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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 (Aβ) 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 
(RHI)/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 Aβ[ +]), 62 
with AD and no known prior RHI (age 67.1 ± 10.2, 48% male, 62/62 Aβ[ +]), and 59 healthy controls without RHI (HC; 
age 73.0 ± 6.2, 40% male, 0/59 Aβ[ +]). 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-γ, and YKL-40. For cognition and plasma biomarkers, patients with RHI/TES were strati-
fied as Aβ[ +] or Aβ[ −] 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, Aβ[ +] RHI/TES performed worse than Aβ[-] RHI/TES on visuospatial (p = .04, 
d = 0.86) and memory testing (p = .07, d = 0.74). Comparing voxel-wise brain volume, both Aβ[ +] and Aβ[ −] RHI/TES 
had lower medial and anterior temporal lobe volume than HC and did not significantly differ from AD. Comparing 
plasma biomarkers, Aβ[ +] RHI/TES had higher plasma GFAP than HC (p = .01, d = 0.88) and did not significantly differ 
from AD. Conversely, Aβ[ −] RHI/TES had higher NfL than HC (p = .004, d = 0.93) and higher IL-6 than all other groups 
(p’s ≤ .004, d’s > 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 Aβ-PET have cognitive and plasma biomarker changes 
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that are more like patients with AD than patients with Aβ[ −] 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.

Keywords  Traumatic encephalopathy syndrome, Chronic traumatic encephalopathy, Amyloid, PET, Plasma, 
Biomarker, GFAP, NfL, Brain injury, Repetitive head impacts

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 (Aβ) 
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-tau181, 
P-tau217) [19] and glial fibrillary acidic protein (GFAP) 
are relatively specific to the Aβ-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. Aβ 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 Aβ-PET scan. A sub-
set (N = 43) underwent tau PET with flortaucipir, of 
which 40 (93% of those with tau PET) had elevated 

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 Aβ-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 Aβ 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 (1mm 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-γ). AD-specific plasma biomarkers (P-tau181, 
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-γ 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-γ). Mean 
CV% for included plasma samples were 3.6% (GFAP), 

3.6% (NfL), 6.8% (total tau), 5.6% (IL-6), 4.1% (YKL-40), 
and 6.0% (IFN-γ).

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 Aβ[ +]
and Aβ[ −]. 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 
III, 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 
Aβ[ −] 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 
Aβ[ +]), 62 patients with AD (48% male; 62/62 Aβ[ +]), 
and 59 healthy controls (40% male; 0/59 Aβ[ +]). 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, Aβ[ +] RHI/TES per-
formed worse than Aβ[ −] 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, Aβ[ −] 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 Aβ[ +] 
RHI/TES had lower memory scores than Aβ[ −] RHI/
TES (p = 0.07, d = 0.74) and did not differ from patients 
with AD (p = 0.79, d = 0.1), while Aβ[ −] 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 

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 Aβ[ +] and Aβ[ −] RHI/TES 
primarily showed lower anterior and medial temporal 
volume than healthy controls, though only Aβ[ -] 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-γ, or plasma YKL-40 than controls 
or patients with AD.

When stratifying patients with RHI/TES based on amy-
loid status (Fig.  3), Aβ[ +] 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 
Aβ[ −] 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 Aβ[ −] RHI/TES had high plasma GFAP despite 
overall lower group concentrations. For plasma NfL, 
Aβ[ −] RHI/TES had significantly higher concentrations 
than controls (p = 0.004, d = 0.93) and a trend towards 
higher plasma NfL than Aβ[ +] RHI/TES (p = 0.11; 
d = 0.61). For IL-6, Aβ[ −] RHI/TES had higher concen-
trations than controls (p < 0.001, d = 1.1), Aβ[ +] RHI/
TES (p = 0.004, d = 1.2), and patients with AD (p < 0.001, 
d = 1.1), while Aβ[ +] 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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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., Aβ[ +] RHI/TES). Patients with RHI/TES 

who were Aβ[ −] 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 
Aβ[ +] and Aβ[ −] RHI/TES, though Aβ[ −] 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 

