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OBJECTIVES
§ Evolution of the definition of CTE-NC
§ CTE beyond contact sports
§ Other tau pathologies seen in mTBI cases
§ Is it only Tau-related neurodegeneration?
§Conclusions



§CURRENT DEFINTION: Chronic traumatic encephalopathy 
(CTE) is a neurodegenerative disease associated with 
exposure to repetitive head impacts, including those 
sustained in contact and collision sports 

§Descriptions of the clinical features of CTE include 
nonspecific cognitive, neuropsychiatric, and motor 
impairments, progressing to functional dependence and 
dementia. Research diagnostic criteria termed clinical 
symptoms as traumatic encephalopathy syndrome (TES). 



CTE NEUROPATHOLOGY: TAU
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Chronic traumatic encephalopathy is a progressive tauopathy that occurs as a consequence of repetitive mild traumatic brain

injury. We analysed post-mortem brains obtained from a cohort of 85 subjects with histories of repetitive mild traumatic brain

injury and found evidence of chronic traumatic encephalopathy in 68 subjects: all males, ranging in age from 17 to 98 years

(mean 59.5 years), including 64 athletes, 21 military veterans (86% of whom were also athletes) and one individual who

engaged in self-injurious head banging behaviour. Eighteen age- and gender-matched individuals without a history of repetitive

mild traumatic brain injury served as control subjects. In chronic traumatic encephalopathy, the spectrum of hyperphosphory-

lated tau pathology ranged in severity from focal perivascular epicentres of neurofibrillary tangles in the frontal neocortex to

severe tauopathy affecting widespread brain regions, including the medial temporal lobe, thereby allowing a progressive staging

of pathology from stages I–IV. Multifocal axonal varicosities and axonal loss were found in deep cortex and subcortical white
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Sequential involvement of anatomical areas are recognized

Four stages are proposed (awaits widespread application):

CTE Stages I and II are characterized by the progressive 
involvement of the cerebral cortex, with extensive cortical and 
subcortical involvement in Stages III and IV.

diencephalon, brainstem, cerebellar dentate nucleus, and
spinal cord. Other features include neuronal loss, gliosis
in the frontal and temporal cortices, and astrocytic p-tau
pathology. CTE pathology in stages I and II is
considered mild; and in stages III and IV, severe.

Using the McKee staging scheme for CTE severity in
American football players, the stage of CTE pathology is
significantly correlated with age at death, supporting the
McKee staging scheme as representative of increasing
pathologic severity. Furthermore, duration of football
career and years since retirement from football are also
associated with pathologic CTE stage, supporting an
association between cumulative exposure to repetitive
head trauma and CTE severity. By contrast, number of
concussions, years of education, lifetime steroid use,
and position played are not significantly associated with
CTE stage (McKee et al., 2013).

In 2015, as part of a National Institute of Neurological
Disorders and Stroke (NINDS) and National Institute of

Biomedical Imaging and Bioengineering (NIBIB)-
funded consensus meeting, a panel of expert neuropa-
thologists evaluated 25 cases of various tauopathies
using the McKee criteria (McKee et al., 2013). The tauo-
pathies included CTE, AD, progressive supranuclear
palsy, argyrophilic grain disease, corticobasal degener-
ation, primary age-related tauopathy, and parkinsonism
dementia complex of Guam. A single laboratory pro-
cessed all cases uniformly; the resulting slides were
scanned into digital images that were provided to the
panel, who were blinded to all clinical, demographic,
and gross neuropathologic information. The panel sub-
mitted their independent evaluations prior to meeting
in person. Using the McKee criteria, the panel found
that CTE was reliably distinguished from other tauopa-
thies and made further refinements, as the preliminary
NINDS criteria for the diagnosis of CTE (Table 28.3).
The panel further established that there was a pathogno-
monic lesion for CTE that distinguishes it from other

Fig. 28.2. The four pathologic stages of chronic traumatic encephalopathy (CTE) (McKee et al., 2013). For images (A–D), hemi-
spheric 50-mm tissue sectionswere immunostainedwithmousemonoclonal antibodyCP-13, directed against phosphoserine 202 of
tau (courtesy of Peter Davies, PhD, Feinstein Institute for Medical Research; 1:200); positive ptau immunostaining appears dark
brown. For images (E–H), 10-mm paraffin-embedded tissue sections were immunostained with mouse monoclonal antibody for
phosphorylated tau (AT8) (Pierce Endogen). Positive p-tau immunostaining appears dark red, hematoxylin counterstain; calibra-
tion bar indicates 100 mm. (A) Stage I CTE. Two perivascular p-tau CTE lesions are present at sulcal depths of the frontal cortex;
there is no neurofibrillary degeneration in the medial temporal lobe (open arrowhead). (B) Stage II CTE. There are multiple peri-
vascular p-tauCTE lesions at depths of the sulci in the frontal cortex; there is no neurofibrillary degeneration in themedial temporal
lobe (open arrowhead). (C) Stage III CTE. Multiple CTE lesions are found throughout the cortex, the CTE lesions are large and
confluent, and there is diffuse neurofibrillary degeneration of the hippocampus and entorhinal cortex (black arrowhead). (D) Stage
IV CTE. Multiple CTE lesions are found in the frontal cortex, the CTE lesions are large and confluent, and there is intense neu-
rofibrillary degeneration of the hippocampus, entorhinal cortex, and parahippocampal gyrus (black arrowhead). (E–H) Corre-
sponding appearance of perivascular CTE lesion in all stages of CTE pathology. With increasing CTE stage, the perivascular
lesions increase in size, show more p-tau neurofibrillary tangles, and neuritic abnormalities and astrocytes.
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CTE, Alzheimer’s disease, progressive supranuclear palsy, 
argyrophilic grain disease, corticobasal degeneration, pri-
mary age-related tauopathy, and parkinsonism dementia 
complex of Guam. The results demonstrated that there 
was good agreement among the neuropathologists who 
reviewed the cases (Cohen’s kappa, 0.67) and even better 
agreement between reviewers and the diagnosis of CTE 
(Cohen’s kappa, 0.78). Based on these results, the panel 
defined the pathognomonic lesion of CTE as an accumula-
tion of abnormal hyperphosphorylated tau (p-tau) in neu-
rons and astroglia distributed around small blood vessels 
at the depths of cortical sulci and in an irregular pattern. 
The group also defined supportive but non-specific p-tau-
immunoreactive features of CTE as: pretangles and NFTs 
affecting superficial layers (layers II–III) of cerebral cortex; 

Abstract Chronic traumatic encephalopathy (CTE) is a 
neurodegeneration characterized by the abnormal accumu-
lation of hyperphosphorylated tau protein within the brain. 
Like many other neurodegenerative conditions, at present, 
CTE can only be definitively diagnosed by post-mortem 
examination of brain tissue. As the first part of a series of 
consensus panels funded by the NINDS/NIBIB to define 
the neuropathological criteria for CTE, preliminary neuro-
pathological criteria were used by 7 neuropathologists to 
blindly evaluate 25 cases of various tauopathies, including 

The members representing TBI/CTE group are listed in the 
Appendix.
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The pathognomomic lesion consists of p-tau aggregates in 
neurons, astrocytes, and cell processes around small 
vessels in an irregular pattern at the depths of the cortical 
sulci.

P-tau aggregates in neurons, with or without thorn-shaped 
astrocytes, at the depth of a cortical sulcus around small 
blood vessel, deep in the parenchyma, and not restricted to 
the subpial and superficial region of the sulcus.

2016

2021



CONDITIONS WHERE CTE-NC HAS BEEN DESCRIBED

§ Boxers

§ Autistic patient with repetitive head-banging behaviors

§ head banging, poorly controlled epilepsy, rugby union, rugby league

§ American National Football League (NFL) players

§ Canadian Football League players

§ Australian Rules football players

§ Professional wrestlers

§ Soccer

§ Military veterans with known blast exposure or concussive injury

§ Ice hockey

§ Bull rider

§ Some Hospital/Community/Brain Bank based studies identified occasional cases: they 
usually included some kind of head trauma



“only limited neurodegenerative
proteinopathies were encountered in 
the oldest subjects, none meeting 
consensus criteria for CTE-NC”
(14 NY + 70 other cases included)

2 cases, Australia

NO      YES



• 34 consecutively collected homeless 
individuals that came to autopsy between 
November 2017 and February 2018 at the 
Department of Pathology, Forensic and 
Insurance Medicine of Semmelweis University 
were included in this study. The cases were 
part of a previously charactered homeless 
population in Central Europe (Hungary). 

• Cases ranged from 41 to 67 years of age (57 ± 
7 years) and comprised 5 females (56 ± 7 
years; females: 59 ± 5 years). 

• Alcohol and toxicology screenings were 
performed on blood samples in all cases, and 
on urine samples when available. 

• Cases with drug abuse, neoplastic, vessel 
pathologies, contusion, histological signs of 
acute and chronic intracranial hemorrhages, 
and inflammatory disorders of the brain were 
excluded. 

• Professional sport or military veteran status was 
not present. 

4 out 34 = 11.7%



Two cases with neuropathological features reported in CTE 
although both cases did not fulfill neuropathological 
consensus criteria 

”Violent behavior and various mental illnesses reported in homeless might not be only the
cause, but also the consequence of CTE-NC. The presence of a progressive repetitive trauma-
related neurodegenerative disorder in homeless has implications for the care system and for
legal practice evaluating consequences of violent behavior.” 



TAKE HOME 
MESSAGES 

1 

CTE-NC can be observed in 
various cohorts but mostly studied 
in North American contact sports.

Not everyone shows CTE-NC in the 
same cohorts reported from 
various countries

Some studies did not apply the verbatim 
definition of CTE-NC and might have 
reported cases in the community having 
CTE that do not have according to strict 
criteria



• Among brain donors with RHI 
exposure, APOE ε4 was significantly 
associated with CTE stage and quantitative 
and semi-quantitative measures of p-tau 
pathology

• The MAPT H1β1γ1 haplotype was 
significantly associated with dementia 
and semi-quantitative tau burden in 
multiple cortical and medial temporal 
regions commonly affected in CTE. 

• H1β1γ1 differential expression analyses in 
dorsolateral frontal cortex implicated cis-
acting genes and inflammatory pathways. 

