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Abstract

Background Traumatic encephalopathy syndrome (TES) is a clinical phenotype sensitive but non-specific to underly-
ing chronic traumatic encephalopathy (CTE) neuropathology. However, cognitive symptoms of TES overlap with Alz-
heimer’s disease (AD), and features of AD pathology like beta-amyloid (AB) plaques often co-occur with CTE, making
clinical-to-pathological conclusions of TES diagnoses challenging. We investigated how Alzheimer’s neuropathologi-
cal changes associated with cognition, brain volume, and plasma biomarkers in patients with repetitive head impacts
(RHN/TES, clinical AD, or typically aging controls.

Methods We studied 154 participants including 33 with RHI/TES (age 61.5+ 11.5, 100% male, 11/33 AB[+]), 62

with AD and no known prior RHI (age 67.1+10.2, 48% male, 62/62 AB[+]), and 59 healthy controls without RHI (HC;
age 73.0+6.2,40% male, 0/59 AB[+]). Patients completed neuropsychological testing (memory, executive function-
ing, language, visuospatial) and structural MRI (voxel-based morphometry analysis), and provided plasma samples
analyzed for GFAP, NfL, IL-6, IFN-y, and YKL-40. For cognition and plasma biomarkers, patients with RHI/TES were strati-
fied as AB[+] or AB[—] and compared to each other plus the AD and HC groups (ANCOVA adjusting for age and sex).
Differences with at least a medium effect size (Cohen’s d >0.50) were interpreted as potentially meaningful.

Results Cognitively, within the TES group, AR[+] RHI/TES performed worse than AB[-]1 RHI/TES on visuospatial (p=.04,
d=0.86) and memory testing (p=.07, d=0.74). Comparing voxel-wise brain volume, both AR[+] and AB[—] RHI/TES
had lower medial and anterior temporal lobe volume than HC and did not significantly differ from AD. Comparing
plasma biomarkers, AB[+] RHI/TES had higher plasma GFAP than HC (p=.01, d=0.88) and did not significantly differ
from AD. Conversely, AB[—] RHI/TES had higher NfL than HC (p=.004, d=0.93) and higher IL-6 than all other groups
(p's<.004,ds>1.0).

Conclusions Presence of Alzheimer’s pathology in patients with RHI/TES is associated with altered cognitive
and biomarker profiles. Patients with RHI/TES and positive AB-PET have cognitive and plasma biomarker changes
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that are more like patients with AD than patients with AR[—
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] RHI/TES. Measuring well-validated Alzheimer’s biomark-

ers in patients with RHI/TES could improve interpretation of research findings and heighten precision in clinical

management.
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Introduction

Chronic traumatic encephalopathy (CTE) is a neurode-
generative tauopathy strongly associated with lifetime
exposure to repetitive head impacts (RHI) [1, 2]. Trau-
matic encephalopathy syndrome (TES) is a proposed
framework for identifying CTE pathology during life
based on the degree of RHI and clinical symptoms [3].
Cognitive, neuroimaging, and other biomarker corre-
lates of CTE neuropathology are not well defined. Lack
of validated biomarkers for CTE and the high frequency
of co-pathologies in brains with CTE complicate our abil-
ity to attribute clinical or biomarker changes observed
during life in patients with RHI or TES to CTE pathology
specifically.

Alzheimer’s disease (AD) is the most common neu-
ropathological finding in patients with dementia. Older
adults with prior RHI should have, at a minimum, simi-
lar age-related risk for AD as the general population
with some data supporting increased risk or earlier age
of AD symptom onset [4—6]. Neuritic beta-amyloid (Ap)
plaques, a hallmark neuropathological feature of AD,
have been documented in over 70% of brains with wide-
spread CTE [1] and are associated with older age at death
[7]. AD is a critical differential diagnosis in patients with
TES either as a primary cause of symptoms or as a con-
tributor along with other diseases like CTE.

Memory loss and/or executive dysfunction are a core
feature of TES commonly identified by informant reports
of symptoms observed in patients later confirmed to
have CTE at autopsy [1, 3, 8]. Amnestic and dysexecutive
symptoms are also common manifestations of AD along
with visuospatial dysfunction [9], which is less frequently
associated with CTE [1]. Divergent cognitive profiles
might be expected based on brain regions affected by AD
versus CTE. CTE pathology predominantly affects fron-
tal and temporal lobes with sparing of posterior regions
until late in the course of severe cases [10, 11]. Emerging
evidence shows frontotemporal atrophy patterns with-
out clear posterior volume loss on MRI in patients with
autopsy-confirmed CTE and without co-occurring AD
[12, 13]. Conversely, posterior temporo-parietal regions
are vulnerable to accumulating AD pathology [14].
Patients with RHI/TES harboring AD pathology (with or
without CTE) may therefore have unique cognitive pro-
files and atrophy patterns compared to those without AD.