Table 1  Descriptive statistics of the study cohort stratified by patient group

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

Repetitive head impact/
traumatic encephalopathy syndrome (RHI/TES)

Healthy controls MCI/
dementia 
due to AD

Aβ( −) Aβ( +) All RHI/TES

N 22 11 33 59 62

Age, years 58.5 (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 (1.4) 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 1 (5) 0 (0) 1 (3) 3 (5) 2 (3)

APOE genotype, N (%) e4 2 (10) 3 (27) 5 (15) 10 (17) 32 (58)

CDR-sum of boxes 4.0 (3.1) 4.8 (2.6) 4.3 (2.9) 0.0 (0.1) 3.9 (2.3)

CDR + FTLD sum of boxes 5.3 (4.2) 6.1 (3.3) 5.6 (3.9) 0.0 (0.0) 4.4 (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) 25.2 (4.7) 29.3 (0.7) 22.9 (5.2)

American football, N (%) 20 (91) 10 (91) 30 (91) - -

Years of exposure 12.4 (6.4) 15.4 (3.8) 13.4 (5.8) - -

Aβ-PET, Centiloidsa 0.4 (16.7) 23.5 (24.3) 8.1 (22.0) 1.4 (10.3) 91.1 (34.6)

Tau-PET (flortaucipir)
    N 12 6 18 - 43

    Metatemporal ROI 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
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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 Aβ[ +] RHI/TES group compared to con-
trols except for a few isolated voxel clusters. This may 
reflect the Aβ[ +] RHI/TES group being evaluated early 
in the disease course. Compared to participants with AD, 
the Aβ[ +] RHI/TBI group had a much lower cortical Aβ 

burden (mean CLs = 24 vs. 91) and the subset of Aβ[ +] 
RHI/TBI participants with tau PET also had a lower dis-
ease burden than the group with AD (mean metatempo-
ral SUVR = 1.56 vs. 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 Aβ[ +] RHI/TES patients. Plasma GFAP is 
tightly linked to AD-related Aβ plaques [21, 23, 44] with 

Fig. 1  Group comparison of cognitive test scores by domain. Scores were adjusted for the effects of age, sex, and years of education observed 
in the healthy control (HC) group. Planned pairwise comparisons included patients with RHI/TES (with and without Aβ status stratification) vs. HC 
and vs. patients with Alzheimer’s disease (AD)



Page 8 of 12Asken et al. Alzheimer’s Research & Therapy          (2023) 15:126 

Fig. 2  Voxel-based morphometry analyses comparing brain volume between repetitive head impact/traumatic encephalopathy syndrome 
(RHI/TES) study groups and healthy controls. Statistically significant volume differences (p < .001 uncorrected, voxel cluster minimum = 30) are 
represented by the red to yellow color spectrum, with the yellow end of the scale indicating greater (lower) volume difference from controls. 
Compared to controls, greatest and most consistent regional volume differences were in the anterior and medial temporal lobes regardless of Aβ 
status. Only Aβ( −) RHI/TES appeared to have lower thalamus volume than controls (white arrows). We did not observe statistically significant 
volume differences when comparing Aβ( +) to Aβ( −) RHI/TES or when comparing participants with RHI/TES to participants with AD

Fig. 3  Group comparison of plasma biomarker concentrations. The dark black line within each box represents the median biomarker concentration 
and the upper and lower bounds of the box represent the interquartile range. Scores were adjusted for the effects of age and sex observed 
in the healthy control (HC) group. Planned pairwise comparisons included patients with RHI/TES (with and without Aβ status stratification) vs. HC 
and vs. patients with Alzheimer’s disease (AD). One patient with RHI/TES (Aβ[ −]) with very high NfL is not shown due to Y-axis distortion. Other 
plasma biomarkers analyzed include total tau, IFN-gamma, and YKL-40. No significant pairwise group differences were observed (data not shown 
in figure; see Supplemental Table 2)
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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 Aβ[ −] 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 Aβ[ −] RHI/TES group. We 
cannot determine with our study design whether higher 
levels in Aβ[ −] 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 Aβ[ −] 
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 Aβ[ −] RHI/TES patients 
having lower hippocampal volume than controls and 
not differing significantly from Aβ[ +] 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 Aβ[ −] 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 