• The H1β1γ1 haplotype may help explain 
CTE heterogeneity among those with similar 
RHI exposure.

Two genetic studies suggesting 
why not everyone in the same sport 
develop CTE-NC
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Interface astrogliosis in contact sport head 
impacts and military blast exposure
Katharine J. Babcock1,2,3, Bobak Abdolmohammadi3,5, Patrick T. Kiernan3, Ian Mahar3,5, Jonathan D. Cherry2,3,4,5, 
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Abstract 
Exposure to military blast and repetitive head impacts (RHI) in contact sports is associated with increased risk of 
long-term neurobehavioral sequelae and cognitive deficits, and the neurodegenerative disease chronic traumatic 
encephalopathy (CTE). At present, the exact pathogenic mechanisms of RHI and CTE are unknown, and no targeted 
therapies are available. Astrocytes have recently emerged as key mediators of the multicellular response to head 
trauma. Here, we investigated interface astrogliosis in blast and impact neurotrauma, specifically in the context of RHI 
and early stage CTE. We compared postmortem brain tissue from former military veterans with a history of blast expo-
sure with and without a neuropathological diagnosis of CTE, former American football players with a history of RHI 
with and without a neuropathological diagnosis of CTE, and control donors without a history of blast, RHI exposure 
or CTE diagnosis. Using quantitative immunofluorescence, we found that astrogliosis was higher at the grey-white 
matter interface in the dorsolateral frontal cortex, with mixed effects at the subpial surface and underlying cortex, in 
both blast and RHI donors with and without CTE, compared to controls. These results indicate that certain astrocytic 
alterations are associated with both impact and blast neurotrauma, and that different astroglial responses take place 
in distinct brain regions.

Keywords: Mild traumatic brain injury, Repetitive head impacts, Blast injury, Chronic traumatic encephalopathy, 
Astrogliosis
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Introduction
Mild traumatic brain injuries (mTBI), including concus-
sive and subconcussive injuries, are the most common 
type of TBI, accounting for an estimated 80% of all TBIs 
[9]. Blast-associated TBI is prevalent in military person-
nel deployed to Iraq and Afghanistan due to the wide-
spread use of improvised explosive devices (IEDs) and is 
considered an "invisible" wound of war due to its asso-
ciation with mood and behavioral changes, including 
post-traumatic stress disorder (PTSD), in the absence of 

detectable physical damage [18, 25]. Exposure to repeti-
tive head impacts (RHI) in contact sports, a form of 
mTBI, is also associated with long-term neurobehavioral 
and cognitive deficits. Both blast and RHI exposure are 
associated with the development of the neurodegenera-
tive disease chronic traumatic encephalopathy (CTE) [22, 
36, 39].

In addition to cognitive and behavior changes, expo-
sure to RHI and military blast is tied to several neu-
ropathological alterations. Athletes with a history of 
contact sport-related RHI have increased neuroinflam-
mation compared to non-athlete controls, indicated by 
higher levels of CD68 + macrophages and microglia, 
that progressively increase in the presence of mild and 
severe CTE [12]. Other human postmortem studies have 
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donors in the blast groups had concomitant RHI expo-
sure that makes it difficult to isolate the specific contribu-
tion of blast- vs impact-related injuries to the astrocytic 
alterations reported here. Nevertheless, donors in the 
Blast-RHI without CTE cohort had significantly less RHI 
exposure compared to the other neurotrauma cohorts 
and still had significantly higher GFAP at the grey-white 
matter interface compared to controls. "is suggests 
that blast exposure alone, without significant contact 
sport RHI, might be sufficient to elicit chronic astrocytic 
alterations.

"e lack of a CTE-specific effect on GFAP expression 
observed in the Blast-RHI CTE and RHI CTE groups, 

compared to their non-CTE counterparts, might be due 
to inclusion of only mild CTE cases (low stage, McKee 
Stages I-II) that have significantly less p-tau pathology 
than later stage disease (high stage, McKee Stages III-IV)
[5]. In addition, while GFAP fluorescent intensity is com-
monly used to assess astrogliosis, it is inherently an indi-
rect measurement. Morphological assessment of reactive 
astrocytes is another commonly used technique [16]. 
In the present study clear differences were apparent in 
astrocyte morphology between controls and the neuro-
trauma cohorts, such as reduced interlaminar astrocytic 
processes and swollen astrocyte cell bodies at the subpial 
surface (Fig.  6F-J), as well as increased GFAP, cellular 

Fig. 6 GFAP + Astrocyte Morphology in the Gyral Crest of the Dorsolateral Frontal Cortex. Representative images of the dorsolateral frontal cortex 
stained with GFAP from Control (A), Blast-RHI (B), Blast-RHI CTE (C), RHI (D), and RHI CTE (E) cases. The blue rectangular boxes in A–E indicate the 
areas analyzed and discussed in F-T. Astrocytes of the glial limitans superficialis demonstrate intralaminar astrocyte processes that extend down 
from the subpial surface into cortical layers I-II in the control case (F). In all forms of neurotrauma (G–J), there is a dropout of interlaminar astrocytic 
processes, however astrocytes visible in the subjacent layer display increased GFAP expression and swollen cell bodies indicative of reactive 
astrocytosis. Throughout the cortex astrocytes appear similar across groups (K-O). At the GWMI, the control case (P) demonstrates fine astrocytic 
processes and low levels of GFAP expression, while the neurotrauma groups (Q-T) display greater GFAP expression and reactive profiles with thicker 
astrocyte processes. Green = GFAP. Scale bar, top panel (A–E): 5 mm. Scale bar, bottom panels (F–T): 50 μm

Astrocytes of the glial limitans 
superficialis demonstrate intralaminar 
astrocyte processes that extend down 
from the subpial surface into cortical 
layers I-II in controls. 

In all forms of neurotrauma there is a 
dropout of interlaminar astrocytic
processes, however, changes 
indicative of reactive astrocytosis can 
be seen throughout the cortex.
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CTE, Alzheimer’s disease, progressive supranuclear palsy, 
argyrophilic grain disease, corticobasal degeneration, pri-
mary age-related tauopathy, and parkinsonism dementia 
complex of Guam. The results demonstrated that there 
was good agreement among the neuropathologists who 
reviewed the cases (Cohen’s kappa, 0.67) and even better 
agreement between reviewers and the diagnosis of CTE 
(Cohen’s kappa, 0.78). Based on these results, the panel 
defined the pathognomonic lesion of CTE as an accumula-
tion of abnormal hyperphosphorylated tau (p-tau) in neu-
rons and astroglia distributed around small blood vessels 
at the depths of cortical sulci and in an irregular pattern. 
The group also defined supportive but non-specific p-tau-
immunoreactive features of CTE as: pretangles and NFTs 
affecting superficial layers (layers II–III) of cerebral cortex; 

Abstract Chronic traumatic encephalopathy (CTE) is a 
neurodegeneration characterized by the abnormal accumu-
lation of hyperphosphorylated tau protein within the brain. 
Like many other neurodegenerative conditions, at present, 
CTE can only be definitively diagnosed by post-mortem 
examination of brain tissue. As the first part of a series of 
consensus panels funded by the NINDS/NIBIB to define 
the neuropathological criteria for CTE, preliminary neuro-
pathological criteria were used by 7 neuropathologists to 
blindly evaluate 25 cases of various tauopathies, including 

The members representing TBI/CTE group are listed in the 
Appendix.
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to merit further characterization and classification, which 
may stimulate clinicopathological studies and research 
into its pathobiology. This paper aims to harmonize evalu-
ation and nomenclature of aging-related tau astrogliopathy 
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Abstract Pathological accumulation of abnormally 
phosphorylated tau protein in astrocytes is a frequent, but 
poorly characterized feature of the aging brain. Its etiol-
ogy is uncertain, but its presence is sufficiently ubiquitous 

Aging-related tau astrogliopathy 
(ARTAG), a term that refers to a 
morphological spectrum of 
astroglial pathology detected by 
tau immunohistochemistry, 
especially with 
phosphorylation-dependent and 
4R isoform-specific antibodies. 
ARTAG occurs mainly, but not 
exclusively, in individuals over 
60 years of age.

Subpial Subependymal

Perivascular White matter

Gray matter Gray matter



WHERE WAS ARTAG SEEN?

Amygdala:
Hotspot!

ORIGINAL ARTICLE

Evaluating the Patterns of Aging-Related Tau
Astrogliopathy Unravels Novel Insights Into Brain Aging and

Neurodegenerative Diseases

Gabor G. Kovacs, MD, PhD, John L. Robinson, BS, Sharon X. Xie, PhD, Edward B. Lee, MD, PhD,
Murray Grossman, MD, EdD, David A. Wolk, MD, David J. Irwin, MD, Dan Weintraub, MD,

Christopher F. Kim, Theresa Schuck, BA, Ahmed Yousef, BA, Stephanie T. Wagner,
Eunran Suh, PhD,Vivianna M. Van Deerlin, MD, PhD, Virginia M.-Y. Lee, PhD, and

John Q. Trojanowski, MD, PhD

Abstract
The term aging-related tau astrogliopathy (ARTAG) describes

pathological accumulation of abnormally phosphorylated tau protein
in astrocytes. We evaluated the correlates of ARTAG types (i.e.,
subpial, subependymal, white and gray matter, and perivascular) in
different neuroanatomical regions. Clinical, neuropathological, and
genetic (eg, APOE !4 allele, MAPT H1/H2 haplotype) data from 628
postmortem brains from subjects were investigated; most of the pa-
tients had been longitudinally followed at the University of Pennsyl-
vania. We found that (i) the amygdala is a hotspot for all ARTAG
types; (ii) age at death, male sex, and presence of primary frontotem-
poral lobar degeneration (FTLD) tauopathy are significantly associ-
ated with ARTAG; (iii) age at death, greater degree of brain atrophy,
ventricular enlargement, and Alzheimer disease (AD)-related vari-
ables are associated with subpial, white matter, and perivascular
ARTAG types; (iv) AD-related variables are associated particularly
with lobar white matter ARTAG; and (v) gray matter ARTAG in pri-
mary FTLD-tauopathies appears in areas without neuronal tau path-

ology. We provide a reference map of ARTAG types and propose at
least 5 constellations of ARTAG. Furthermore, we propose a concep-
tual link between primary FTLD-tauopathy and ARTAG-related
astrocytic tau pathologies. Our observations serve as a basis for etiolo-
gical stratification and definition of progression patterns of ARTAG.