Fluid biomarkers measured in cerebrospinal fluid
or blood are another way of characterizing the patho-
physiology of neurodegenerative disease with several
contexts of use including diagnosis, prognosis, clini-
cal trial eligibility, and measuring treatment response.
Greater cerebrospinal fluid levels of neurofilament light
chain (NfL) and glial fibrillary acidic protein (GFAP)
may relate to chronic symptoms after repeated con-
cussions [15, 16]. Existing blood biomarker studies
in older adults with prior extensive RHI have yielded
inconsistent results [17, 18], which may be due in part
to heterogeneous neuropathological processes across
clinically-defined study cohorts (e.g., TES). Recent
work in neurodegenerative disease populations shows
that biomarkers like phosphorylated tau (e.g., P-taul81,
P-tau217) [19] and glial fibrillary acidic protein (GFAP)
are relatively specific to the Ap-mediated components
of AD pathophysiology [20-23] that presumably are
distinct from CTE, including in patients with TES [19].
However, a wealth of data also support plasma GFAP
as a marker of acute head trauma-related pathophysi-
ology [24, 25]. Nonspecific neurodegenerative markers
like plasma neurofilament light chain (NfL) show mod-
est elevation in AD [22, 26, 27] and have unclear utility
in patients with RHI/TES. Studies of patients with RHI/
TES that do not account for AD pathology risk misat-
tributing biomarker changes to CTE or other non-AD
pathologies.

Implementing well-validated biomarkers for AD
pathology into studies of patients with RHI/TES will
advance our understanding and interpretation of symp-
tom profiles and other biomarker findings. Phenotypic
variability associated with AD in patients with RHI/
TES has important implications for clinical manage-
ment, expected benefits of disease-specific therapies,
eligibility for clinical trials targeting AD, and prog-
nostication. We compared neuropsychological test-
ing, structural MRI, and a panel of plasma biomarkers
between patients with RHI/TES, patients with AD,
and healthy controls. AP PET status as a proxy for AD
pathology and/or autopsy was completed for all par-
ticipants, which allowed us to evaluate how presence of
AD pathology in patients with TES impacted cognition,
atrophy patterns, or plasma biomarkers both within
TES and compared to AD or healthy controls.
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Methods

Study participants

This study included research participants from the Uni-
versity of California, San Francisco (UCSF) Memory and
Aging Center enrolled through either the UCSF Alz-
heimer’s Disease Research Center or healthy controls
from the Brain Aging Network for Cognitive Health
(BrANCH). Self-reported sociodemographic variables
collected included age, sex, years of education, and race.
Race categories (e.g., White, Black) were defined based
on the US Office of Management and Budget’s Revisions
to the standards for the Classification of Federal Data on
Race and Ethnicity. Race reporting was consistent with
the US National Institutes of Health policies. Race data
were collected because adverse outcomes associated
with social determinants of poor health may dispropor-
tionately impact underserved race groups [28, 29]. The
predominance of White participants did not allow for
appropriately examining differences based on race/eth-
nicity in this study.

Research participants with known RHI exposure
through contact or collision sport participation or, if
available, a neuropathological diagnosis of CTE, were
considered for inclusion in the TES group. Participants
underwent clinical evaluations including comprehensive
history, neurologic exam, neuropsychological testing,
caregiver interview and functional assessment (Clini-
cal Dementia Rating scale; CDR), brain structural MRI,
and blood draw. Consensus diagnoses were provided by a
multidisciplinary team.

All identified participants with prior RHI were consid-
ered for the TES group and characterized retrospectively
using the updated 2021 criteria [3]. Accordingly, we clas-
sified the likelihood of underlying CTE pathology in liv-
ing individuals (“Suggestive of CTE,” “Possible CTE, or
“Probable CTE”) based on the degree of lifetime head
trauma exposure, core clinical features, severity of func-
tional impairment, and number of additional supportive
features. Two investigators (BA and JT) independently
classified each participant using revised TES criteria and
then adjudicated discrepancies to reach consensus. TES
participants in our cohort were all male and predomi-
nantly included former American football players. Given
that all participants in this group had either known prior
RHI or autopsy confirmation of CTE, but not all would
necessarily meet research criteria for TES, we refer to
this group as “RHI/TES” throughout.

AD participants met criteria for dementia [30] or
MCI [9] due to AD, or presented with a non-memory
predominant AD phenotype as described below. All
AD participants had a positive AB-PET scan. A sub-
set (N=43) underwent tau PET with flortaucipir, of
which 40 (93% of those with tau PET) had elevated
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signal in a metatemporal ROI based on a previously used
quantitative threshold for AD-specific tau pathology
(SUVR >1.27) [31]. Since patients with TES often present
with symptoms in their 60 s or earlier 3, 8], we included
patients classified as early-onset AD (symptom onset
before age 65; N=36). Clinical phenotypes of patients in
the AD group included single- or multi-domain amnes-
tic (N=45), posterior cortical atrophy [32] (N=6), logo-
penic variant primary progressive aphasia [33] (N=3),
behavioral or dysexecutive [34, 35] (N=2), corticobasal
syndrome [36] (N=1), and mixed/unspecified phenotype
(N=5). To minimize the likelihood of CTE co-pathology,
we only included AD participants without a known his-
tory of prior traumatic brain injury or collision sport
exposure. Prior head trauma exposure was determined
through a review of medical history data collected
through research on standardized forms including the
National Alzheimer’s Coordinating Center Uniform Data
Set Health History [37]. We additionally reviewed all
medical history documented through neurologic exami-
nations in clinical and research settings.

