;
i.e., T-score > 65 on the BRIEF-A BRI). Compared with
donors with CTE stage I/II, donors with CTE stage III/
IV had higher (worse) scores on cognitive and func-
tional scales and similar scores on scales of behavioral
dysregulation, depression and apathy.
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Table 2 Semi-quantitative ratings of p-tau severity, n (%)

Dorsolateral frontal cortex, n =360

None
Mild
Moderate

Severe

Inferior frontal cortex, n=352

None
Mild
Moderate

Severe

Superior temporal cortex, n=358

None
Mild
Moderate

Severe

Inferior parietal cortex, n=358

None

Mild

Moderate

Severe
CA1-hippocampus, n=356

None

Mild

Moderate

Severe
CA2-hippocampus, n=351

None

Mild

Moderate

Severe
CA4-hippocampus, n=355

None

Mmild

Moderate

Severe
Entorhinal cortex, n=359

None

Mild

Moderate

Severe
Amygdala, n=358

None

Mild

Moderate

Severe
Locus coeruleus, n=337

None

Mild

Moderate

Severe

30(8.3)
103 (28.6)
96 (26.7)
131 (36:4)

79(22.4)
122 (34.7)
83(23.6)
68 (19.3)

56 (15.6)
93 (26.0)
100 (27.9)
109 (30.4)

87 (24.3)
119(33.2)
63 (17.6)
89 (24.9)

72(20.2)
124 (24.8)
63(17.7)
97 (27.2)

102 (29.1)
91(25.9)
86 (24.5)
72(20.5)

93(26.2)
133(37.5)
57 (16.1)
72(203)

38(10.6)
74 (20.6)
94 (26.2)
153 (42.6)

47 (13.1)
74 (20.6)
94 (26.2)
153 (42.6)

23(6.8)

72(214)
131 (38.9)
111 (32.9)

Sample sizes vary due to missing data. Abbreviations: CTE Chronic traumatic

encephalopathy
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Supplemental Table 1-3 present sample demo-
graphic, athletic, and neuropathological characteris-
tics of the CTE-only group. Compared with the full
sample, the CTE-only group was younger (mean dif-
ference=17.2 years; p<0.01), had less severe p-tau
pathology, particularly in the cortical regions, and had
lower (better) scores on scales of cognitive and daily
function.

CDS factor analysis

The factor analysis of the CDS using the NRM showed
reasonable model fit (RMSEA=0.11, TLI=0.88,
CFI=0.91). Supplemental Fig. 2 shows the four factors
and associated scale item loadings.

Investigating regions individually with multivariable

OLS regression: associations between P-Tau severity

and standardized clinical scales

A summary of regression models are provided in
Tables 4 and 5. Figures 2 and 3 present forest plots of the
estimated effects between regional p-tau pathology and
the clinical scales. Below, we summarize the results by
regional location of p-tau.

Global P-tau severity

Multivariable linear regressions adjusted for age, race,
education level, hypertension, OSA, and substance
use treatment showed statistically significant associa-
tions between the global p-tau severity composite and
scales of cognitive function and daily function: BRIEF-
A MI (standardized beta=0.02, 95% CI=0.01-0.04,
p=0.01), CDS total score (standardized beta=0.02, 95%
CI=0.01-0.04, p=0.01), CDS-Attention (standardized
beta=0.03, 95% CI=0.01-0.04, p<0.01), CDS-Memory
(standardized beta=0.02, 95% CI=0.00-0.04, p=0.02),
CDS-Language (standardized beta=0.02, 95% CI=0.01-
0.0404, p=0.01), CDS-Motor (standardized beta=0.03,
95% CI=0.01-0.04, p<0.01), and FAQ (standardized
beta=0.03, 95% CI=0.01-0.04, p<0.01). Greater sever-
ity of p-tau was associated with worse cognitive and daily
function. The global p-tau severity composite was not
associated with the neuropsychiatric scales (ps>0.10 for
all).