Key Words: Aging-related tau astrogliopathy, Alzheimer disease,
ARTAG, Chronic traumatic encephalopathy, Dementia, Tau,
Tauopathy.

INTRODUCTION
Aging-related tau astrogliopathy (ARTAG) is a recently

described term that refers to a morphological spectrum of astro-
glial pathology detected by immunohistochemical staining for
tau, especially with antiphosphorylation-dependent (p-tau) anti-
bodies (1). Two tau-astrogliopathy morphologies that are also
detectable by immunostaining for the 4 repeat isoform of tau,
i.e., thorn-shaped astrocytes (TSA) and granular/fuzzy astrocytes
(GFA), are distinguished morphologically and by their locations,
e.g. subpial, subependymal, perivascular, white matter, and gray
matter (1). Some studies have suggested that constellations of
gray and white matter ARTAG might be associated with cogni-
tive decline or focal cortical manifestations (2–4); however, the
clinical significance of ARTAG is currently poorly understood.
Earlier descriptions focused on the medial temporal lobe (par-
ticularly on subpial, perivascular, and white matter ARTAG)
and failed to demonstrate a convincing association with demen-
tia (5–8). A recent study on 4 supercentenarians applying the
harmonized evaluation strategy of ARTAG confirmed that the
basal forebrain is a common site for this pathology but showed
that additional regions can also be affected (9).

A distinct aspect of ARTAG is its relation to the tau
pathology described in chronic traumatic encephalopathy
(CTE). Subpial and subependymal clusters of astrocytic tan-
gles have been described in CTE (10, 11). A recent consensus
meeting on the neuropathological criteria for the diagnosis of
CTE indicated that the pathognomonic CTE lesions consist of
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PREDICTING SEQUENTIAL INVOLVEMENT OF BRAIN REGIONS
SUBPIAL ARTAG

Kovacs Astroglia and Tau

FIGURE 2 | Distribution patterns of subpial and gray matter ARTAG. In all
panels, brain regions colored red represent initial or combined regions of
astrocytic involvement and brain regions colored orange represent
subsequent brain regions involved. Brain regions outlined in a thick black line
represent the amygdala. (A) Subpial ARTAG, pattern 1. Basal brain regions
show subpial ARTAG first (stage 1), which is followed by a bidirectional
sequence to rostral (lobar, stage 2a) or caudal (brainstem, stage 2b) regions.
Both brain regions are usually affected together (stage 3, indicated by
double-headed arrow). (B) Subpial ARTAG, pattern 2. Lobar (stage 1a) or
brainstem (1b) involvement is followed by the involvement of both brain
regions (stage 2), followed by the involvement of basal brain regions (stage 3,
indicated by double-headed arrow). (C) Gray matter ARTAG, striatal pathway.
From the striatum (stage 1), astrocytic tau accumulation proceeds towards
the amygdala (stage 2a, blue arrow), or cortex (stage 2b, blue arrow), or rarely
to the brainstem (stage 2c, blue arrow). (D) Gray matter ARTAG, amygdala
pathway. The amygdala (stage 1) precedes the involvement of the striatum
(stage 2a, blue arrow), the cortex (stage 2b, blue arrow) or the brainstem
(stage 2c, blue arrow). (E) Both striatal and amygdala pathway includes stage
3a (striatum + amygdala + cortex), or stage 3b (striatum + amygdala +
brainstem), and only the amygdala pathway stage 3c (amygdala +cortex +
brainstem), which then eventually involve all regions (stage 4, not indicated).

precedes the striatum (stage 2a), the cortex (stage 2b) or the
brainstem (stage 2c). This evolves into three combinations of
stage 3 (a: amygdala and striatum and cortex; b: amygdala
and striatum and brainstem; c: amygdala and cortex and
brainstem) and finally all regions are involved (stage 4;
Kovacs et al., 2018a).

The sequential pattern of GFA involvement in the gray
matter could represent the involvement of astroglia in the
propagation of pathological tau. However, for subpial, WM,

perivascular, and subependymal, ARTAG, it might reflect the
consequences of a repeated or permanent pathogenic process,
such as one associated with the blood-brain barrier. This is
supported by the observation of increased connexin-43 (gap
junction protein in astrocytes) and aquaporin-4 (a marker of
astrocytes associated with water transfer) in these astrocytes
(Kovacs et al., 2018b). Subpial ARTAG initiated in basal
regions (i.e., pattern 1) proceeding towards the convexity
of the brain could suggest a disease mechanism related to
the circulation of the cerebrospinal fluid (Kovacs et al.,
2018a). In contrast, ARTAG initiated in the dorsolateral
lobar areas (i.e., pattern 2) and dorsolateral parts of the
brainstem suggest a local inducing factor (i.e., mechanical),
including in some cases mild traumatic brain injury
(Kovacs et al., 2018a).

Clinical Relevance of ARTAG
Following the examination of patients with a non-fluent
variant of primary progressive aphasia associated with AD
pathology (logopenic variant of primary progressive aphasia),
Munoz et al. (2007) was the first group to discuss the
possibility that TSAs may have clinical significance. The
authors referred to these astrocytic inclusions as ‘‘argyrophilic
thorny astrocyte clusters (ATACs)’’ and described them in the
frontal, temporal, and parietal cortices and in the subcortical
WM (Munoz et al., 2007). Other studies, however, did
not found a clear association between ATACs and focal
syndromes (Mesulam et al., 2008; Bigio et al., 2010). Recent
studies have shown that lobar WM ARTAG is frequent
in AD-related pathology (Kovacs et al., 2017c). A recent
study confirmed this and further demonstrated that lobar
ARTAG correlates with older age and higher Braak stage.
However, ARTAG pathology was found equally prevalent
in AD cases with typical and atypical clinical presentations
(Nolan et al., 2019). A further interesting aspect of WM
ARTAG in AD has been recently highlighted. Accordingly,
irrespective of the regional NFT burden worsening language and
visuospatial functions were correlated with higher TSA density
in language-related and visuospatial-related regions, respectively
(Resende et al., 2020).

Widespread distribution of gray matter GFAs has also been
reported in elderly patients with cognitive decline with or
without parkinsonism (Kovacs et al., 2011). In a subsequent
study in an aging cohort, four different patterns of ARTAG
were described based on the anatomical distribution of the
tau astrogliopathy and its combination with neuronal tau
pathology (Kovacs et al., 2013a). These include: (1) medial
temporal lobe type; (2) amygdala type; (3) limbic-basal ganglia-
nigral type with neuronal tauopathy; and (4) hippocampus-
dentate gyrus-amygdala type with neuronal tauopathy (Kovacs
et al., 2013a). These different ARTAG patterns overlap with
the sequential distribution patterns described above for gray
matter ARTAG (Kovacs et al., 2018a). However, TSAs in the
dentate gyrus of the hippocampus seems to be an unusual
feature, which was recognized by other groups as well (Lace
et al., 2012). Indeed, mathematical modeling of hippocampal
tau immunolabeling patterns suggested tau astrogliopathy in
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suggest a disease mechanism related to 
the circulation of the cerebrospinal fluid 

suggest a local inducing factor 
(i.e., mechanical)
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Sequential stages and distribution patterns
of aging-related tau astrogliopathy (ARTAG)
in the human brain
Gabor G. Kovacs1,2* , Sharon X. Xie3, John L. Robinson2, Edward B. Lee2, Douglas H. Smith4, Theresa Schuck2,
Virginia M.-Y. Lee2 and John Q. Trojanowski2*

Abstract

Aging-related tau astrogliopathy (ARTAG) describes tau pathology in astrocytes in different locations and anatomical
regions. In the present study we addressed the question of whether sequential distribution patterns can be recognized
for ARTAG or astroglial tau pathologies in both primary FTLD-tauopathies and non-FTLD-tauopathy cases. By evaluating
687 postmortem brains with diverse disorders we identified ARTAG in 455. We evaluated frequencies and hierarchical
clustering of anatomical involvement and used conditional probability and logistic regression to model the sequential
distribution of ARTAG and astroglial tau pathologies across different brain regions. For subpial and white matter ARTAG
we recognize three and two patterns, respectively, each with three stages initiated or ending in the amygdala.
Subependymal ARTAG does not show a clear sequential pattern. For grey matter (GM) ARTAG we recognize four
stages including a striatal pathway of spreading towards the cortex and/or amygdala, and the brainstem, and an
amygdala pathway, which precedes the involvement of the striatum and/or cortex and proceeds towards the
brainstem. GM ARTAG and astrocytic plaque pathology in corticobasal degeneration follows a predominantly
frontal-parietal cortical to temporal-occipital cortical, to subcortical, to brainstem pathway (four stages). GM ARTAG and
tufted astrocyte pathology in progressive supranuclear palsy shows a striatum to frontal-parietal cortical to temporal to
occipital, to amygdala, and to brainstem sequence (four stages). In Pick’s disease cases with astroglial tau pathology
an overlapping pattern with PSP can be appreciated. We conclude that tau-astrogliopathy type-specific sequential
patterns cannot be simplified as neuron-based staging systems. The proposed cytopathological and hierarchical stages
provide a conceptual approach to identify the initial steps of the pathogenesis of tau pathologies in ARTAG and
primary FTLD-tauopathies.