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 Aβ and tau 
burden, and quantification of pathology burden based on 
PET suggested that the AD group had more severe AD 
pathology than the Aβ[ +] patients with RHI/TES. Direct 
comparisons of the Aβ[ +] 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.

Abbreviations
Aβ	� Beta-amyloid
AD	� Alzheimer’s disease
CDR	� Clinical Dementia Rating scale
CTE	� Chronic traumatic encephalopathy
GFAP	� Glial fibrillary acidic protein
HC	� Healthy controls
IFN-γ	� Interferon gamma
IL-6	� Interleukin 6
NfL	� Neurofilament light chain
PET	� Positron emission tomography
RHI	� Repetitive head impacts
TDP43	� Transactive response DNA binding protein of 43 kDa
TES	� Traumatic encephalopathy syndrome

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13195-​023-​01275-w.

Additional file 1: Supplemental Table 1. Autopsy-based designation 
of Aβ pathology for a subset of study participants without Aβ-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 (Aβ[+] vs. Aβ[-]), direction of the effect size is relative to the 
Aβ[+] RHI/TES group (i.e., negative effect size = lower value for Aβ[+] 
RHI/TES, positive effect size = higher value for Aβ[+] 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 

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 
to 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 
et al., 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 Aβ(-) 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 Aβ(+) 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 Aβ(+) 
RHI/TES group is the positive state. The table shows the AUC values with 
95% confidence intervals for all pairwise comparisons.

Additional file 2. 

Acknowledgements
We are deeply grateful to the study participants and their families for partici-
pating in our research program. We thank neuropathologists from the UCSF 
Neurodegenerative Disease Brain Bank who performed autopsies on a subset 
of study participants, which assisted with determining beta-amyloid status 
(William W. Seeley, Lea T. Grinberg, Salvatore Spina).

Authors’ contributions
Study conception and design: BMA, JAT, LV, WGT, JHK, GDR. Data acquisition, 
collection, and analysis: BMA, LSG, CF, RS, HG, KS, RL, YC, ALL, HX, KKWW, HR, 

https://doi.org/10.1186/s13195-023-01275-w
https://doi.org/10.1186/s13195-023-01275-w


Page 11 of 12Asken et al. Alzheimer’s Research & Therapy          (2023) 15:126 	

BLM. Manuscript drafting: BMA. Manuscript review for scientific content: JAT, 
LV, WGT, KBC, AMS, LSG, DCP, JCR, RCG, KKWW, JHK, GDR. Final approval of 
manuscript: All authors

Funding
We thank the following funding sources who have supported out work: NIH 
ADRC (P30AG062422) to GDR and BLM and PPG (P01AG019724) to BLM; NIH 
(R01AG045611, NIA R35AG072362), Alzheimer’s Association (ZEN-21–848216), 
and the Rainwater Charitable Foundation to GDR; NIH (R01(s) AG032289 and 
AG048234) and Larry L. Hillblom Network Grant (2014-A-004-NET) to JHK; NIH 
(R01AG072475) to KBC; NIH (K23AG061253) to AMS; NIH (R01AG062758) to 
DCP; NIH (R01NS110944), American Federation for Aging Research, and Global 
Brain Health Institute to RCG; NIH (K23AG059888) to JCR; NIH (R01AG080806), 
American Academy of Neurology, American Brain Foundation, Alzheimer’s 
Association, Wallin Foundation, Fesler-Lampert Family Foundation to WGM; 
and NIH (K99AG065501) and Alzheimer’s Association (AARF-16–443577) to RLJ.