Frontal cortex

P-tau severity in the FC was significantly associated with
all cognitive (i.e., BRIEF-A MI, CDS total, CDS-Atten-
tion, CDS-Memory, CDS-Language, CDS-Motor) and
daily function (i.e., FAQ) scales (standardized beta range:
0.23-0.30; ps,gj<0.01). Among the neuropsychiatric
scales, FC p-tau severity was associated with the BRIEF-
A BRI (standardized beta: 0.21; p,;<0.01), a measure
of behavioral dysregulation. For all associations, greater
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Fig. 1 Regional Hyperphosphorylated Tau Pathology in CTE. Photomicrographs of AT8 immunostained cortical neurofibrillary tangles (NFTs),
neurites, and astrocytic inclusions around small central vessels within the depths of sulci in a 71- year-old former professional American
football player with stage IV CTE in the dorsolateral frontal cortex (a), inferior frontal cortex (b), inferior parietal cortex (c), superior temporal
cortex (d), globose NFTs and neurities in the locus coeruleus (e), NFTs in the CA1 (f), CA2 (g) CA4 (h) hippocampal subfields, NFTs and neurites
in the entorhinal cortex (i) layer 4 and basal nucleus of the amygdala (j). Scale bar=100um

Table 3 Descriptive statistics of informant-completed standardized clinical scales

Total Sample of Brain Donors with
CTE (including donors with comorbid

CTE Stage I/11*(excluding donors
with comorbid neurodegenerative

CTE Stage Il/IV?(excluding donors
with comorbid neurodegenerative

neurodegenerative pathology) pathology) pathology)
Mean SD Impaired; n (%) Mean SD Impaired; n (%) Mean SD Impaired; n (%)
Cognitive Function
CDS, n=336 92.99 47.32 - 64.24 36.25 - 91.73 43.25 -
BRIEF-A MI, n=335 89.01 21.81 254 (75.8) 84.49 21.27 67 (65.7) 86.81 20.44 86 (76.8)
Daily Function
FAQ, n=348 14.73 11.57 204 (58.6) 5.80 713 24(22.2) 15.52 11.09 76 (66.1)
Neurobehavioral Dysregulation
BIS-11,n=333 723 16.27 - 75.56 16.88 - 72.89 15.09 -
BRIEF-A BRI, n=335 65.07 15.32 245 (73.1) 65.62 15.10 72 (70.6) 65.14 1535 84 (75.0)
Brown-Goodwin- 17.36 6.04 - 21.77 6.91 - 20.71 7.09 -
Adult Sum, n=315
Depression and Apathy
GDS-15,n=337 8.81 441 265 (78.6) 941 4.76 78 (76.5) 858 4.17 91 (79.8)
AES, n=331 48.40 14.31 265 (80.1) 4415 14.23 71(71.7) 48.54 13.25 93(83.8)

Abbreviations: CTE Chronic traumatic encephalopathy, CDS Cognitive Difficulties Scale, BRIEF-A Behavior Rating Inventory of Executive Function for Adults, M/
Metacognition Index, FAQ Functional Activities Questionnaire, BIS-11 Barratt Impulsiveness Scale, GDS Geriatric Depression Scale, 15-item version, AES Apathy
Evaluation Scale, AD Alzheimer’s disease, LBD Lewy body disease, FTLD Frontotemporal lobar degeneration, MND Motor neuron disease

Note. Sample sizes vary across scales due to missing data and are based on the total sample. BRIEF-A Ml and BRI are T-scores and a T > 65 reflects clinically meaningful
symptoms of executive dysfunction and behavioral dysregulation, respectively. A score of 9 or higher on the FAQ is indicative of functional impairment and scores
of 5and 34 or higher on the GDS-15 and AES represent clinically meaningful symptoms of depression and apathy, respectively. For the remaining scales, strongly

supported cutoffs have not been identified in the literature

4 Brain donors with comorbid neurodegenerative pathologies were excluded (i.e., AD, LBD, FTLD, MND)

p-tau severity corresponded to higher (i.e., worse) scores
on the scales. FC p-tau severity was not associated with
the AES, Brown-Goodwin, GDS-15, or BIS-11 (ps>0.05).