HC participants were clinically normal, functionally
independent (CDR Global=0), community-dwelling
older adults participating in the UCSF BrANCH study.
All participants were AB-PET negative and lacked cogni-
tive symptoms or a history of neurologic, psychiatric, or
other notable medical history like sleep apnea or stroke.
Absence of repeated trauma and collision sport partici-
pation in the HC group was verified by completion of
detailed self-report surveys of prior brain injury (Ohio
State University TBI Identification Method [38]) and
prior sport and military participation (Boston University
Head Trauma Exposure Assessment [39]).

We used PET imaging and/or autopsy data (Addi-
tional file 1: Table 1) in this study to establish presence
or absence of A pathology for group classification. PET
acquisition, processing, and interpretation details, as well
as autopsy methods, are provided in Additional file 2.

Neuropsychological testing

Cognitive test composite scores were created for episodic
memory (California Verbal Learning Test short form,
immediate and delayed recall; Benson figure recall),
executive functioning (modified trail making test, lexical
fluency, digit span backwards, Stroop inhibition, design
fluency), language (animal fluency, 15-item Boston Nam-
ing Test), and visuospatial abilities (Benson figure copy;,
Number Location subtest of the Visual Object and Space
Perception battery) [40]. Individual test raw scores were
converted to z-scores based on the larger BrANCH study
sample of clinically normal older adults (N per test=231—
763, 65+ 13 years old, 60% female, 16.8 + 2.4 years of edu-
cation) and then averaged within each domain to create
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the composite score. For healthy controls in this study,
only the Benson figure recall score was available for char-
acterizing memory. Analyses comparing patients with
TES to healthy controls were repeated using only the
Benson figure recall score and results were consistent
with those reported below.

Voxel-wise structural neuroimaging

T1-weighted structural magnetic resonance imaging
(MRI) scans were obtained on a 3.0 Tesla Siemens TIM
Trio (35% of sample) or a 3.0 Tesla Siemens Prisma Fit
(65% of sample) scanner. Magnetization-prepared rapid
gradient-echo (MPRAGE) sequences were used to obtain
whole brain T1-weighted images (Imm slice thickness).
Whole brain voxel-based morphometry (VBM) analy-
sis was performed using Statistical Parametric Mapping
(SPM12, Wellcome Centre for Human Neuroimaging,
London, UK). Pre-processing steps were completed using
the SPM12 DARTEL (Diffeomorphic Anatomical Reg-
istration Through Exponentiated Lie Algebra) [41]. An
average gray matter mask was created using only healthy
control sample subjects. DARTEL was used to generate
a sample-specific group template, then individual images
were warped to that group template. Afterward, images
in DARTEL space were normalized through linear regis-
tration to MNI (Montreal Neurological Institute) space
and smoothed by an 8-mm full-width-at-half-maximum
Gaussian kernel filter. More details are provided in Addi-
tional file 2.

Plasma biomarkers

Venous blood was collected and stored in EDTA tubes
(Alzheimer’s Disease Neuroimaging Initiative proto-
col) at—80 °C at UCSF until being packed with dry ice
and sent to the University of Florida for analysis follow-
ing standard shipping protocols. We studied putative
biomarkers for relevant pathophysiological processes
including neuronal degeneration (NfL, total tau), astro-
cyte reactivity (GFAP), and inflammation (IL-6, YKL-
40, IFN-y). AD-specific plasma biomarkers (P-taul8l,
P-tau217) were reported previously [19]. Plasma GFAP,
NfL, and total tau were measured via multiplex single
molecule arrays on an SR-X analyzer (Simoa, Quan-
terix Neurology 4-Plex B). Plasma IL-6, YKL-40, and
IFN-y were measured with a chemiluminescence-based
immunoassay using the Meso Scale Discovery platform
(V-plex). All samples were analyzed in duplicate accord-
ing to the manufacturer’s published protocols. We only
included sample concentrations with coefficients of vari-
ance (CV)<20% (excluded N=1 GFAP, N=1 NfL, N=9
total tau, N=3 IL-6, N=2 YKL-40, N=10 IFN-y). Mean
CV% for included plasma samples were 3.6% (GFAP),
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3.6% (NfL), 6.8% (total tau), 5.6% (IL-6), 4.1% (YKL-40),
and 6.0% (IFN-y).