Availability of data and materials
All study data are available on reasonable request made to the UCSF Memory 
and Aging Center. Academic, not-for-profit investigators can request data 
for professional education and for research studies. Requests can be made 
online (https://​memory.​ucsf.​edu/​resea​rch-​trials/​profe​ssion​al/​open-​scien​ce). 
Datasets used for the analyses for the current study are also available from the 
corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All study procedures were reviewed and approved by the UCSF institutional 
review board (IRB-01) and participants provided informed consent prior to 
participation.

Consent for publication
Not applicable.

Competing interests
AMS has served as a consultant for Passage Bio and Takeda. JHK has provided 
consultation to Biogen. GDR receives research funding from Avid Radiop-
harmaceuticals, GE Healthcare, Genentech, Life Molecular Imaging, and has 
served as consultant for Alector, Eli Lilly, Genentech, GE Healthcare, Roche, 
Johnson & Johnson, and Merck, and is an Associate Editor for JAMA Neurology. 
WGM has served as a consultant for Genentech/Roche. KKWW is a shareholder 
of Gryphon Bio, Inc.

Author details
1 Department of Clinical & Health Psychology, 1Florida Alzheimer’s Disease 
Research Center, University of Florida, 1225 Center Drive, Gainesville, FL 32610, 
USA. 2 Department of Neurology, Biggs Institute for Alzheimer’s and Neu-
rodegenerative Diseases, South Texas Alzheimer’s Disease Research Center, 
University of Texas Health – San Antonio, 7703 Floyd Curl Drive, San Antonio, 
TX 78229, USA. 3 Department of Neurology, Weill Institute for Neurosciences, 
Memory and Aging Center, University of California, San Francisco, 675 Nelson 
Rising Lane, San Francisco, CA 94158, USA. 4 Department of Neurology, 
University of Minnesota, PWB 12‑100, 516 Delaware Street SE, Minneapolis, 
MN 55455, USA. 5 Department of Neuroscience, Helen Wills Neuroscience 
Institute, University of California, 132 Barker Hall MC#3190, Berkeley, CA 94720, 
USA. 6 Department of Surgery, University of Florida, PO Box 100128, Gainesville, 
FL 32610, USA. 7 Sheba Medical Center, Tel Hashomer City of Health, Tel Aviv 
District, Derech Sheba 2, Ramat Gan, Israel. 8 Department of Neurobiology, 
Morehouse School of Medicine, 720 Westview Drive SW, Atlanta, GA 30310, 
USA. 

Received: 6 May 2023   Accepted: 12 July 2023

References
	1.	 Mez J, Daneshvar DH, Kiernan PT, Abdolmohammadi B, Alva-

rez VE, Huber BR, et al. Clinicopathological evaluation of chronic 

traumatic encephalopathy in players of American football. JAMA. 
2017;318(4):360–70.

	2.	 Mez J, Daneshvar DH, Abdolmohammadi B, Chua AS, Alosco ML, Kiernan 
PT, et al. Duration of American football play and chronic traumatic 
encephalopathy. Ann Neurol. 2020;87(1):116–31.

	3.	 Katz DI, Bernick C, Dodick DW, Mez J, Mariani ML, Adler CH, et al. National 
institute of neurological disorders and stroke consensus diagnostic 
criteria for traumatic encephalopathy syndrome. 2021;96(18):848–63.

	4.	 Mackay DF, Russell ER, Stewart K, MacLean JA, Pell JP, Stewart W. Neurode-
generative disease mortality among former professional soccer players. N 
Engl J Med. 2019;381(19):1801–8.

	5.	 Schaffert J, LoBue C, White CL, Chiang HS, Didehbani N, Lacritz L, et al. 
Traumatic brain injury history is associated with an earlier age of demen-
tia onset in autopsy-confirmed Alzheimer’s disease. Neuropsychology. 
2018;32(4):410–6.