Superior temporal cortex

Greater p-tau severity in the STC corresponded to higher
(i.e., worse) scores on measures of cognitive and daily
function, including the CDS total, CDS-Attention, CDS-
Memory, CDS-Language, and FAQ (standardized beta

range: 0.18-0.21, ps,4;<0.01 for all). No other significant
associations were noted for this region.

Inferior parietal cortex
IPC p-tau severity was significantly associated with
higher (i.e., worse) scores on all cognitive and functional
scales (standardized beta range: 0.21-0.26, ps,q;<0.01).
The IPC was not associated with any of the neuropsychi-
atric scales (ps>0.10).
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Outcome Estimate [95% CI]
Frontal
FAQ : o 0.26 [ 0.16, 0.36
BRIEF-A MI : P 0.28[0.17, 0.40
CDS-Total : [ 0.29[0.18, 0.40
CDS-Attention : T 0.30[0.19, 0.41
CDS-Memory : 0.28[0.17,0.39
CDS-Language : 0.29(0.17,0.40
CDS-Motor : ] 0.23[0.12, 0.35,
Superior Temporal :
AQ : . 0.21[0.11,0.30
BRIEF-A MI . — 0.13[0.01, 0.25
CDS-Total e — 0.18 [ 0.06, 0.29
CDS-Attention : ] 0.19[0.08, 0.31
CDS-Memory L 0.18(0.07,0.29
CDS-Language : —_— 0.19[0.08, 0.30
CDS-Motor H —— | 0.13[0.01,0.24
Inferior Parietal :
FAQ : . 0.22[0.13,0.31
BRIEF-A MI . — 0.21[0.09, 0.33
CDS-Total : e 0.25(0.14, 0.35
CDS-Attention : 0.26 [ 0.15, 0.37
CDS-Memory : 0.26 [ 0.15,0.36
CDS-Language : e 0.24[0.13,0.35
CDS-Motor : [ 0.23(0.11,0.34
Hippocampus :
FAQ - 0.05 [-0.06, 0.16
BRIEF-A MI : 0.03 [-0.11, 0.16
CDS-Total — -0.01 [-0.14, 0.11
CDS-Attention E——— 0.00 [-0.13, 0.13
CDS-Memory | -0.06 [-0.18, 0.07
CDS-Language | -0.03 [-0.16, 0.10
CDS-Motor . 0.07 [-0.05, 0.20
Entorhinal :
FAQ e 0.08 [-0.03, 0.19
BRIEF-A MI [ 0.01[-0.12,0.14
CDS-Total . — 0.01[-0.11,0.13
CDS-Attention | S| 0.03 [-0.10, 0.15]
CDS-Memory —-] -0.03 [-0.15, 0.10
CDS-Language [ S 0.02 [-0.10, 0.15
CDS-Motor - 0.06 [-0.06, 0.19
Amygdala :
FAQ : oo 0.22[0.11,0.33
BRIEF-A MI : 0.17 [ 0.04, 0.31
CDS-Total : 0.17 [ 0.04, 0.29
CDS-Attention b 0.20(0.07,0.33
CDS-Memory e 0.14[0.01,0.26
CDS-Language I 0.19[0.06, 0.32
CDS-Motor P 0.19[0.07,0.32
Locus coeruleus :
FAQ ) -0.00 [-0.10, 0.09
BRIEF-A MI : -0.03 [-0.15, 0.09
CDS-Total R -0.04 [-0.15, 0.06
CDS-Attention -— -0.06 [-0.17, 0.05
CDS-Memory - -0.06 [-0.17, 0.05
CDS-Language - -0.06 [-0.17, 0.05
-0.13, 0.09

CDS-Motor (R -0.02

T T T T T T T T 1
04 03 -02 01 0 01 02 03 04
Univariable coefficient
Fig. 2 Forest Plot of The Estimated Effects of Regional P-tau Pathology on Standardized Cognitive Scales. Legend: Standardized estimates
and associated 95% confidence intervals are from the multivariable OLS regression models (Table 4). The whiskers represent the 95% confidence
intervals. Regional p-tau severity was rated on a 0-3 scale with 0 being none and 3 being severe. Frontal is a summary composite of the dorsolateral
frontal cortex and the inferior frontal cortex. CA1, CA2, and CA4 were summed to create the hippocampus composite. For all clinical scales, higher
scores are worse. Abbreviations: OLS Ordinary least squares, CDS Cognitive Difficulties Scale, BRIEF-A Behavior Rating Inventory of Executive Function
for Adults, MI Metacognition Index, FAQ Functional Activities Questionnaire