Keywords: Aging-related tau astrogliopathy, ARTAG, Astrocytic plaque, Brain barrier, Hierarchical involvement,
Tufted astrocyte, Ramified astrocyte, Spreading, Tau, Tauopathy

Introduction
Deposition of pathologically altered proteins in astro-
cytes has been increasingly detected in neurodegenerative
diseases (NDD) leading to the concept of protein astroglio-
pathies [33]. One main group of NDDs is associated with
abnormal accumulation of the microtubule-associated

protein tau, hence called tauopathies [28]. Primary
tauopathies are discussed in the context of frontotem-
poral lobar degeneration (FTLD) as well [22]. Primary
FTLD-tauopathies show a wide range of astroglial tau
immunoreactive morphologies, such as tufted astro-
cytes in progressive supranuclear palsy (PSP), astrocytic
plaques in corticobasal degeneration (CBD), ramified
astrocytes in Pick’s disease (PiD) or globular astroglial
inclusions in globular glial tauopathies (GGT) [22, 28].
Further tauopathies comprise argyrophilic grain disease
(AGD) and neurofibrillary tangle (NFT) only dementia,
which is included in the concept of primary age-related
tauopathy (PART) [13, 28]. Recently, the importance of
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Connexin-43 and aquaporin-4 are markers of ageing-
related tau astrogliopathy (ARTAG)-related astroglial
response
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Connexin-43 and aquaporin-4 are markers of ageing-related tau astrogliopathy (ARTAG)-related
astroglial response

Aims: Ageing-related tau astrogliopathy (ARTAG)

appears in subependymal, subpial, perivascular, white

matter (WM) and grey matter (GM) locations. Physical

effects, blood–brain barrier dysfunction and blood- or

vessel-related factors have been considered as aetiology.

As connexin-43 (Cx43) and aquaporin-4 (AQP4) are

related to these, we hypothesized that their immunore-

activity (IR) varies with ARTAG in a location-specific

manner. Methods: We performed a morphometric

immunohistochemical study measuring the densities of

IR of Cx43, AQP4, AT8 (phospho-tau) and glial fibrillar

acidic protein (GFAP). We analysed the amygdala and

hippocampus in age-matched cases with (n = 19) and

without (n = 20) ARTAG in each of the locations it

aggregates. Results: We show a dramatic increase (>6-
fold; P < 0.01) of Cx43 density of IR in ARTAG cases

correlating strongly with AT8 density of IR, irrespective

of the presence of neuronal tau pathology or reactive

gliosis measured by GFAP density of IR, in the GM. In

contrast, AQP4 density of IR was increased only in the

WM and GM, and was associated with increased AT8

density of IR only in WM and perivascular areas.

Discussion: Our study reveals distinctive astroglial

responses in each of the locations associated with

ARTAG. Our observations support the concept that fac-

tors related to brain-fluid interfaces and water-ion

imbalances most likely play a role in the generation of

ARTAG. As Cx43 is crucial for maintaining neuronal

homeostasis, the ARTAG-dependent increase of Cx43

density of IR suggests that the development of ARTAG

in the GM most likely indicates an early response to

the degeneration of neurons.

Keywords: ageing-related tau astrogliopathy, aquaporin-4, blood–brain barrier, connexin 43, glial fibrillar acidic

protein, Tau

Introduction

Pathological accumulation of abnormally phosphory-

lated tau protein in astrocytes has been frequently noted

in the brains of elderly individuals. Recently, a consensus

study described this as ageing-related tau astrogliopathy

(ARTAG) [1]. Two morphologies – thorn-shaped astro-

cytes and granular/fuzzy astrocytes – were described. Fur-

thermore, depending on the location, five types were
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Figure 3. Immunostaining patterns of connexin-43, aquaporin-4, glial fibrillar acidic protein (GFAP) and AT8 pTau in the amygdala
(A–C) and dentate gyrus of the hippocampus (D–F) representing different degrees of burden of tau pathologies. Images A and D represent
case ageing-related tau astrogliopathy (ARTAG)-2 demonstrating prominent grey matter ARTAG, B represents case ARTAG-16 and E
represents case ARTAG-1 demonstrating moderate degree of grey matter ARTAG; C and F represents case CO-5 lacking grey matter
ARTAG. [Colour figure can be viewed at wileyonlinelibrary.com]
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Figure 3. Immunostaining patterns of connexin-43, aquaporin-4, glial fibrillar acidic protein (GFAP) and AT8 pTau in the amygdala
(A–C) and dentate gyrus of the hippocampus (D–F) representing different degrees of burden of tau pathologies. Images A and D represent
case ageing-related tau astrogliopathy (ARTAG)-2 demonstrating prominent grey matter ARTAG, B represents case ARTAG-16 and E
represents case ARTAG-1 demonstrating moderate degree of grey matter ARTAG; C and F represents case CO-5 lacking grey matter
ARTAG. [Colour figure can be viewed at wileyonlinelibrary.com]

© 2017 British Neuropathological Society NAN 2018; 44: 491–505

Cx43 and AQP4 in ARTAG 497

Connexin 43               AQP-4                    AT8



P-Tau+ Thorn-shaped astrocytes (TSA) were observed 
more frequently in contact sports participants (75.6%) 
versus controls with (32.5%; p<0.001) and without 
(8.1%; p<0.001) NDD.

P-Tau+ subpial TSA at sulcal depths were occasionally 
observed in aged controls with (3.6%) and without 
(2.8%) NDD, this pathology was considerably more 
common following RHI/TBI (42.2%; p<0.001).
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1
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FREQUENCY OF CORTICAL TAU PATHOLOGY IN THE COMMUNITY

Feature Frontal Parietal Temporal

Neurofibrillary tangles (NFTs)

NFTs depth of sulci only
Subpial ARTAG

Subpial ARTAG depth of sulci only

Gray matter ARTAG

Gray matter ARTAG depth of sulci 

only
Gray matter perivascular ARTAG

White matter ARTAG

White matter perivascular ARTAG

26.1

1.3
3.5

1.3

20.6

1.6

1.3
2.6

1.3

25.5

0.3
1.9

0.3

16.5

0

0.3
3.2

0.6

47.4

0.6
5.8

1.0

17.1

0.3

0.6
5.5

1.3

GM, grey matter; NFT, neurofibrillary tangle; PV, perivascular; SP, subpial; WM, white matter
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Chronic Traumatic Encephalopathy (CTE) Is Absent From a
European Community-Based Aging Cohort While Cortical

Aging-Related Tau Astrogliopathy (ARTAG) Is Highly
Prevalent

Shelley L. Forrest, PhD, Jillian J. Kril, PhD, Stephanie Wagner, Cand. Med.,
Selma Hönigschnabl, MD, Angelika Reiner, MD, Peter Fischer, MD, and Gabor G. Kovacs, MD, PhD

Abstract
This study determined the prevalence of chronic traumatic en-

cephalopathy (CTE) and cortical aging-related tau astrogliopathy
(ARTAG) in a European community-based population (n ¼ 310).
The frontal, parietal, and temporal cortices, representing initial
stages of CTE were assessed. No case fulfilling CTE consensus cri-
teria was found. However, isolated astroglial or neuronal tau pathol-
ogies were recognized in the depths of cortical sulci (<2%). A single
case (female, 85 years) without a history of traumatic brain injury
(TBI) showed combined tau-immunoreactive features confined to
frontal sulci without perivascular accumulation. Another 24 cases
had single tau pathologies in cortical sulci. ARTAG was identified
in 117 cases (38%), with a similar regional prevalence. Gray matter
ARTAG was the most common followed by subpial, white matter,
and perivascular. The presence of any type of ARTAG was strongly
associated with having another type of ARTAG in the same region
(p < 0.05). In summary, although isolated tau pathologies in the
depths of cortical sulci were identified, no case fulfilled diagnostic
criteria of CTE. Cortical ARTAG in this population is common and
contrasts the high prevalence of CTE in individuals with repeated
mild TBI. ARTAG in isolation might not be indicative of CTE al-
though commonalities in pathogenesis should be considered.

Key Words: Aging, Aging-related tau astrogliopathy, ARTAG,
Chronic traumatic encephalopathy, Community-based study, CTE,
Neuropathology.

INTRODUCTION
The last decade has seen increased awareness of chronic

traumatic encephalopathy (CTE) and its neuropathological di-
agnosis. Described predominantly in professional athletes (1,
2) and military personnel (3) following traumatic brain injury
(TBI), CTE is a neuropathological diagnosis and has also been
recognized with amateur sports, alcohol abuse (4), and domes-
tic violence (5). Two clinical phenotypes associated with CTE
have been proposed including those with a younger onset of
behavioral and/or mood disturbances, and those with an older
onset of cognitive impairment (6). CTE is characterized patho-
logically by neuronal and astrocytic tau-immunoreactive
inclusions concentrated in the depths of cerebral sulci. Neuro-
pathological diagnostic criteria for CTE (7) and stages based
on the severity and extent of pathological inclusions have
been described (8, 9). Accordingly, CTE is defined as an accu-
mulation of abnormal hyperphosphorylated tau in neurons
(neurofibrillary tangles, [NFTs]) and astrocytes, predomi-
nantly associated with small blood vessels and the depths of
cortical sulci (7). CTE Stages I and II are characterized by the
progressive involvement of the cerebral cortex, with extensive
cortical and subcortical involvement in Stages III and IV.

Based on the morphology and anatomical distribution of
NFTs and tau-immunoreactive astrocytes, including astrocytic
tangles, CTE can be differentiated from other tauopathies in-
cluding Alzheimer disease (AD) and frontotemporal lobar de-
generation (FTLD-tau). Aging-related tau astrogliopathy
(ARTAG), however, involves similar anatomical locations
and may coexist with CTE. ARTAG, commonly found in the
aging human brain and in a variety of neurodegenerative dis-
eases (10), is characterized by clearly defined astrocytic inclu-
sions with a number of recognized types: gray and white
matter, subpial, perivascular, and subependymal (11). Granu-
lar/fuzzy astrocytes (GFAs) contain dense perinuclear tau-
immunoreactive deposits and delicate, granular, and fuzzy
tau-immunoreactive deposits in proximal and distal processes.
Thorn-shaped astrocytes (TSAs) are characterized by tau-
immunoreactivity in the cytoplasm and short, stubby tau-
immunoreactive deposits in proximal processes (11). In
contrast, there is less clarity surrounding the nomenclature of
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CTE-NC is characterized by 
neuronal p-Tau pathology 
but astrocytic is also 
important

Astrocytic p-Tau pathology 
is reminiscent of that seen in 
aged brains (ARTAG), which 
has a pathogenic aspect 
related to barrier 
dysfunction
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A B S T R A C T

Neurodegenerative diseases are a pathologically, clinically and genetically diverse group of diseases characterised
by selective dysfunction, loss of synaptic connectivity and neurodegeneration, and are associated with the
deposition of misfolded proteins in neurons and/or glia. Molecular studies have highlighted the role of con-
formationally altered proteins in the pathogenesis of neurodegenerative diseases and have paved the way for
developing disease-specific biomarkers that capture and differentiate the main type/s of protein abnormality
responsible for neurodegenerative diseases, some of which are currently used in clinical practice. These proteins
follow sequential patterns of anatomical involvement and disease spread in the brain and may also be detected in
peripheral organs. Recent studies suggest that glia are likely to have an important role in pathological spread
throughout the brain and even follow distinct progression patterns from neurons. In addition to morphological
and molecular approaches to the classification of these disorders, a further new stratification level incorporates
the structure of protein filaments detected by cryogenic electron microscopy. Rather than occurring in isolation,
combined deposition of tau, amyloid-β, α-synuclein and TDP-43 are frequently observed in neurodegenerative
diseases and in the ageing brain. These can be overlooked, and their clinicopathological relevance is difficult to
interpret. This review provides an overview of disease pathogenesis and diagnostic implications, recent molecular
and ultrastructural classification of neurodegenerative diseases, how to approach ageing-related and mixed pa-
thologies, and the importance of the protein-based classification system for practising neuropathologists and
clinicians. This review also informs general pathologists about the relevance of ongoing full body autopsy studies
to understand the spectrum and pathogenesis of neurodegenerative diseases.