Statistical analyses

Cognition and plasma biomarker analyses were per-
formed using IBM SPSS version 28. We compared
patients with RHI/TES, patients with AD, and healthy
controls on cognitive test scores, brain volume, and
plasma biomarker concentrations (log-transformed)
using analyses of covariance (ANCOVA). All analyses
included age and sex as covariates. Brain volume compar-
isons were additionally controlled for scanner and total
intracranial volume. Cognitive test score comparisons
also controlled for years of education. Planned pairwise
post hoc comparisons were limited to RHI/TES vs. AD
and TES vs. controls. To evaluate the role of Alzheimer’s
disease pathology in patients with TES, analyses were
then performed stratifying the RHI/TES group as AB[+]
and AB[—]. A priori statistical significance was defined as
p<0.05. Group differences with at least a medium effect
size (Cohen’s d >0.50) [42] were interpreted as potentially
meaningful given the small group sizes for some post hoc
analyses and the likelihood of being underpowered to
detect smaller effect sizes as statistically significant.

For VBM analyses, two-sample t-tests were performed
to compare voxel-wise atrophy patterns between sub-
groups. Analyses included age, sex, scanner type, and
TIV as covariates. A sample-specific explicit gray matter
mask was applied to limit unnecessary voxel-wise com-
parison and increase sensitivity to true effects. Given the
small sample size, uncorrected analyses with a statisti-
cal significance threshold of p<0.001 and a cluster-level
extent threshold of 30 is presented in the main manu-
script. Additional analyses using a peak-level p<0.05
after family-wise error (FWE) correction for multiple
comparisons and cluster-level extent threshold of 0 is
presented in Additional file 1.

Results

Participant characteristics

We retroactively applied recent TES research criteria to
33 participants with prior RHI. Diagnostic certainty level
was N=6 “Suggestive of CTE” N=9 “Possible CTE,” and
N=13 “Probable CTE” We questioned whether TES cri-
teria were met in 5 patients due to symptoms potentially
being fully explained by another condition (N=2 with
behavioral variant frontotemporal dementia and motor
neuron disease), RHI seemingly restricted to frequent
falls later in life (N=2), and no clear documentation of
RHI details in existing clinical or research records (N=1).
A convenience sub-sample of N=12 of the 33 partici-
pants with RHI/TES was analyzed at autopsy for neuro-
degenerative disease pathology, of which 9 had evidence
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of CTE neuropathology (N=2 McKee Stage I, N=5 Stage
I, N=2 Stage IV), including all 5 patients considered
questionable for meeting new TES diagnostic criteria.
Four out of 5 questionable TES cases were classified as
AB[-] RHI/TES. Study outcomes stratified by diagnostic
certainty level are provided in Additional file 1: Figs. 1-3.

The total study sample was 154 participants (Table 1)
including 33 patients with RHI/TES (100% male; 11/33
AB[+]), 62 patients with AD (48% male; 62/62 AB[+]),
and 59 healthy controls (40% male; 0/59 AB[+]). Patients
with RHI/TES (age 61.5+11.5 years) were significantly
younger than patients with AD (age 67.1+10.2; p=0.005)
and healthy controls (age 73.0+6.2; p<0.001). Patients
with RHI/TES did not differ from patients with AD
in clinical disease severity (global CDR; p=0.90) but
had significantly higher global cognitive score perfor-
mance (Mini-Mental State Exam; 25.2+4.7 vs. 22.9+5.2,
p=0.009).

Unadjusted cognitive test scores, brain volumes, and
plasma biomarker concentrations are provided in Addi-
tional file 1: Table 2.

Cognitive function
Patients with RHI/TES had significantly lower scores
than healthy controls in memory (p<0.001, d=2.4), exec-
utive function (p <0.001, d=1.6), and language (p <0.001,
d=1.2), but not visuospatial abilities (p=0.54, d=0.2).
Compared to patients with AD, patients with RHI/TES
had better scores on visuospatial abilities (p=0.002,
d=0.85) and did not differ in other cognitive domains.
We then examined cognitive function in patients
with RHI/TES separately based on amyloid status
(Fig. 1). On visuospatial testing, AB[+] RHI/TES per-
formed worse than AP[—] RHI/TES (p=0.04, d=0.86)
and showed a trend towards lower scores than controls
(p=0.10, d=0.62), but did not differ from patients with
AD (p=0.32, d=0.36). Conversely, AB[—] RHI/TES did
not differ from controls on visuospatial testing (p =0.49,
d=0.24) but performed better than patients with AD
(p<0.001, d=1.2). There was also evidence that AB[+]
RHI/TES had lower memory scores than AB[—] RHI/
TES (p=0.07, d=0.74) and did not differ from patients
with AD (p=0.79, d=0.1), while AB[—] RHI/TES scored
better on memory tests than patients with AD (p=0.04,
d=0.64). Amyloid status of the patients with RHI/TES
was not associated with other cognitive outcomes (Addi-
tional file 1: Table 3).