Entorhinal cortex Amygdala
EC p-tau severity was not associated with any of the  Greater p-tau severity in the amygdala was associated
clinical scales (ps>0.10). with higher (i.e., worse) scores on the cognitive and
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Table 5 Association between regional p-tau and scales of neurobehavioral dysregulation, depression, and apathy: summary of

multivariable OLS regression results

BRIEF-A BRI (n=285) BIS-11 (n=283) Brown Goodwin GDS-15 (n=286) AES (n=281)
(n=263)
P-tau ratings b 95% CI Padj b 95% CI Pagj b 95% ClI P.gj b 95% Cl Pagj P 95% CI Padj
Frontal 021 008,034 <001 011 -0.01,024 035 -006 -0.19,007 053 010 -003,022 04 012 -001,024 035
Superior temporal  0.10  -0.02,023 033 004 -008,0.16 094 -006 -0.18,007 053 005 -0080.17 055 007 -00502 056
Inferior parietal 010 -0.02,023 033 0.03 -0.1,015 094 -007 -02,005 043 007 -006,0.19 040 0.3 001,025 030
Amygdala 007 -008,021 075 006 -00802 094 004 -01,019 070 005 -009019 055 011 -003,026 041
Entorhinal -003 -0.16,0.11 091 0.04 -0.09,017 094 003 -0.11,016 072 008 -005022 040 002 -0.11,016 0.76
Hippocampus 004 -0.10,018 091 <0.01 -0.14,014 097 010 -0.04,024 034 011 -003,025 040 004 -01,018 076
Locus coereulus 001  -0.11,014 091 0.01 -0.11,013 097 003 -0.1,015 072 001 -011,013 088 003 -0.09 015 076

Abbreviations: OLS Ordinary least squares, BRIEF-A Behavior Rating Inventory of Executive Function for Adults, BRI Behavioral Regulation Index, BIS-11 Barratt
Impulsiveness Scale, GDS Geriatric Depression Scale, 15-item version, AES Apathy Evaluation Scale

Estimates are standardized betas. Regional p-tau severity was rated on a 0-3 scale with 0 being none and 3 being severe. Frontal is a summary composite of the
dorsolateral frontal cortex and the inferior frontal cortex. CA1, CA2, and CA4 were summed to create the hippocampus composite. Each region was examined without
other regions in the model. For all clinical scales, higher scores are worse. P-values were false discovery rate adjusted using the Benjamini-Hochberg procedure.
Models were adjusted for age at death, racial identity, education level, history of hypertension and obstructive sleep apnea, and history of substance use treatment

functional scales, including CDS total score, CDS-Atten-
tion, CDS-Language, CDS-Motor, and the FAQ (stand-
ardized beta range: 0.17-0.22, ps,4;<0.05). Amygdala
p-tau severity was not associated with any of remaining
clinical scales (ps > 0.10 for all).

Hippocampus
P-tau severity in the hippocampus was not associated
with any of the clinical scales (ps>0.10 for all).

Locus coeruleus
P-tau severity in the locus coeruleus was not associated
with any of the clinical scales (ps>0.10 for all).

Investigating regions jointly with multivariable ridge
regression: associations between P-Tau severity

and standardized clinical scales

Ridge regression models were performed to identify
which regions had p-tau pathology associated with the
clinical scales, independent of the other regions. Ridge
regression reduces concerns about multicollinearity
between regions (Supplemental Fig. 1). Results are sum-
marized in Table 6. P-tau pathology in the FC showed
significant associations across all scales of cognitive func-
tion (standardized beta range: 0.14—0.24), daily function
(FAQ; standardized beta: 0.16), and behavioral dysregu-
lation (BRIEF-A BRI; standardized beta: 0.11). P-tau
pathology in the amygdala and IPC were the only other
regions that continued to be significantly associated with
any of the scales. Specifically, amygdala p-tau pathology
was significantly associated with the FAQ (standardized
beta: 0.13). IPC p-tau pathology was significantly asso-
ciated with CDS total, CDS-Attention, CDS-Memory,