	6.	 Mendez MF, Paholpak P, Lin A, Zhang JY, Teng E. Prevalence of traumatic 
brain injury in early versus late-onset alzheimer’s disease. J Alzheimer’s 
Dis. 2015;47(4):985–93.

	7.	 Stein TD, Montenigro PH, Alvarez VE, Xia W, Crary JF, Tripodis Y, et al. 
Beta-amyloid deposition in chronic traumatic encephalopathy. Acta 
Neuropathol. 2015;130(1):21–34.

	8.	 Montenigro PH, Baugh CM, Daneshvar DH, Mez J, Budson AE, Au R, et al. 
Clinical subtypes of chronic traumatic encephalopathy: literature review 
and proposed research diagnostic criteria for traumatic encephalopathy 
syndrome. Alzheimers Res Ther. 2014;6(5):68.

	9.	 Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al. 
The diagnosis of mild cognitive impairment due to Alzheimer’s disease: 
recommendations from the National Institute on Aging-Alzheimer’s 
Association workgroups on diagnostic guidelines for Alzheimer’s disease. 
Alzheimer’s Dementia. 2011;7(3):270–9.

	10.	 McKee AC, Stern RA, Nowinski CJ, Stein TD, Alvarez VE, Daneshvar DH, 
et al. The spectrum of disease in chronic traumatic encephalopathy. Brain. 
2013;136(Pt 1):43–64.

	11.	 Alosco ML, Cherry JD, Huber BR, Tripodis Y, Baucom Z, Kowall NW, et al. 
Characterizing tau deposition in chronic traumatic encephalopathy 
(CTE): utility of the McKee CTE staging scheme. Acta Neuropathol. 
2020;140(4):495–512.

	12.	 Alosco ML, Mian AZ, Buch K, Farris CW, Uretsky M, Tripodis Y, et al. Struc-
tural MRI profiles and tau correlates of atrophy in autopsy-confirmed CTE. 
Alzheimers Res Ther. 2021;13(1):193.

	13.	 Asken BM, Tanner JA, VandeVrede L, Casaletto KB, Staffaroni AM, Mun-
dada N, et al. Multi-modal biomarkers of repetitive head impacts and 
traumatic encephalopathy syndrome: a clinicopathological case series. J 
Neurotrauma. 2022;39(17–18):1195–213.

	14.	 Braak H, Braak E. Neuropathological stageing of Alzheimer-related 
changes. Acta Neuropathol. 1991;82(4):239–59.

	15.	 Shahim P, Tegner Y, Marklund N, Höglund K, Portelius E, Brody DL, et al. 
Astroglial activation and altered amyloid metabolism in human repetitive 
concussion. Neurology. 2017;88(15):1400–7.

	16.	 Shahim P, Tegner Y, Gustafsson B, Gren M, Ärlig J, Olsson M, et al. Neu-
rochemical aftermath of repetitive mild traumatic brain injury. JAMA 
Neurol. 2016;73(11):1308–15.

	17.	 Shahim P, Gill JM, Blennow K, Zetterberg H. Fluid biomarkers for chronic 
traumatic encephalopathy. Semin Neurol. 2020;40(4):411–9.

	18.	 Shahim P, Zetterberg H, Simrén J, Ashton NJ, Norato G, Schöll M, et al. 
Association of plasma biomarker levels with their CSF concentration and 
the number and severity of concussions in professional athletes. Neurol-
ogy. 2022;99(4):e347–54.

	19.	 Asken BM, Tanner JA, VandeVrede L, Mantyh WG, Casaletto KB, Staffaroni 
AM, La Joie R, Iaccarino L, Soleimani-Meigooni D, Rojas JC, Gardner 
RC, Miller BL, Grinberg LT, Boxer AL, Kramer JH, Rabinovici GD. Plasma 
P-tau181 and P-tau217 in Patients With Traumatic Encephalopathy 
Syndrome With and Without Evidence of Alzheimer Disease Pathology. 
Neurology. 2022;99(6):e594–e604. https://​doi.​org/​10.​1212/​WNL.​00000​
00000​200678.