Voxel-wise brain volume

Compared to healthy controls, patients with RHI/TES
primarily exhibited lower brain volume in the anterior
and medial temporal lobes and the thalamus. Less wide-
spread volume loss was seen in the medial frontal and
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dorsal parietal regions. There were no statistically sig-
nificant differences compared to AD. Using a more leni-
ent statistical threshold (p<0.01 uncorrected; 100 voxel
threshold), patients with RHI/TES showed evidence of
lower medial temporal, insula, and thalamus volumes
than patients with AD.

When stratifying patients with RHI/TES based on
amyloid status (Fig. 2), both AB[+] and AB[—] RHI/TES
primarily showed lower anterior and medial temporal
volume than healthy controls, though only AP[-] RHI/
TES also had lower thalamus volume. Amyloid status of
patients with RHI/TES was otherwise not clearly associ-
ated with different atrophy patterns. Additional multi-
slice views and group comparisons with FWE correction
are provided in Additional file 1: Figs. 4—6.

Plasma biomarker concentrations

Compared to controls, patients with RHI/TES had sig-
nificantly higher plasma GFAP (p=0.03; d=0.61),
plasma NfL (p=0.02, d=0.67), and plasma IL-6 (p=0.02,
d=0.67). Compared to patients with AD, patients with
RHI/TES had lower plasma GFAP (p=0.007, d=0.68),
higher plasma IL-6 (p=0.007, d=0.68), and did not dif-
fer in plasma NfL (p=0.91, d<0.10). Patients with RHI/
TES did not have significantly different concentrations of
plasma total tau, IFN-y, or plasma YKL-40 than controls
or patients with AD.

When stratifying patients with RHI/TES based on amy-
loid status (Fig. 3), AB[+] RHI/TES had higher plasma
GFAP than controls (p=0.01, d=0.88) but did not dif-
fer from patients with AD (p=0.26, d=0.38), while
AB[-] RHI/TES did not differ from controls (»p=0.20,
d=0.40) and had lower plasma GFAP than patients with
AD (p=0.003, d=0.86). Participant-level data showed a
subset of AB[—] RHI/TES had high plasma GFAP despite
overall lower group concentrations. For plasma NfL,
AB[—] RHI/TES had significantly higher concentrations
than controls (p=0.004, d=0.93) and a trend towards
higher plasma NfL than AP[+] RHI/TES (p=0.11;
d=0.61). For IL-6, AB[—] RHI/TES had higher concen-
trations than controls (p<0.001, d=1.1), AB[+] RHI/
TES (p=0.004, d=1.2), and patients with AD (p<0.001,
d=1.1), while AB[+] RHI/TES did not significantly dif-
fer from controls (p=0.96, d<0.10) or patients with AD
(p=0.91, d<0.10).

We further explored how well plasma GFAP, NfL, and
IL-6 differentiated study cohorts using area under the
curve analysis and provide results in Additional file 1:
Fig. 7. Classification accuracy largely reflected results for
the group comparisons. Correlations between plasma
biomarker concentrations and cognitive scores for the
RHI/TES group are provided in Additional file 1: Table 4.
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Table 1 Descriptive statistics of the study cohort stratified by patient group
Repetitive head impact/ Healthy controls mcl/
traumatic encephalopathy syndrome (RHI/TES) dementia
due to AD
AB(-) AB(+) All RHI/TES
N 22 11 33 59 62
Age, years 585(12.1) 67.5(7.6) 61.5(11.5) 73.0(6.2) 67.1(10.2)
Sex, N (%) Female 0(0) 0(0) 0(0) 35 (60) 32(52)
Education, years 16.6 (1.8) 17.1(14) 16.8 (1.7) 17.3(2.3) 16.8 (2.6)
Self-reported race, N (%)
White 18 (82) 10 (91) 28 (85) 53 (90) 52 (84)
Black 3(14) 1(9) 4(12) 1(2) 2(3)
Asian 0(0) 0(0) 0(0) 2(3) 6(10)
Multiple 15 0(0) 103) 3(5) 2(3)
APOE genotype, N (%) e4 2(10) 3(27) 5(15) 10(17) 32 (58)
CDR-sum of boxes 40 (3.1) 48(26) 43(2.9) 0.0(0.1) 39(23)
CDR+FTLD sum of boxes 53(4.2) 6.1(3.3) 5.6(3.9) 0.0 (0.0) 44 (2.8)
CDR-global
0 3(14) 0(0) 3(9) 59 (100) 0(0)
0.5 15 (68) 4 (36) 19 (58) 0(0) 37 (60)
1.0+ 4(18) 7 (64) 11(33) 0(0) 25 (40)
Mini-Mental State Exam 26.2 (2.5) 23.5(7.0) 252 (4.7) 29.3(0.7) 229(5.2)
American football, N (%) 20 (91) 10 (91) 30(91)
Years of exposure 124 (6.4) 154 (3.8) 134 (5.8) - -
AB-PET, Centiloids? 04(16.7) 235(243) 8.1(22.0) 14(10.3) 91.1 (34.6)
Tau-PET (flortaucipir)
N 12 6 18 - 43
Metatemporal ROl SUVR 1.16 (0.09) 1.56 (0.48) 1.31(0.35) - 2.01(0.55)
SUVR>1.27, N(%) 1 4 5 - 40

2 Mean (SD) of Centiloids values reflects only scans performed within 2 years of other study outcomes (cognitive testing, structural imaging, blood draw)

The strongest correlations typically were observed
between higher plasma GFAP and lower memory.