CDS-language and CDS-Motor (standardized beta range:
0.11-0.16). The amount of the variance in the scales
explained (R?) by the full ridge regression models differed
markedly (from largest to smallest): FAQ: 0.49; CDS total:
0.36; CDS memory: 0.36; CDS language: 0.34; CDS atten-
tion: 0.33; CDS motor 0.30; Brown-Goodwin: 0.14; BIS:
0.14; BRIEF-A MI: 0.13; AES: 0.09; BRIEF-A BRI: 0.08;
GDS: 0.06.

Sensitivity analyses: role of comorbid neurodegenerative
pathology

Supplemental Table 4 and 5 summarize the results from
the OLS regression analyses separately investigating the
relationship between p-tau pathology in each region
and standardized scales, after adding the CERAD neu-
ritic plaque score, limbic/neocortical LBD and FTLD
as covariates. Supplemental Table 6 summarizes the
results from ridge regression jointly investigating the
relationship between p-tau pathology in each region
and standardized scales, after adding the CERAD neu-
ritic plaque score, limbic/neocortical LBD and FTLD
as covariates. In general, estimated effect sizes were
reduced, but associations between frontal p-tau and
cognitive and functional scales remained significant.
Supplemental Table 7 and 8 summarize the results
from the OLS regression analyses separately investigat-
ing the relationship between p-tau pathology in each
region and standardized scales, after restricting the
sample to donors without comorbid neurodegenerative
disease. Supplemental Table 9 summarizes the results
from ridge regression jointly investigating the relation-
ship between p-tau pathology in each region and stand-
ardized scales, after restricting the sample to donors
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Outcome Estimate [95% Cl]
Frontal :
Brown-Goodwin } - -0.06 [-0.19, 0.07
BIS-11 e — 0.11[-0.01, 0.24
BRIEF-A BRI : N 0.21[0.08, 0.33
AES i — 0.12[-0.01, 0.24
GDS-15 pr - 0.10 [-0.03, 0.22
Superior Temporal :
Brown-Goodwin o -0.06 [-0.18, 0.07
BIS-11 . 0.04 [-0.08, 0.16
BRIEF-A BRI [ | 0.11 [-0.02, 0.23
AES [ — 0.07 [-0.05, 0.20
GDS-15 e i 0.05[-0.08, 0.17
Inferior Parietal
Brown-Goodwin | -0.07 [-0.20, 0.05
BIS-11 ] 0.03 [-0.10, 0.15
BRIEF-A BRI L 0.11[-0.01, 0.23
AES . S— 0.13[0.01, 0.25
GDS-15 ] 0.07 [-0.06, 0.19
Hippocampus :
Brown-Goodwin I | 0.10 [-0.04, 0.24
BIS-11 } - { -0.00 [-0.14, 0.14
BRIEF-A BRI e 0.04 [-0.10, 0.18
AES [ 0.04 [-0.10, 0.18
GDS-15 I 0.11 [-0.03, 0.25
Entorhinal i
Brown-Goodwin N T 0.03 [-0.11, 0.16
BIS-11 o 0.04 [-0.09, 0.17
BRIEF-A BRI L e -0.02 [-0.16, 0.11
AES  A— 0.02 [-0.11, 0.16
GDS-15 ! 0.08 [-0.05, 0.22
Amygdala :
Brown-Goodwin —-] 0.04 [-0.10, 0.19
BIS-11 | 4 0.06 [-0.08, 0.20
BRIEF-A BRI . 0.07 [-0.07, 0.22
AES . 0.11 [-0.03, 0.26
GDS-15 A 0.05[-0.09, 0.19
Locus coeruleus :
Brown-Goodwin b 0.03 [-0.10, 0.15
BIS-11 I 0.01[-0.11,0.13
BRIEF-A BRI } - | 0.00[-0.12, 0.12
AES - 0.03 [-0.09, 0.15
GDS-15 0.01[-0.11, 0.13