	20.	 Karikari TK, Pascoal TA, Ashton NJ, Janelidze S, Benedet AL, Rodriguez 
JL, et al. Blood phosphorylated tau 181 as a biomarker for Alzheimer’s 
disease: a diagnostic performance and prediction modelling study using 
data from four prospective cohorts. Lancet Neurol. 2020;19(5):422–33.

	21.	 Pereira JB, Janelidze S, Smith R, Mattsson-Carlgren N, Palmqvist S, Teunis-
sen CE, Zetterberg H, Stomrud E, Ashton NJ, Blennow K, Hansson O. 

https://memory.ucsf.edu/research-trials/professional/open-science
https://doi.org/10.1212/WNL.0000000000200678
https://doi.org/10.1212/WNL.0000000000200678


Page 12 of 12Asken et al. Alzheimer’s Research & Therapy          (2023) 15:126 

Plasma GFAP is an early marker of amyloid-β but not tau pathology in 
Alzheimer’s disease. Brain. 2021;144(11):3505–16. https://​doi.​org/​10.​1093/​
brain/​awab2​23.

	22.	 Thijssen EH, La Joie R, Strom A, Fonseca C, Iaccarino L, Wolf A, et al. Plasma 
phosphorylated tau 217 and phosphorylated tau 181 as biomarkers in 
Alzheimer’s disease and frontotemporal lobar degeneration: a retrospec-
tive diagnostic performance study. Lancet Neurol. 2021;20(9):739–52.

	23.	 Benedet AL, Milà-Alomà M, Vrillon A, Ashton NJ, Pascoal TA, Lussier F, 
Karikari TK, Hourregue C, Cognat E, Dumurgier J, Stevenson J, Rahmouni 
N, Pallen V, Poltronetti NM, Salvadó G, Shekari M, Operto G, Gispert JD, 
Minguillon C, Fauria K, Kollmorgen G, Suridjan I, Zimmer ER, Zetterberg H, 
Molinuevo JL, Paquet C, Rosa-Neto P, Blennow K, Suárez-Calvet M; Trans-
lational Biomarkers in Aging and Dementia (TRIAD) study, Alzheimer’s 
and Families (ALFA) study, and BioCogBank Paris Lariboisière cohort. 
Differences Between Plasma and Cerebrospinal Fluid Glial Fibrillary Acidic 
Protein Levels Across the Alzheimer Disease Continuum. JAMA Neurol. 
2021;78(12):1471–83. https://​doi.​org/​10.​1001/​jaman​eurol.​2021.​3671.

	24.	 McCrea M, Meier T, Huber D, Ptito A, Bigler E, Debert CT, et al. Role of 
advanced neuroimaging, fluid biomarkers and genetic testing in the 
assessment of sport-related concussion: a systematic review. Br J Sports 
Med. 2017;51(12):919–29.

	25.	 Abdelhak A, Foschi M, Abu-Rumeileh S, Yue JK, D’Anna L, Huss A, et al. 
Blood GFAP as an emerging biomarker in brain and spinal cord disorders. 
Nat Rev Neurol. 2022;18(3):158–72.

	26.	 Forgrave LM, Ma M, Best JR, DeMarco ML. The diagnostic performance 
of neurofilament light chain in CSF and blood for Alzheimer’s disease, 
frontotemporal dementia, and amyotrophic lateral sclerosis: a systematic 
review and meta-analysis. Alzheimer’s Dementia (Amsterdam, Nether-
lands). 2019;11:730–43.

	27.	 Chaudhry A, Houlden H, Rizig M. Novel fluid biomarkers to differentiate 
frontotemporal dementia and dementia with Lewy bodies from Alzhei-
mer’s disease: a systematic review. J Neurol Sci. 2020;415: 116886.

	28.	 Flanagin A, Frey T, Christiansen SL. Updated guidance on the report-
ing of race and ethnicity in medical and science journals. JAMA. 
2021;326(7):621–7.