1. Introduction

Neuropathology focusses on the examination of neurosurgical mate-
rial, muscle and peripheral nerve biopsies and also, as a classical
segment, the postmortem brain evaluation. The decreasing number of
autopsies inevitably affects the neuropathological practice. However,
recent developments in biomarker development and potential therapies
for neurodegenerative diseases have led to the renaissance of postmor-
tem neuropathology examinations. Recent molecular pathological
studies have revealed several novel pathogenic aspects and opened new
avenues for collaboration between neuropathologists and anatomical
pathologists, neuroimaging experts and clinicians. The aim of this review

is to summarise recent developments and, in particular, to highlight those
aspects which might be of interest for general pathologists.

2. Current concepts and classification of neurodegenerative
diseases

Neurodegenerative diseases are characterised by selective dysfunc-
tion and loss of synaptic connectivity and neurons. Dysfunction of glial
cells, including astroglia, oligodendroglia and microglia, may have pri-
mary roles, or come secondary to neuronal degeneration, or contribute to
neuronal degeneration. Neurodegenerative diseases are also charac-
terised by the deposition of conformationally altered variants of
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anatomical area (e.g., neurosurgical biopsy) can be only suggestive, but
not fully diagnostic, for a certain neurodegenerative disease. Protein
propagation along nerves has implications for general pathologists.
Indeed, deposits of misfolded proteins can be detected in peripheral or-
gans,10,11 which has been studied most extensively for α-synuclein.12

The concept of proteinopathies has led to the development of novel
therapeutic strategies. The aim of these is either to interact with the
processing of a specific protein or to target pathological protein forms
with therapeutic antibodies (e.g., Aβ, α-synuclein and tau).13–18

An additional level of the pathological process is the recognition of
intracellular protein aggregation showing a maturation process. Pre-ag-
gregates, detectable only by specific antibodies, will become fibrillar and
ubiquitinated and can then be visualised by anti-ubiquitin or anti-p62
immunohistochemistry and in classical studies using various silver
stainings.19–21

Finally, it is crucial for the diagnostic practice to understand the
concept of mixed pathologies. This concept describes the frequent obser-
vation that in addition to the hallmark lesions of a specific

neurodegenerative disease, further pathological alterations, neurode-
generative or vascular, can be observed in the same brain.22,23

4. Anatomical involvement and clinical symptoms

Clinical manifestations begin as (1) cognitive decline, dementia and
alterations in high-order brain functions; these symptoms correlate with
the involvement of the hippocampus, entorhinal cortex, limbic system
and neocortical areas; a subset of dementia is called frontotemporal de-
mentia (FTD), which is associated with neuropathologically detectable
frontotemporal lobar degeneration (FTLD); (2) movement disorders
including hypokinetic, hyperkinetic, upper and lower motor neuron or
cerebellar dysfunction; these symptoms correlate with the involvement
of the basal ganglia, thalamus, brainstem nuclei, cerebellar cortex and
nuclei, motor cortical areas and lower motor neurons of the spinal cord;
or (3) early combinations of these. The various affected brain areas show
atrophy or altered metabolic activity in neuroimaging, and atrophy at
postmortem macroscopical examination corresponding to neuronal loss

Fig. 1. Classification of neurodegenerative diseases. Neurodegenerative diseases are classified based on their aetiology, clinical presentation, selective pattern of
atrophy and neurodegeneration, the predominant misfolded protein, the presence of mixed pathology and additional components.
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and for the semi-quantitative ratings of the DLF (Kend-
all’s W = 0.93, p < 0.0001), CA1-hippocampus (Kendall’s 
W = 0.92, p < 0.0001), EC (Kendall’s W = 0.83, p < 0.0001), 
and LC (Kendall’s W = 0.96, p < 0.0001).

CTE stage: association with semi-quantitative p-tau 
severity (N = 287) and quantitative p-tau density 
(N = 176)

Spearman’s rho correlations showed that higher CTE stage 
was associated with higher scores on all 14 semi-quantita-
tive scales of p-tau severity (ρ = 0.42–0.73, all p’s < 0.001). 
Likewise, for the quantitative measures of p-tau density, 

higher CTE stage corresponded to greater log-transformed 
p-tau density for each region assessed (ρ = 0.55–0.77, all 
p’s < 0.001) (Fig. 1, Table 4).

CTE stage: association with age (N = 366)

The age range of the sample was 17–100 years old (mean 
61.86, SD 18.90; median 66). The nature, severity, and dis-
tribution of CTE-related p-tau pathology followed an age-
dependent progression (Fig. 2). Older age was associated 
with increased odds for having a higher CTE stage (OR 
1.08, 95% CI 1.06–1.09, p < 0.001). This effect remained 
when co-morbid neurodegenerative disease and severity of 

Table 3  Co-morbid 
neuropathologic characteristics 
among 366 brain donors with 
CTE

Sample size for CTE Stage was 366. Sample sizes are reduced due to missing data for the following: Lewy 
body disease, N = 365; FTLD-tau, N = 363; FTLD-TDP-43, N = 365; Prion disease, N = 365; CERAD, 
N = 365; Thal phase, N = 361; Braak staging, N = 354; atherosclerosis, N = 334; arteriolosclerosis, N = 362; 
white matter rarefaction, N = 359

Total 
sample
(N = 366)

CTE 
stage I
(n = 58)

CTE  
stage II
(n = 79)

CTE  
stage III
(n = 127)

CTE  
stage IV
(n = 102)

n % n % n % n % n %

Alzheimer’s disease 54 14.8 2 3.4 6 7.6 10 7.9 36 35.3
Lewy body disease
 Brain stem 28 7.7 3 5.3 2 2.5 7 5.5 16 15.7
 Limbic (transitional) 18 4.9 2 3.5 2 2.5 10 7.9 4 3.9
 Neocortical (diffuse) 20 5.5 2 3.5 2 2.5 8 6.3 8 7.8
 Amygdala 4 1.1 0 – 0 – 0 – 4 3.9
 Olfactory 10 2.7 1 1.8 2 2.5 2 1.6 5 4.9

Frontotemporal Lobar Degeneration (FTLD)
 FTLD-Tau 19 5.2 2 3.4 3 3.8 7 5.5 7 7.1
 FTLD-TDP-43 23 6.3 2 3.4 5 6.4 1 0.8 15 14.7

Motor neuron disease 17 4.7 1 1.7 6 7.6 8 6.3 2 2.0
Prion disease 2 0.5 0 – 0 – 1 0.8 1 1.0
CERAD neuritic plaque score
 No neuritic plaques 232 63.6 51 89.5 67 84.8 89 70.1 25 24.5
 Sparse neuritic plaques 84 23.0 5 8.8 8 10.1 28 22.0 43 42.2
 Moderate neuritic plaques 32 8.8 1 1.8 3 3.8 6 4.7 22 21.6
 Frequent neuritic plaques 17 4.7 0 – 1 1.3 4 3.1 12 11.8

Thal amyloid phase
 Phase 0 165 45.7 44 77.2 55 70.5 59 46.5 7 7.1
 Phase 1/2 48 13.3 3 5.3 8 10.3 24 18.9 13 13.1
 Phase 3 42 11.6 8 14.0 6 7.7 15 11.8 13 13.1
 Phase 4/5 106 29.4 2 3.5 9 11.5 29 22.8 66 66.7

Braak staging
 Stage 0 84 23.7 36 64.3 32 41.0 12 9.8 4 4.1
 Stage I/II 71 20.1 13 23.2 36 46.2 17 13.8 5 5.2
 Stage III/IV 141 39.8 6 10.7 5 6.4 80 65.0 50 51.5
 Stage V/VI 58 16.4 1 1.8 5 6.4 14 11.4 38 39.2

Atherosclerosis, moderate–severe 64 19.2 3 5.9 7 10.0 20 18.0 34 33.3
Arteriolosclerosis, moderate–severe 161 44.5 20 34.5 19 25.0 59 46.5 63 62.4
White Matter Rarefaction, moderate–severe 167 46.5 17 29.3 20 26.3 57 46.0 73 72.3
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Abstract
Chronic traumatic encephalopathy (CTE) is a tauopathy associated with repetitive head impacts (RHI) that has been neu-
ropathologically diagnosed in American football players and other contact sport athletes. In 2013, McKee and colleagues 
proposed a staging scheme for characterizing the severity of the hyperphosphorylated tau (p-tau) pathology, the McKee 
CTE staging scheme. The staging scheme defined four pathological stages of CTE, stages I(mild)–IV(severe), based on the 
density and regional deposition of p-tau. The objective of this study was to test the utility of the McKee CTE staging scheme, 
and provide a detailed examination of the regional distribution of p-tau in CTE. We examined the relationship between the 
McKee CTE staging scheme and semi-quantitative and quantitative assessments of regional p-tau pathology, age at death, 
dementia, and years of American football play among 366 male brain donors neuropathologically diagnosed with CTE (mean 
age 61.86, SD 18.90). Spearman’s rho correlations showed that higher CTE stage was associated with higher scores on all 
semi-quantitative and quantitative assessments of p-tau severity and density (p’s < 0.001). The severity and distribution of 
CTE p-tau followed an age-dependent progression: older age was associated with increased odds for having a higher CTE 
stage (p < 0.001). CTE stage was independently associated with increased odds for dementia (p < 0.001). K-medoids cluster 
analysis of the semi-quantitative scales of p-tau across 14 regions identified 5 clusters of p-tau that conformed to increasing 
CTE stage (stage IV had 2 slightly different clusters), age at death, dementia, and years of American football play. There 
was a predilection for p-tau pathology in five regions: dorsolateral frontal cortex (DLF), superior temporal cortex, entorhinal 
cortex, amygdala, and locus coeruleus (LC), with CTE in the youngest brain donors and lowest CTE stage restricted to DLF 
and LC. These findings support the usefulness of the McKee CTE staging scheme and demonstrate the regional distribution 
of p-tau in CTE.