02 01 0

0.1 02

T T 1
03 04

Univariable coefficient
Fig. 3 Forest Plot of The Estimated Effects of Regional P-tau Pathology on Standardized Scales of Neurobehavioral Dysregulation, Depression,
and Apathy. Legend: Standardized estimates and associated 95% confidence intervals are from the multivariable OLS regression models (Table 4).
The whiskers represent the 95% confidence intervals. Regional p-tau severity was rated on a 0-3 scale with 0 being none and 3 being severe.
Frontal is a summary composite of the dorsolateral frontal cortex and the inferior frontal cortex. CA1, CA2, and CA4 were summed to create
the hippocampus composite. For all clinical scales, higher scores are worse. Abbreviations: OLS Ordinary least squares, BRIEF-A Behavior Rating
Inventory of Executive Function for Adults, BRI Behavioral Regulation Index, BIS-11 Barratt Impulsiveness Scale, GDS Geriatric Depression Scale,

15-item version, AES Apathy Evaluation Scale

without comorbid neurodegenerative disease. In gen-
eral, as with the sensitivity models adjusting for comor-
bid neurodegenerative pathology, estimated effect sizes
were reduced compared with the primary models, with
the largest effect sizes remaining for p-tau pathology
in the frontal lobe and cognitive outcomes. Both sen-
sitivity models had similar effect sizes, but effects only
remained significant for models adjusted for comorbid
neurodegenerative pathology. This is expected given
the smaller sample size when donors with comorbid
neurodegenerative pathology (n~100) were removed;
we were only~40% powered to detect significant

associations for the largest observed effect size with the
smaller sample size.

Discussion

In this sample of 364 brain donors with autopsy con-
firmed CTE, we examined the contribution of global
and regional p-tau density to informant-reported cog-
nitive, functional, and neuropsychiatric symptoms
(including symptoms of neurobehavioral dysregulation,
depression and apathy). Global p-tau severity was associ-
ated with greater reported cognitive difficulties, including
in executive functions, as well as greater daily functional
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difficulties. Among the seven different cortical and sub-
cortical regions examined, p-tau density in the FC was
the strongest contributor to cognitive and functional
symptoms, but there was also contribution from the IPC
and amygdala. As opposed to global p-tau density, the
location of p-tau, particularly in the FC, was most impor-
tant for explaining symptoms of neurobehavioral dysreg-
ulation. In general, however, there were weaker effects for
scales that assessed neuropsychiatric symptoms. These
findings suggest that in CTE, accumulation of p-tau
aggregates, especially in the FC, is associated with cogni-
tive and function symptoms, as well as certain symptoms
of neurobehavioral dysregulation.

Impairments in memory and executive function are
core clinical features of the NINDS consensus diagnos-
tic criteria for the clinical syndrome of CTE known as
TES [9]. Functional impairments are also part of the
TES criteria and are used for determining level of CTE
certainty (i.e., suggestive, possible, probable). The spec-
ificity of these cognitive and functional features to CTE
are poorly understood in part due to the lack of stud-
ies directly relating them to CTE p-tau pathology [11,
24]. In the present study, p-tau severity was associated
with reported cognitive and functional symptoms, with
models explaining 13 to 49% of the variance in stand-
ardized scales. The strongest contribution came from
the FC, followed by the IPC and amygdala. Although
STC p-tau pathology was associated with cognitive and
functional symptoms in regression models that did not
include other regions, it was not significantly associ-
ated in the ridge regressions that investigated which
regions showed independent effects. Our findings are
in concordance with research in AD/ADRD that simi-
larly show impairments in cognitive and behavioral
functions that correspond with brain regions targeted
by the disease [13, 18]. There is ample evidence suggest-
ing that executive dysfunction, driven by FC pathology,
is the primary cognitive domain associated with func-
tional decline in AD [46, 47]. In CTE, the FC is the ini-
tial location of p-tau aggregation and becomes heavily
affected with disease progression [6]. Over time, adja-
cent regions such as the temporal lobe and IPC become
involved. The MTL, including the amygdala, is affected
in high stage CTE (i.e., stage III and IVIV) [6, 7].In
vivoevidence increasingly shows a frontotemporal pat-
tern of atrophy in CTE, as well as tau tracer uptake on
PET in the FC [48-52]. Given the known function of
the FC and the involvement of the FC in CTE, the FC
association with cognitive (particularly executive) and
functional symptoms was expected. The observed con-
tributions of p-tau in the IPC and amygdala to cognitive
difficulties in this study are also noteworthy. Interest-
ingly, Vogel et al [53] showed that a parietal-dominant