	29.	 Röhr S. Social determinants of brain health need to be addressed in 
risk reduction of cognitive decline and dementia. Int Psychogeriatr. 
2021;33(12):1249–51.

	30.	 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, Kawas 
CH, et al. The diagnosis of dementia due to Alzheimer’s disease: recom-
mendations from the National Institute on Aging-Alzheimer’s Association 
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s 
Dementia. 2011;7(3):263–9.

	31.	 Ossenkoppele R, Rabinovici GD, Smith R, Cho H, Schöll M, Strandberg 
O, et al. Discriminative accuracy of [18F]flortaucipir positron emission 
tomography for Alzheimer disease vs other neurodegenerative disorders. 
JAMA. 2018;320(11):1151–62.

	32.	 Crutch SJ, Schott JM, Rabinovici GD, Murray M, Snowden JS, van der Flier 
WM, et al. Consensus classification of posterior cortical atrophy. Alzhei-
mer’s Dementia. 2017;13(8):870–84.

	33.	 Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez M, Cappa SF, 
et al. Classification of primary progressive aphasia and its variants. Neurol-
ogy. 2011;76(11):1006–14.

	34.	 Ossenkoppele R, Pijnenburg YA, Perry DC, Cohn-Sheehy BI, Scheltens NM, 
Vogel JW, et al. The behavioural/dysexecutive variant of Alzheimer’s dis-
ease: clinical, neuroimaging and pathological features. Brain. 2015;138(Pt 
9):2732–49.

	35.	 Ossenkoppele R, Singleton EH, Groot C, Dijkstra AA, Eikelboom WS, 
Seeley WW, et al. Research criteria for the behavioral variant of Alz-
heimer Disease: a systematic review and meta-analysis. JAMA Neurol. 
2022;79(1):48–60.

	36.	 Armstrong MJ, Litvan I, Lang AE, Bak TH, Bhatia KP, Borroni B, et al. 
Criteria for the diagnosis of corticobasal degeneration. Neurology. 
2013;80(5):496–503.

	37.	 Besser L, Kukull W, Knopman DS, Chui H, Galasko D, Weintraub S, et al. 
Version 3 of the National Alzheimer’s coordinating center’s uniform data 
set. Alzheimer Dis Assoc Disord. 2018;32(4):351–8.

	38.	 Corrigan JD, Bogner J. Initial reliability and validity of the Ohio 
State University TBI Identification Method. J Head Trauma Rehabil. 
2007;22(6):318–29.

	39.	 Montenigro PH, Alosco ML, Martin BM, Daneshvar DH, Mez J, Chaisson 
CE, et al. Cumulative head impact exposure predicts later-life depression, 
apathy, executive dysfunction, and cognitive impairment in former high 
school and college football players. J Neurotrauma. 2017;34(2):328–40.

	40.	 Kramer JH, Jurik J, Sharon JS, Rankin KP, Rosen HJ, Johnson JK, et al. 
Distinctive neuropsychological patterns in frontotemporal demen-
tia, semantic dementia, and Alzheimer disease. Cogn Behav Neurol. 
2003;16(4):211–8.

	41.	 Ashburner J. A fast diffeomorphic image registration algorithm. Neuroim-
age. 2007;38(1):95–113.

	42.	 Cohen J. Statistical power analysis. Curr Dir Psychol Sci. 1992;1(3):98–101.
	43.	 Yang Z, Wang KK. Glial fibrillary acidic protein: from intermediate 

filament assembly and gliosis to neurobiomarker. Trends Neurosci. 
2015;38(6):364–74.

	44.	 Asken BM, Elahi FM, La Joie R, Strom A, Staffaroni AM, Lindbergh CA, 
Apple AC, You M, Weiner-Light S, Brathaban N, Fernandes N, Karydas 
A, Wang P, Rojas JC, Boxer AL, Miller BL, Rabinovici GD, Kramer JH, 
Casaletto KB. Plasma Glial Fibrillary Acidic Protein Levels Differ Along the 
Spectra of Amyloid Burden and Clinical Disease Stage. J Alzheimers Dis. 
2020;78(1):265–76. https://​doi.​org/​10.​3233/​JAD-​200755. Erratum in: J Alz-
heimers Dis. 2021;80(1):471-474. PMID: 32986672; PMCID: PMC7727314.