Keywords Chronic traumatic encephalopathy · CTE stage · McKee CTE staging scheme · Repetitive head impacts · 
Neurodegenerative disease · Traumatic brain injury

Introduction

Chronic traumatic encephalopathy (CTE) is a tauopathy 
associated with exposure to repetitive head impacts (RHI) 
[2, 36] that has been reported in a variety of contact sport 
athletes [14, 27, 29, 34], including American football players 
[5, 34, 37]. In 2013, in a case series of 68 male brain donors 
with CTE, McKee and colleagues proposed criteria for the 
neuropathological diagnosis of CTE. The diagnostic criteria 
were adopted and refined at the first National Institute of 
Neurological Disorders and Stroke (NINDS) and National 
Institute of Biomedical Imaging and Bioengineering 
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Abstract
Background and purpose: Chronic traumatic encephalopathy (CTE) has gained wide-
spread attention due to its association with multiple concussions and contact sports. 
However,	CTE	remains	a	postmortem	diagnosis,	and	the	link	between	clinical	symptoms	
and CTE pathology is poorly understood. This study aimed to investigate the presence of 
copathologies and their impact on symptoms in former contact sports athletes.
Methods: This was a retrospective case series design of 12 consecutive cases of former 
contact	sports	athletes	referred	for	autopsy.	Analyses	are	descriptive	and	include	clinical	
history as well as the pathological findings of the autopsied brains.
Results: All	participants	had	a	history	of	multiple	concussions,	and	all	but	one	had	docu-
mented progressive cognitive, psychiatric, and/or motor symptoms. The results showed 
that 11 of the 12 participants had evidence of CTE in the brain, but also other copatholo-
gies, including different combinations of tauopathies, and other rare entities.
Conclusions: The heterogeneity of symptoms after repetitive head injuries and the di-
verse pathological combinations accompanying CTE complicate the prediction of CTE in 
clinical practice. It is prudent to consider the possibility of multiple copathologies when 
clinically assessing patients with repetitive head injuries, especially as they age, and at-
tributing neurological or cognitive symptoms solely to presumptive CTE in elderly pa-
tients should be discouraged.

K E Y W O R D S
chronic traumatic encephalopathy, concussion, CTE, mixed pathology, tau
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low	CTE-	NC	levels,	and	their	clinical	symptoms	ranged	from	none/
mild symptoms to advanced dementia. Of the three with high lev-
els	 of	 CTE-	NC,	 two	were	 diagnosed	with	 AD	 dementia	 and	 the	
other	with	PPA.	There	was	no	 clear	 relationship	 between	mem-
ory	 impairment	 and	 ADNC,	 as	 only	 7/12	 had	 ADNC,	 but	 11/12	
had	memory	complaints.	Although	all	of	the	patients	with	motor	
impairments	 had	 either	 PSP,	 LBD,	 MND,	 or	 CBD	 pathologies,	
there were some patients with LBD without motor impairments 
(i.e., Cases 2 and 10). There was also no obvious relationship be-
tween number of pathologies that ranged in number from one to 
six, and symptoms as can be seen in Case 2 with four patholo-
gies	but	no	symptoms	and	Case	8	with	six	pathologies	and	severe	
language impairment but only mild symptoms in other cognitive 
domains	and	only	late-	stage	motor	deficits.	Case	6	was	the	young-
est	participant	and	had	only	one	pathology,	CTE-	NC,	and	severe	
neuropsychiatric symptoms. There was no obvious relationship 
between number of pathologies and duration of disease given that 
none	participants	had	disease	durations	of	10 years	or	more,	and	
the number of pathologies ranged from three to six. There was no 
difference	in	age	at	death	(79.0 ± 5.5	vs.	81.0 ± 4.6 years),	number	
of	 pathologies	 (4.0 ± 1.15	 vs.	 4.3 ± 1.1),	 and	 number	 of	 proteins	
(3.0 ± 1.4	vs	2.6 ± 0.98)	between	the	four	hockey	and	seven	foot-
ball	players	(Mann-	Whitney,	p > 0.2	for	all	comparisons).

The number of pathologies correlated with age (Spearman 
rho = 0.93,	p < 0.001).	There	was	no	clear	relationship	between	num-
ber	of	pathologies	and	documented	concussions.	For	example,	as	can	
be seen with Cases 2, 5, and 9, all having three or four pathologies 
but seven, more than 20, and six or seven concussions, respectively.

DISCUSSION

Our findings show the antemortem heterogeneous clinical symp-
toms in a series of 12 professional athletes with a history of mul-
tiple	concussions	who	underwent	autopsy.	Eleven	met	the	NINDS/

National	Institute	of	Biomedical	Imaging	and	Bioengineering	neuro-
pathologic diagnostic criteria for CTE [15],	again	reflecting	that	RHI	
as seen in contact sports is a significant predictor of CTE [15, 17, 
35–37]. Clinically, the patients had significant cognitive, neuropsy-
chiatric,	 and	motor	 impairments	 that	 included	TES,	PPA,	 behavio-
ral	changes,	short-	term	memory	and/or	executive	 impairment,	and	
ALS.	Thus,	 the	clinical	 symptoms	were	not	predictive	of	 the	com-
plex	neuropathology	nor	of	 the	 level	of	CTE-	NC.	Furthermore,	al-
though almost all had significant neuropsychiatric symptoms, there 
was	 no	 obvious	 pattern	 related	 to	 the	 severity	 of	CTE-	NC	or	 the	
combination of concomitant neurodegenerative pathology. Except 
for one individual who showed solely focal CTE lesions, all of the 
cases showed a wide range of pathologies. Interestingly, only the 
youngest	participant	had	evidence	of	a	single	pathology	of	CTE-	NC,	
which is consistent with previous pathological reports of individuals 
with repetitive concussions [38–41] as well as in neurodegenerative 
diseases in general [42].	Numerous	studies	have	now	reported	that	
copathologies are prevalent in CTE, especially in older age [17, 22, 
38,	40]. More than half of our participants (7/12) had copathology 
of	CTE	and	ADNC.	The	co-	occurrence	of	ADNC	and	CTE	has	been	
reported previously, but it was not possible to distinguish clinically 
between	 individuals	 who	 had	 co-	occurrence	 of	 these	 two	 condi-
tions versus those who had only one of the two [38,	43]. Most of 
the	protein	pathologies	we	identified,	including	TDP-	43	and	alpha-	
synuclein, have previously been reported in study participants who 
had a history of multiple concussions, with or without CTE [16, 
38–40,	44,	45]. In keeping with the findings of Mez et al. [40], we 
found	that	50%	of	our	cases	showed	TDP-	43	(including	MND-	TDP,	
FTLD-	TDP,	 and	 4	 cases	 of	 LATE-	NC).	 Interestingly,	 most	 of	 our	
cases	 showing	 concomitant	 TDP-	43	 pathology	 had	 low	 levels	 of	
CTE, whereas in their cohort it was more frequently seen in associa-
tion	with	higher	levels	of	CTE.	Also,	in	keeping	with	other	cohorts,	
TDP-	43	in	the	form	of	FTLD-	TDP	or	MND-	TDP	was	rarely	observed	
(2/12)	compared	to	one-	third	of	our	cases	displaying	TDP-	43	in	the	
form	of	LATE-	NC	[40]. Because the main tauopathies differ in the 

F I G U R E  2 Overview	of	the	
neuropathological diagnosis in this 
cohort.	AD,	Alzheimer	disease;	AGD,	
argyrophilic	grain	disease;	CAA,	
cerebral amyloid angiopathy; CBD, 
corticobasal degeneration; CTE, chronic 
traumatic	encephalopathy;	FTLD-	TDP,	
Frontotemporal	lobar	degeneration-	TAR	
DNA-	binding	protein;	GGT,	globular	
glial	tauopathy;	LATE-	NC,	limbic	
age-	related	TDP-	43	encephalopathy	
neuropathological change; LBD, Lewy 
body	disease;	MND,	motor	neuron	
disease;	NIHIBD,	neuronal	intranuclear	
hyaline	inclusion	body	disease;	Nr,	
number;	PART,	primary	age-	related	
tauopathy; PSP, progressive supranuclear 
palsy.
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In little more than a decade, the term 
chronic traumatic encephalopathy (CTE) 
has emerged into public consciousness via 
intense media coverage. The issue has even 
spawned numerous documentaries and is 
the subject of a Hollywood movie in which 
a neuropathologist is the protagonist1. This 
media attention has helped to increase 
awareness of an important public health 
concern but has often included inaccurate or 
confusing descriptions of the fundamental 
aspects of CTE, thereby causing undue 
alarm. For example, news stories have 
implied a link between suicide and brain 
pathologies in former athletes, but no 
evidence supports this association. Other 
reports suggest that degenerative brain 
disease is almost inevitable for participants 
in some sports2,3, but the actual incidence 
of CTE remains unknown4. Furthermore, 
despite the widely held impression that 
the neuropathology of CTE has been 
fully characterized, current consensus 
neuropathological criteria are acknowledged 
as only preliminary, in part because these 
criteria are based on a limited number of 
selected cases5. As a consequence, many 
disparate claims about the clinical and 
pathological features of CTE continue to 

and generated a somewhat consistent and 
characteristic clinical picture7–10, which 
included psychiatric symptoms, emotional 
lability, personality changes, memory 
impairment and dementia, pyramidal and 
extrapyramidal dysfunction, and cerebellar 
impairment. In 1969, a comprehensive study 
of 224 randomly selected, living professional 
boxers demonstrated that 17% exhibited 
a “relatively stereotyped clinical pattern” 
consistent with a degree of neurological 
impairment11.