Page 14 of 19

and MTL-sparing subtype of AD had more overall tau
burden and worse relative executive function com-
pared to other identified AD subtypes. Although the
amygdala is typically known to modulate anxiety [54,
55] and aggression [56] in AD, the association between
p-tau in the amygdala and reported functional impair-
ment aligns with past research that showed the degree
of amygdala atrophy in AD is associated with severity
of cognitive impairment [54].0ur findings highlight
p-tau pathology in the amygdala as another potential
contributing factor to cognitive symptoms in TES. In
sum, global and regional p-tau, particularly in the FC,
are likely key determinants of cognitive and functional
difficulties in CTE.

Neurobehavioral dysregulation is also a core feature of
the TES criteria [8, 9, 12]. Unlike cognitive difficulties,
the pathological underpinnings of neurobehavioral dys-
regulation in CTE have been elusive. For example, Mez
et al. found CTE p-tau pathology was associated with
the presence of informant-reported cognitive, but not
behavioral or mood symptoms [11]. Other studies have
suggested non-tau causes of symptoms of neurobehav-
ioral dysregulation in CTE [57], including the possibility
that these are lifelong as the populations being studied
are preselected to be more aggressive and impulsive [58].
For these reasons, the 2021 TES criteria consider cogni-
tive impairment, but not neurobehavioral dysregulation,
to determine the provisional levels of certainty for CTE
pathology. Indeed, in the current study, the ridge regres-
sion models that incorporated p-tau pathology meas-
ures across brain regions, only explained 8-14% of the
variance in the scales measuring behavioral dysregulation
suggesting there are other explanatory factors not being
captured in the models. Like the Mez et al. study, global
p-tau burden did not explain symptoms of neurobehav-
ioral dysregulation. Instead, p-tau deposition in the FC
was associated with higher scores on the BRIEF-BRI, a
measure of one’s ability to regulate emotions and behav-
ior [34]. The FC is responsible for executive processes like
self-monitoring which if disrupted from lesions or degen-
erative processes can result in impulsivity and disinhibi-
tion [59-61]. Previous studies have supported the role of
the FC in behavioral dysregulation. For example, volume
loss in the FC has been linked to disinhibition in peo-
ple with AD [60] and FTD [62]. Notably, the FC was not
associated with other scales of neurobehavioral dysregu-
lation. This could be related to poor measurement or that
each scale may capture a different aspect of neurobehav-
ioral dysregulation. The BRIEF-A BRI has been shown to
capture symptoms associated with exposure to RHI [63,
64]. Our findings suggest that p-tau in the FC might par-
tially contribute to aspects of neurobehavioral dysregula-
tion in CTE. Additionally, the current study may suggest
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that scales that better capture the specific symptoms of
neurobehavioral dysregulation observed in CTE should
be developed.

We also conducted sensitivity analyses to investigate
how comorbid pathology may be contributing to the
observed clinicopathological associations. When we
adjusted for CERAD neuritic plaque score, limbic/neo-
cortical LBD and FTLD, effect sizes were reduced, but
remained significant for most of the previously significant
associations, suggesting that the observed associations
were at least in part independent of comorbid neurode-
generative pathology. Restricting the sample to donors
without comorbid neurodegenerative pathology resulted
in similar effect sizes as adjusting for comorbid neurode-
generative pathology. Although the associations were no
longer significant, the sample size was reduced by more
than a third and the remaining sample had a considerably
smaller burden of p-tau pathology. While isolating CTE
pathology allows for increased understanding of disease
specific effects, most neurodegenerative diseases do not
occur in isolation and symptoms are often a result of
mixed pathologies [65]. This might be particularly true
for CTE given exposure to RHI has been associated with
various neuropathologies [24, 66, 67].