Excluding atypical AD syndromes and questionable TES
Results were similar after excluding patients with AD
presenting with predominantly non-amnestic clinical
phenotypes (posterior cortical atrophy, logopenic vari-
ant primary progressive aphasia, behavioral, dysexecu-
tive, corticobasal syndrome; N=12). Results also did not
change when excluding the 5 patients considered ques-
tionable for the most recent TES criteria.

Discussion

In patients with RHI/TES, the patterns of cognitive dif-
ficulties, brain atrophy, and blood biomarker concen-
trations differ when there is evidence of Alzheimer’s
pathology. Visuospatial dysfunction or elevated plasma
GFAP may signal a subgroup of RHI/TES patients with
Alzheimer’s disease pathology contributing to their
symptoms (i.e., AB[+] RHI/TES). Patients with RHI/TES

who were AB[—] did not differ from controls on visuos-
patial testing or plasma GFAP, but had higher plasma NfL
than controls and higher plasma IL-6 than both controls
and patients with AD. A temporal lobe-predominant pat-
tern of brain volume loss was generally similar between
AB[+] and AB[-] RHI/TES, though AB[—] RHI/TES
appeared to also exhibit thalamus atrophy. These find-
ings provide preliminary support for understanding clini-
cal heterogeneity of TES as possibly reflecting multiple
proteinopathies.

Cognitive symptoms in patients with RHI/TES may
point to affected brain regions and contributing neuro-
pathology. The most common cognitive features of CTE
reported retrospectively in a large autopsy series were
memory loss and executive dysfunction [1]. Visuospatial
dysfunction was the least commonly reported cognitive
symptom [1], suggesting CTE pathology may not consist-
ently disrupt brain regions supporting visuospatial func-
tion, such as the dorsal parietal lobe [12]. In contrast, the
parietal lobe is among the most severely affected isocor-
tical regions in patients with AD [14]. Patients with AD
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and vs. patients with Alzheimer’s disease (AD)

frequently develop visuospatial difficulties in the course
of their disease with a subset reporting visuospatial prob-
lems as the first and most prominent symptom (i.e., pos-
terior cortical atrophy due to AD [32]). Our data show
that patients with RHI/TES and objective visuospatial
deficits may be more likely to have AD contributing to
their disease course. We did not observe clear parietal
atrophy in the AB[+] RHI/TES group compared to con-
trols except for a few isolated voxel clusters. This may
reflect the AB[+] RHI/TES group being evaluated early
in the disease course. Compared to participants with AD,
the AB[+] RHI/TBI group had a much lower cortical Ap

burden (mean CLs=24 vs. 91) and the subset of AB[+]
RHI/TBI participants with tau PET also had a lower dis-
ease burden than the group with AD (mean metatempo-
ral SUVR=1.56vs. 2.01).

There was notable within-group variability in plasma
biomarker concentrations, but divergent patterns
emerged that further support the relevance of AD pathol-
ogy in patients with RHI/TES. Plasma GFAP, a putative
marker of astrocyte reactivity to disease [43], was higher
in patients with RHI/TES overall than controls, but this
was driven by AB[+] RHI/TES patients. Plasma GFAP is
tightly linked to AD-related AB plaques [21, 23, 44] with
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less consistent evidence of elevations in non-AD demen-
tia cohorts [45, 46]. However, beyond these group-level
findings, we inspected individual participant data, and
a subset of AB[—] RHI/TES patients had relatively high
plasma GFAP concentrations. More work is needed to
determine whether the history of RHI, CTE, or other
non-AD pathologies in patients with TES is associated
with higher plasma GFAP concentrations.

We also observed group differences in plasma NfL and
IL-6 that were driven by the AB[—] RHI/TES group. We
cannot determine with our study design whether higher
levels in AB[—] RHI/TES than healthy controls (NfL and
IL-6) and patients with AD (IL-6) reflects CTE pathol-
ogy. Additional possibilities for higher NfL in AB[—]
RHI/TES include the presence of other dysregulated
proteins like TDP-43. TDP-43 proteinopathy, often
limbic-predominant, is also linked with repetitive head
trauma [1, 13, 47-49] and is associated with severe neu-
rodegeneration such as hippocampal sclerosis [50, 51].
This aligns with our finding of AB[—] RHI/TES patients
having lower hippocampal volume than controls and
not differing significantly from AB[+] RHI/TES or AD,
though medial temporal structures are also impacted
by CTE [11]. Limbic-predominant TDP-43 is also com-
monly comorbid with AD [52]. Regarding IL-6 elevation
in AB[—] RHI/TES, systemic inflammation is chronically
dysregulated in a subset of patients with repetitive head
trauma [53, 54] and may lead to a neurologic impair-
ment through non-AD pathways, but this requires much
further investigation. Ultimately, improving detection
of multiple non-AD pathologies during life (CTE, TDP-
43 proteinopathy, inflammation, etc.) will substantially
advance our understanding of biomarker correlates in
patients with RHI/TES.