Despite this long experience with 
dementia pugilistica, it has now been 
subsumed into CTE, a clinical entity 
that is more encompassing but is also 
more vague, a problem that has resulted 
in misunderstanding and controversy. 
Particular confusion has arisen around 
symptoms such as suicidality, aggression and 
disinhibition, which were not characterized 
in dementia pugilistica but have been 
described in contemporary series of non- 
boxer athletes for whom a diagnosis of CTE 
was made at autopsy3,12. This issue could 
be exacerbated by the fact that, at present, 
CTE is defined by neuropathology rather 
than formal clinicopathological correlation. 
In addition, the general perception that 
athletes are at increased risk of suicide and 
dementia associated with repetitive mild 
TBI- induced neuropathology seems to be 
based on multiple high- profile media reports 
rather than on evidence from adequately 
powered and unbiased scientific studies. 
Indeed, in a study of retired American 
National Football League (NFL) players who 
were followed up until 2013, the suicide rate 
was actually lower among this population 
than would have been expected among a 
comparable US population13. However, in 
more recent studies the reported suicide rate 
among individuals with autopsy- diagnosed 
CTE has been higher than anticipated3. If 
confirmed, this observation could indicate 
a recent change in suicidality among former 
NFL athletes, an area that will require 
careful exploration. Prospective studies of 
athletes involved in contact sports other 
than boxing are currently underway, which 
might help to resolve the incidence of CTE 
and its neuropsychiatric profile, including 
suicidality, and determine whether these 
characteristics differ from those observed 
long ago in boxers.

confuse not only the general public, but 
also health- care professionals. Nonetheless, 
behind the hyperbole, a long history of CTE 
(FIG. 1) points the way forward to a better 
understanding of the association between 
traumatic brain injury (TBI) and late 
neurodegeneration.

In this Perspectives article, we  
examine the history of CTE from its  
first description as a neuropsychiatric  
entity in boxers through to current 
understanding of its neuropathological 
characteristics from a wide range of TBI 
exposures. We also address areas where  
the public perception of CTE and the 
scientific literature do not align, and  
the associated controversies.

History versus headlines
Although the term CTE has only recently 
entered the public vocabulary, an association 
between repeated head blows and early 
dementia has been recognized for over  
90 years. In 1928, Martland first described 
the chronic neuropsychiatric sequelae of 
boxing as the ‘punch drunk’ syndrome6, 
which was later referred to as dementia 
pugilistica. Multiple subsequent reports 
elaborated on these early observations 

O P I N I O N

Chronic traumatic encephalopathy — 
confusion and controversies
Douglas H. Smith, Victoria E. Johnson, John Q. Trojanowski and William Stewart

Abstract | The term chronic traumatic encephalopathy (CTE) has recently entered 
public consciousness via media reports and even a Hollywood movie. However, in 
contrast to general impressions, the incidence of CTE is unknown, the clinical 
diagnostic criteria have not been agreed upon and the current neuropathological 
characterization of CTE is acknowledged as preliminary. Additionally , few studies 
have compared the pathologies of CTE with those of other neurodegenerative 
disorders or of age- matched controls. Consequently , disagreement continues 
about the neuropathological aspects that make CTE unique. Furthermore, CTE is 
widely considered to be a consequence of exposure to repeated head blows, but 
evidence suggests that a single moderate or severe traumatic brain injury can also 
induce progressive neuropathological changes. These unresolved aspects of CTE 
underlie disparate claims about its clinical and pathological features, leading to 
confusion among the public and health- care professionals alike.

  VOLUME 15 | MARCH 2019 | 179

PERSPECTIVES

NATURE REVIEWS | NEUROLOGY

Tau is not alone
In contemporary reports, the designation of 
CTE has often been based on the presence 
of tau pathology alone5. Neurofibrillary 
tangles are undoubtedly one of the most 
consistently described pathologies in 
patients with CTE12,25, but historic accounts 
and other contemporary case series make 
clear that post- TBI neurodegeneration is a 
multifaceted pathology (FIG. 2); the additional 
pathologies that have been described 
are discussed below. In the future, the 
constellation of neuropathological changes 
that are linked with a history of exposure 
to TBI will continue to expand, as has been 
the case for many other neurodegenerative 
diseases. Nonetheless, on the basis of current 
evidence, we might already embrace the 
concept that CTE is not associated with a 
singular neuropathology.

Amyloid- β. Amyloid- β (Aβ) pathology has 
frequently been identified alongside tau 
pathologies in post- TBI neurodegeneration29. 
In a re- examination of Corsellis’ original 
series with further cases added, 19 of 20 
former boxers were found to have diffuse Aβ 
plaques30. Case series of non- boxer athletes 
have also demonstrated a high prevalence 
of Aβ pathology, which increases with 
higher age at death3,25,31. As such, whether 
Aβ pathology in CTE is directly linked to 
a history of exposure to TBI or is simply 
related to age remains to be elucidated. 
Notably, individuals with Aβ pathology 
also had clinical symptoms of cognitive 
impairment. Given that a limited number of 
cases have been examined and age- matched 
controls have not been used, further studies 
are undoubtedly required to determine 
the role of Aβ pathology in CTE before 
concluding that this pathology is incidental.

TDP43. Evidence suggests that the 43 kDa 
transactive response (TAR) DNA- binding 
protein (TDP43) is involved in post- TBI 
neurodegeneration. In some conditions, 
TDP43 translocates from the nucleus 
to the cytoplasm, where it can become 
polyubiquitinated and hyperphosphorylated 
to form pathological inclusion bodies32. 
TDP43 is increasingly recognized as a 
major disease- associated protein in several 
neurodegenerative conditions, including 
frontotemporal lobar dementia and 
amyotrophic lateral sclerosis (ALS)32,33, and 
as a minor component in various other 
conditions, such as Alzheimer disease 
(AD) and Parkinson disease34–36. Autopsy 
studies of former boxers, American football 
players and hockey players have identified 
neuronal cytoplasmic TDP43 inclusions 

and distinctive ‘grain- like’ profiles in 
the surrounding neuropil in multiple 
regions5,37,38. In a small number of patients 
with ALS, autopsy studies have identified 
the tau pathology of CTE alongside 
TDP43 pathology12,38. However, these few 
observations are not enough to conclude 
that the observed pathology represents 
an ALS- like variant of CTE (a condition 
that has been referred to as CTE plus 
motor neuron disease) or simply ALS with 
coincident CTE- like tau pathology.

Atrophy. Acute and chronic axon 
degeneration after a single, severe TBI have 
been extensively documented, but white 
matter changes after repetitive mild TBI 
have also been observed in association 
with evidence of gliosis, foci of white 
matter degeneration or rarefaction15,39,40, 
and patchy loss of myelin staining15,28,39,41. 
Similarly, evidence of neuroinflammation 
has been observed, albeit in few case ser
ies15,28,40,42,43. In addition, brain atrophy is 
frequently reported in boxers, often in 
the frontal and temporal lobes and the 
cerebellum8,15,41,44,45. In most descriptions 
of CTE in boxers8,15,25,39,40,42 and in many 
non-boxer athletes12,21,25, the pathologies 
observed include abnormalities of 
the septum pellucidum, including cavum 

septum pellucidum, which are often 
associated with ventricular dilatation.

Neurodegeneration after a single TBI
Substantial epidemiological evidence 
demonstrates that exposure to just 
a single moderate to severe TBI is 
associated with an increased risk of late 
neurodegeneration4,25,46–51. In the reports 
to date, which have typically been based 
on retrospective studies, the dementia that 
follows a single TBI is often classified as 
AD- like, although none of these studies have 
included confirmation of the neuropathology 
at autopsy. Consequently, the presumption 
that AD follows a single moderate to severe 
TBI is, at best, speculative. Nonetheless, the 
idea that repetitive mild TBI leads to CTE 
but that a single moderate to severe TBI 
leads to AD is often put forward52. However, 
a series of studies show that almost all of 
the neuropathological changes described 
in boxers and non- boxer athletes as a result 
of repetitive mild TBI can also be observed 
in some individuals years after surviving a 
single moderate or severe TBI24,25,53,54.

Can CTE follow a single TBI?
Analysis of non- selected brain tissue 
samples from individuals in the Glasgow 
Traumatic Brain Injury Archive  
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Repetitive
mild TBI

Single moderate
or severe TBI

InflammationTau pathology Axon degeneration

Repetitive mild TBI only

Repetitive mild TBI and single 
severe or moderate TBI

Aβ
pathologyTDP43

Atrophy

Fig. 2 | Neuropathologies identified as being associated with neurodegeneration after TBI.  
For both repetitive mild traumatic brain injury (TBI) and single moderate or severe TBI, post- mortem 
neuropathology studies have identified tau and amyloid-β (Aβ) pathologies, brain atrophy , axonal 
degeneration and persistent neuroinflammation. However, thus far, 43 kDa transactive response (TAR) 
DNA- binding protein (TDP43) pathology has only been identified after repetitive mild TBI.
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ABSTRACT
A 79- year- old former professional football player presented with language deficits and cognitive changes. A year later, he had 
difficulty completing sentences, and 3 years after onset, was reduced to one- word answers. He developed severe apathy and 
agitation, and became more impulsive. He eventually became mute and had difficulty with walking and balance. The patient 
had mild repetitive head injury while playing football and three concussions. Magnetic resonance imaging revealed left > right 
frontotemporal atrophy. Duration of illness was 6 years. Neuropathology revealed an unexpected number and diversity of degen-
erative pathologies, including chronic traumatic encephalopathy (CTE, high level), high level Alzheimer's disease neuropatho-
logic change (A3B3C3), limbic Lewy body disease, cerebral amyloid angiopathy (type 2), argyrophilic grain disease (Stage 2), 
and neuronal intranuclear hyaline inclusion body disease. In addition, there was selective and asymmetric involvement of the 
corticospinal tract with globular oligodendroglial tau pathology corresponding to globular glial tauopathy (Type II). The patchy 
and irregular accentuation of cortical tau pathology, particularly in the depths of sulci and accumulation around blood vessels, 
allows the diagnosis of CTE- neuropathologic change. This diagnosis correlated with the past medical history of multiple concus-
sions. In addition, the patient had an unprecedented number and combination of additional degenerative pathologies, including 
those that are rare, and how they contributed to the clinical symptoms is difficult to interpret. Globular glial tauopathy Type II 
is a rare disorder that has been mostly reported in association with progressive supranuclear gaze palsy, and these observations 
support the notion that globular glial tauopathy Type II is an independent entity with isolated corticospinal tract involvement. 
These observations highlight that rare disorders can occur in the same individual and be overlooked, especially when there is 
more obvious pathology. It is essential for neuropathologists to consider an extensive array of neuropathological examinations 
when assessing patients with neurodegenerative disorders.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is 
properly cited.