	45.	 Heller C, Foiani MS. Plasma glial fibrillary acidic protein is raised in 
progranulin-associated frontotemporal dementia. 2020;91(3):263–70.

	46.	 Zhu N, Santos-Santos M, Illán-Gala I, Montal V, Estellés T, Barroeta I, et al. 
Plasma glial fibrillary acidic protein and neurofilament light chain for 
the diagnostic and prognostic evaluation of frontotemporal dementia. 
2021;10(1):50.

	47.	 Daneshvar DH, Mez J, Alosco ML, Baucom ZH, Mahar I, Baugh CM, et al. 
Incidence of and mortality from amyotrophic lateral sclerosis in national 
football league athletes. JAMA Netw Open. 2021;4(12): e2138801.

	48.	 Blecher R, Elliott MA, Yilmaz E. Contact sports as a risk factor for 
amyotrophic lateral sclerosis: a systematic review. Global Spine J. 
2019;9(1):104–18.

	49.	 Nicks R, Clement NF, Alvarez VE, Tripodis Y, Baucom ZH, Huber BR, et al. 
Repetitive head impacts and chronic traumatic encephalopathy are 
associated with TDP-43 inclusions and hippocampal sclerosis. Acta Neu-
ropathol. 2023;145(4):395–408.

	50.	 Nelson PT, Dickson DW, Trojanowski JQ, Jack CR, Boyle PA, Arfanakis K, 
et al. Limbic-predominant age-related TDP-43 encephalopathy (LATE): 
consensus working group report. Brain. 2019;142(6):1503–27.

	51.	 Josephs KA, Murray ME, Tosakulwong N, Weigand SD, Serie AM, Perkerson 
RB, et al. Pathological, imaging and genetic characteristics support the 
existence of distinct TDP-43 types in non-FTLD brains. Acta Neuropathol. 
2019;137(2):227–38.

	52.	 Robinson JL, Lee EB, Xie SX, Rennert L, Suh E, Bredenberg C, et al. 
Neurodegenerative disease concomitant proteinopathies are prevalent, 
age-related and APOE4-associated. Brain. 2018;141(7):2181–93.

	53.	 Brett BL, Savitz J, Nitta M, España L, Teague TK, Nelson LD, McCrea MA, 
Meier TB. Systemic inflammation moderates the association of prior con-
cussion with hippocampal volume and episodic memory in high school 
and collegiate athletes. Brain Behav Immun. 2020;89:380–8. https://​doi.​
org/​10.​1016/j.​bbi.​2020.​07.​024.

	54.	 Werhane ML, Evangelista ND, Clark AL, Sorg SF, Bangen KJ, Tran M, 
et al. Pathological vascular and inflammatory biomarkers of acute- and 
chronic-phase traumatic brain injury. Concussion (London, England). 
2017;2(1):Cnc30.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1093/brain/awab223
https://doi.org/10.1093/brain/awab223
https://doi.org/10.1001/jamaneurol.2021.3671
https://doi.org/10.3233/JAD-200755
https://doi.org/10.1016/j.bbi.2020.07.024
https://doi.org/10.1016/j.bbi.2020.07.024

	Alzheimer’s pathology is associated with altered cognition, brain volume, and plasma biomarker patterns in traumatic encephalopathy syndrome
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Study participants
	Neuropsychological testing
	Voxel-wise structural neuroimaging
	Plasma biomarkers
	Statistical analyses

	Results
	Participant characteristics
	Cognitive function
	Voxel-wise brain volume
	Plasma biomarker concentrations
	Excluding atypical AD syndromes and questionable TES

	Discussion
	Conclusions
	Anchor 22
	Acknowledgements
	References