The goal of the recently proposed TES diagnostic
framework is to aid in identifying CTE pathology dur-
ing life [3]. TES criteria require a history of “substantial”
head trauma exposure plus objective deficits on memory
or executive function testing, with or without neurobe-
havioral symptoms. Additional symptoms such as visuos-
patial dysfunction do not preclude a diagnosis unless it is
felt that another condition “fully accounts” for observed
symptoms. Reaching this conclusion is challenging
because of the high rates of co-pathologies in patients
with cognitive impairment or dementia and because
neuroimaging or fluid biomarker data do not factor into
the current TES criteria. It is reasonable to expect that
many patients without CTE, or with CTE plus comorbid
pathologies, will meet the currently proposed criteria
for TES, including patients with AD who have sufficient
prior head trauma exposure. Whether patients with TES
and evidence of AD pathology represent a clinically or
neuropathologically distinct subgroup of AD remains an
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open and important question with direct implications
for prognosis, patient management, and disease-specific
clinical trials.

Key strengths of our study included comprehensive
neuropsychological testing, neuroimaging, and plasma
biomarker collection in a well-characterized group of
patients with RHI/TES with biomarker or neuropatho-
logic confirmation of Alzheimer’s pathology. While
meeting diagnostic criteria for TES implies enrichment
for CTE pathology, we cannot confirm or determine the
degree to which CTE pathology contributed to observed
group differences in this study. Clinico-pathological
studies that can link clinical and biomarker data dur-
ing life with neuropathological findings postmortem are
required. In the meantime, measuring well-validated AD
biomarkers in patients with RHI/TES may help explain
heterogeneous cognitive and biomarker outcomes and
inform whether TES “subtypes” reflecting different com-
binations of symptoms or underlying neuropathology is
useful.

Our study was limited by the relatively small sample
of patients and the cross-sectional design. These find-
ings are considered preliminary given that we likely were
underpowered to detect potentially meaningful group
differences as statistically significant, especially for voxel-
wise brain volume comparisons. Our sample overall had
minimal racial diversity and the observed relationships
may not generalize to traditionally underrepresented race
groups at higher risk for suffering the negative effects of
social determinants of poor health (e.g., structural and
systematic racism). This is particularly relevant for pro-
fessional American football players who are considered at
the highest risk for TES or CTE and disproportionately
self-identify as Black compared to the general population.
Our RHI/TES group was all male and there is a tremen-
dous need to better understand the association of repeti-
tive head trauma and later-life cognitive outcomes among
females. For the AD group, we relied on medical records
and less sensitive medical history questionnaires from
research visits to rule out head trauma. This approach
may underestimate actual lifetime exposure, especially
youth or adolescent collision sport experiences that
are unlikely to be documented or ruled out systemati-
cally. Individual cognitive domains differed in the num-
ber of included tests and performance on some tests is
influenced by difficulties in other domains (e.g., animal
fluency influenced by both language and executive func-
tion). While the inclusion of early-onset AD patients was
beneficial for comparison to similarly-aged patients with
TES, early-onset AD patients may have different cogni-
tive profiles and disease pathophysiology than late-onset
AD. We attempted to address this limitation through
additional analyses that excluded patients with atypical
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manifestations of AD, which did not meaningfully change
the results. Lastly, most patients in the AD group had
biomarker confirmation of both significant AB and tau
burden, and quantification of pathology burden based on
PET suggested that the AD group had more severe AD
pathology than the AB[+] patients with RHI/TES. Direct
comparisons of the AP[+4] RHI/TES and AD groups
are interpreted cautiously given the likely imbalance of
underlying disease severity.

Conclusions

Presence of Alzheimer’s pathology in patients with RHI/
TES is associated with altered cognitive and biomarker
profiles. Measuring well-validated Alzheimer’s biomark-
ers in patients with RHI/TES could improve interpre-
tation of research findings and heighten precision in
clinical management. Larger clinico-pathological studies
are needed to determine the impact of Alzheimer’s and
other neuropathologies on symptom and biomarker tra-
jectories in patients with RHI/TES, with or without CTE.
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Additional file 1: Supplemental Table 1. Autopsy-based designation