Several regions had no associations with the scales of
cognitive function, daily function, and neuropsychiat-
ric symptoms, including the EC, hippocampus, and LC.
Aspects of these findings conflict with existing research
in AD. For example, p-tau accumulation in regions of
the MTL has been associated with episodic memory
decline [62] in addition to functional impairment in
AD [68]. Degeneration of the LC has also been associ-
ated with impaired memory and attention [69, 70]. In
concordance with our findings, maintenance of impulse
control has also been associated with preservation of the
LC-norepinephrine system independent of tau pathol-
ogy in AD [71].An additional unexpected finding was
the lack of effects between amygdala p-tau severity and
neurobehavioral scores despite the known association
between amygdala neurodegeneration and agitation and
aggression in AD [56]. While several of these regions
are severely affected in CTE, it is not until high stage.
Additionally, limited assessment of certain sub-domains,
such as episodic memory, that may be hard to assess
with informant reported scales, might explain the lack
of associations for certain regions (e.g., hippocampus).
Also, recent evidence suggests that p-tau pathology and
hippocampal volume may have larger effects on cogni-
tion in the “permissive” state of having amyloid pathology
present [72, 73]. Further, the sample was highly sympto-
matic, and restriction of scale range could have contrib-
uted to null findings. In general, null findings should be
interpreted with caution. Although this study benefited
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from gold standard pathology, it lacked prospective,
objective clinical assessments, introducing potential
measurement error and recall bias. It is also possible that
null findings in the setting of symptomatic donors may
occur because other types of pathologies associated with
RHI, such as axonal and myelin injury, might account for
symptoms [24, 74—76]. Indeed, even for the ridge regres-
sion models that explained the most variance in the clini-
cal scales,>50% of the variance remained unexplained,
suggesting other pathologies may be contributing. This is
a target of separate ongoing investigations.

In addition to sub-optimal measurement of clinical
symptoms, the study has other limitations. Semi-quanti-
tative scales were used to rate p-tau severity as opposed
to quantitative methods in order maximize regional
coverage of the brain and minimize missing data. Quan-
titative measurement of p-tau density is ongoing at our
Center, but is time intensive and currently only available
for a few regions. It is possible that semi-quantitative
scales have more measurement error which could explain
null findings, such as the lack of association between
hippocampal tau and cognition. The regions examined
were selected a priori due to their known involvement in
CTE and roles in modulating neurobehavioral function.
We acknowledge that we did not include all hippocam-
pal subfields (i.e., CA3), nor did we delineate subnuclei
of the amygdala or assess other forms of tau (e.g., oligo-
meric and astrocytic tau). These may be additional expla-
nations for some of the null findings. The generalizability
of the results may be limited due to ascertainment bias
associated with brain donation. Donors with CTE whose
families chose to donate were more likely to have had
significant clinical symptoms and more severe pathol-
ogy. Although ascertainment could bias the estimated
effects, we have previously shown that selection bias does
not negate associations in the UNITE brain bank, at least
with respect to RHI-CTE relationships [2, 77]. The cur-
rent sample consisted of predominantly white men who
played football and inferences to women and other popu-
lations exposed to RHI cannot be made. The study also
lacked disease comparison groups that are needed in
future research to better understand the specificity of our
results.

Conclusions

In conclusion, global and cortical p-tau density were
associated with informant-reported cognitive and func-
tional symptoms in an autopsy sample of brain donors
with CTE. Regional p-tau aggregates, particularly in the
FC, were associated with symptoms of neurobehavioral
dysregulation. These findings can inform future iterations
of the TES criteria, which are intended to reflect the clin-
ical syndrome of underlying CTE pathology. This study
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supports continued inclusion of cognitive impairment
as a core feature of the TES criteria. While there was
support for neurobehavioral dysregulation, effects were
weaker and inconsistent across scales. TES criteria were
developed without in vivo biomarkers and integration of
biomarkers, particularly that target the FC, will be impor-
tant for improving TES specificity in future iterations.
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