of AR pathology for a subset of study participants without AB-PET avail-
able. Supplemental Table 2. Unadjusted raw values for cognitive, brain
volume, and plasma biomarker concentrations for each study group. Data
are presented as both mean (standard deviation) and median (interquar-
tile range). Supplemental Table 3. Pairwise group comparison effect
sizes (Cohen's d) for cognition and plasma biomarker concentrations.
Bolded effect sizes were statistically significant (p<.05). For comparisons
between groups of patients with RHI/TES and healthy controls (HC) and
patients with Alzheimer’s disease (AD), the direction of the effect size
(positive or negative effect size) is relative to the groups of patients with
RHI/TES (i.e, negative effect size = lower value for RHI/TES group, positive
effect size = higher value for RHI/TES group). For within RHI/TES group
comparisons (AR[+] vs. AB[-]), direction of the effect size is relative to the
AB[+] RHI/TES group (i.e, negative effect size = lower value for AB[+]
RHI/TES, positive effect size = higher value for AB[+] RHI/TES). Suggested
effect size magnitude interpretations (Cohen, 1994): d>[0.8] (Large),
[0.5]<d<[0.8] (Medium), [0.2]<d<[0.5] (Small), d<[0.2] (negligible). Supple-
mental Table 4. Pearson’s correlations between plasma concentrations
of GFAP, NfL, and IL-6 with cognitive test scores. Values represent Pearson’s
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r correlation strength. Plasma biomarkers were age- and sex-adjusted

and cognitive composite scores were age-, sex-, and education-adjusted
based on demographic associations observed in our healthy con-

trols. Supplemental Figure 1. Cognitive test scores stratified by diag-
nostic certainty for chronic traumatic encephalopathy (CTE) according

t0 2021 research criteria (Katz et al, 2021). Test scores were adjusted for
effects of age, sex, and years of education observed in the healthy control
group. “Questionable TES refers to participants with symptoms potentially
being fully explained by another condition, repetitive head impacts seem-
ingly restricted to frequent falls later in life, or no clear documentation

of RHI'in existing clinical or research records (all with autopsy-confirmed
CTE). Supplemental Figure 2. Region of interest (ROI) brain volumes
stratified by diagnostic certainty for chronic traumatic encephalopathy
(CTE) according to 2021 research criteria (Katz et al,, 2021). Brain volumes
were adjusted for effects of age, sex, total intracranial volume, and scan-
ner observed in the healthy control group. “Questionable TES" refers to
participants with symptoms potentially being fully explained by another
condition, repetitive head impacts seemingly restricted to frequent falls
later in life, or no clear documentation of RHI in existing clinical or research
records (all with autopsy-confirmed CTE). Supplemental Figure 3. Plasma
biomarker concentrations stratified by diagnostic certainty for chronic
traumatic encephalopathy (CTE) according to 2021 research criteria (Katz
etal, 2021). Biomarker concentrations were adjusted for effects of age
and sex observed in the healthy control group."Questionable TES" refers to
participants with symptoms potentially being fully explained by another
condition, repetitive head impacts seemingly restricted to frequent falls
later in life, or no clear documentation of RHI in existing clinical or research
records (all with autopsy-confirmed CTE). One patient with TES (“Ques-
tionable”) with very high NfL is not shown due to Y-axis distortion. Data
for plasma total tau, IFN-gamma, or plasma YKL-40 did not differ between
any study groups and are not shown. Supplemental Figure 4. Multi-slice
view of voxel-based morphometry analysis comparing the overall RHI/TES
cohort to healthy controls. The left panel shows voxel-wise volume differ-
ences based on p<.001 uncorrected threshold (minimum voxels=30) and
the right shows voxels that remained significant (p<.05) with family-wise
error correction applied. Uncorrected thresholds were interpreted given
the relatively small sample sizes. Supplemental Figure 5. Multi-slice view
of voxel-based morphometry analysis comparing the AB(-) RHI/TES cohort
to healthy controls. The left panel shows voxel-wise volume differences
based on p<.001 uncorrected threshold (minimum voxels=30) and the
right shows voxels that remained significant (p<.05) with family-wise error
correction applied. Uncorrected thresholds were interpreted given the
relatively small sample sizes. Supplemental Figure 6. Multi-slice view of
voxel-based morphometry analysis comparing the AB(+) RHI/TES cohort
to healthy controls. The left panel shows voxel-wise volume differences
based on p<.001 uncorrected threshold (minimum voxels=30) and the
right shows voxels that remained significant (p<.05) with family-wise error
correction applied. Uncorrected thresholds were interpreted given the
relatively small sample sizes. Supplemental Figure 7. Area under the
curve (AUC) analysis showing differentiation of RHI/TES group(s) from
healthy control (HC) and Alzheimer’s disease (AD) cohorts. Age- and sex-
adjusted plasma biomarker levels were calculated based on demographic
effects observed in the HC group. For all comparison, the RHI/TES group is
the positive state (i.e, AUC > 0.5 reflects higher concentrations associated
with RHI/TES classification). For the within RHI/TES comparison, the AB(+)
RHI/TES group is the positive state. The table shows the AUC values with
95% confidence intervals for all pairwise comparisons.

Additional file 2.
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