© 2025 The Author(s). Neuropathology published by John Wiley & Sons Australia, Ltd on behalf of Japanese Society of Neuropathology.

Abbreviations: AD, Alzheimer's disease; AGD, argyrophilic grain disease; CTE- NC, chronic traumatic encephalopathy- neuropathologic change; G- B, Gallyas- Braak; GGT, globular glial 
tauopathy; LATE- NC, limbic predominant age- related TDP- 43 encephalopathy- neuropathologic change; LFB- H&E, Luxol fast blue- hematoxylin and eosin; MOCA, montreal cognitive 
assessment; NIHIBD, neuronal intranuclear hyaline inclusion body disease.
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irregular patterns, which clustered around perivascular regions 
(Figure  3b–d). Clusters of thorny astrocytes were observed in 
lobar white matter. The left motor cortex had tau- immunopositive 
globular horseshoe shaped neuronal inclusions, globular astro-
cytic, and severe oligodendroglial inclusions (Figure 3f–i,k–n), 
which were 4- repeat tau- immunopositive (Figure 3f,i) and neg-
ative for 3- repeat tau (Figure 3g). All hippocampal subregions 
contained neurofibrillary tangles and neurites that were immu-
noreactive for 3- repeat and 4- repeat tau, including the dentate 
gyrus (Figure 3o–r). These were also observed with G- B silver 
(Figure 3s). Tangles in the CA4 subregion contained dendritic 
swellings (Figure  3r). The amygdala contained neurofibril-
lary and globose inclusions, threads, gray and white matter 
astrocytes, and oligodendroglial coiled bodies (Figure  3t–w). 
Globular oligodendroglial inclusions were seen in the internal 
capsule (Figure 3x). Neurofibrillary tangles were absent in the 
basal ganglia and subthalamic nucleus, although there was 
prominent tangle pathology in the midbrain tegmentum and 
substantia nigra. One side of the cerebral peduncles showed 
oligodendroglial tau inclusions, which were predominantly 
observed in the pontine descending tracts (Figure  3y,a’,b’). 
Immunostaining with HLA- DR revealed severe microglial acti-
vation in the pyramidal tract compared with the frontopontine 
tract (Figure 3z,c’,d’), which corresponded to the higher density 
of globular oligodendroglial inclusions in the pyramidal tract. 
There was an absence of tau pathology in the cerebellar white 
matter and dentate nucleus.

Amyloid- β plaques were observed in cortical regions, the hip-
pocampus, striatum, and substantia nigra, but were absent in 
the cerebellum (Figure  4a–e). Cerebral amyloid angiopathy 

was also present. α- synuclein- immunopositive neuronal inclu-
sions and neurites were observed in the substantia nigra, locus 
coeruleus, dorsal motor nucleus of the vagus nerve and amyg-
dala (Figure  4f–j). The hippocampus and amygdala contained 
tau-  and p62- immunopositive dendritic grains (Figure  4k,l), 
and p62- immunopositive neuronal and astrocytic intranuclear 
inclusions were observed in the frontal cortex and medial tem-
poral lobe, mostly in the hippocampal CA4 region (Figure 4m,n) 
and amygdala (Figure 4o), which were absent in the cerebellum. 
Immunostaining with phosphorylated- TDP- 43 was negative in 
all regions.

4   |   Discussion

The patchy and irregular accentuation of cortical tau pathology, 
particularly in the depths of sulci and accumulation around 
blood vessels, allows the diagnosis of CTE- NC with severity as-
sessed as high CTE [3]. This diagnosis correlated with the past 
medical history of repetitive head injury. In addition, the patient 
had an unprecedented combination of additional pathologies, 
including those that are rare, that likely contributed to the com-
plex clinical spectrum. High level Alzheimer's disease patholog-
ical change (A3B3C3) consisting of large amounts of amyloid- β 
plaques in the neocortex, hippocampus, basal ganglia, and 
brainstem (Thal Phase 4), and neurofibrillary tangles corre-
sponding to Braak stage V was found. Mild amyloid angiopa-
thy (Type 2) was also present. AD- neuropathologic change and 
cerebral amyloid angiopathy are commonly observed as mixed 
pathologies in community- based, longitudinal aging studies and 
in major neurodegenerative diseases [4].

FIGURE 1    |    Representative MRI images taken when the patient was aged 81 years. MRI revealed mild asymmetric left greater than right fronto-
temporal atrophy and some linear white matter hyperintensity in the left frontal area.
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FIGURE 3    |     Legend on next page.
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FIGURE 3    |    Distribution and extent of chronic traumatic encephalopathy and globular glial tauopathy Type II pathological features. (a, e, j) 
Severe tau pathology was observed in all cortical regions examined, including the frontal (a), motor (e) and temporal (j) cortices. (b) The depths of 
cortical sulci contained subpial (arrowhead) and gray matter astrocytic tau- immunoreactivity and neurofibrillary tangles in patchy and irregular 
patterns, which clustered around perivascular regions. Sulcal groove indicated (*). (c, d) Perivascular accentuation of astrocytic- immunoreactivity 
and neurofibrillary tangles around perivascular regions (*). (f) The left motor cortex had globular horse- shoe shaped neuronal inclusions, globular 
astrocytic and oligodendroglial inclusions immunostained for 4- repeat tau. (g) 3- repeat- immunostaining was absent. (h, i) Severe tau-  and 4- repeat 
immunostaining in the white matter underlying the motor cortex. (k- n) Tau pathology in the motor cortex was characterized by neurons with 
globose and horseshoe (arrow in n) morphology, globular astrocytic (arrowheads in k and n) and oligodendroglial inclusions, which were immu-
nopositive with 4- repeat tau (k, n) and observed with Gallyas silver (m). l and m show white matter pathology. (o, p) All hippocampal subregions 
had neurofibrillary tangles and neurites that were immunoreactive for 3- repeat (o) and 4- repeat (p) tau. (q, r) Phosphorylated tau- immunopositive 
neurons and neurofibrillary tangles in the hippocampal CA1 (q) and CA4 (r) subregions. Tau- immunopositive neurons in the CA4 subregion con-
tained dendritic swellings. (s) Gallyas silver staining revealed neurofibrillary tangles and neuritic plaques (arrowhead) in the hippocampus. (t) The 
amygdala contained patchy 4- repeat tau- immunostained neurons, threads and astrocytes. Dashed boxes in (t) are enlarged in (u) and (v) showing 
the gray matter and white matter thorn- shaped astrocytes, respectively. (w) Higher magnification of the thorn- shaped astrocytes in white matter 
age- related tau astrogliopathy. (x) Phosphorylated tau pathology in the putamen and internal capsule. Inset shows a higher magnification of globular 
oligodendroglial inclusions in the internal capsule. (y) Diagram of the midbrain showing the location of the frontopontine and pyramidal tracts. (z’) 
There was a higher density of HLA- DR immunoreactivity in the pyramidal tract compared to that observed in the frontopontine tract. (a’, b’) Low 
(a’) and higher (b’) magnification images showing AT8- immunostained globular glial inclusions in the pyramidal tract. (c’, d’) Comparison of HLA- 
DR- immunostaining in the frontopontine (c’) pyramidal (d’) tracts. A higher density was observed in the pyramidal tract. Scale bar in a represents 
250 µm and also applies to b, t and x; 60 µm in c and d; 100 µm in k, 50 µm in l and m, 75 µm in n; 500 µm in e, j, o and p; 150 µm in f- i, q- s, u and v; 
125 µm in w; 200 µm in z; 150 µm in a’; 70 µm in b’- d’.

FIGURE 4    |    Additional immunohistochemical findings. (a- e) Amyloid- β plaques were present in the frontal cortex (a), hippocampus (b), striatum 
(c) and substantia nigra (d), and were absent in the cerebellum (e), corresponding to Thal phase IV. (f- j) α- synuclein- immunopositive neurites and 
Lewy bodies were observed in the locus coeruleus (f), substantia nigra (g), the nerve root (h) of the dorsal motor nucleus of the vagus nerve (i), and 
the amygdala (j). (k- o) p62- immunopositive neurons and grains in the hippocampal CA1 region (k, l) and neuronal intranuclear inclusions (arrow-
heads) in the CA4 region (m, n). p62- immunopositive astrocytic (arrow) and neuronal (arrowhead) intranuclear inclusions in the amygdala (o). P62- 
immunopositive inclusions were absent in the cerebellum. Scale bar in a represents 500 µm and also applies to b and e; 250 µm in c and f; 100 µm in 
d and g; 125 µm in h- j; 75 µm in k, 50 µm in l and m; 35 µm in n; 20 µm in o.
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1. Chronic traumatic 
encephalopathy (CTE, high 
level)

2. High level Alzheimer's 
disease neuropathologic 
change (A3B3C3)

3. Limbic Lewy body disease, 
4. Cerebral amyloid 

angiopathy (type 2) 
5. Argyrophilic grain disease 

(Stage 2)
6. Neuronal intranuclear 

hyaline inclusion body 
disease

7. Globular glial tauopathy 
(Type II). 



CAUTIONARY
NOTE NR.1.: 

NOT EVERYTHING IS 
DUE TO CTE-NC IN A 
CONTACT SPORT 
PLAYER! 



Cautionary note Nr.2.

CTE-NC can develop or 
even be accerelated in a 
pre-existing 
neurodegenerative 
condition in a contact 
sport player



TAKE HOME MESSAGE
§CTE-NC can be observed in various cohorts but mostly studied in North 

American contact sports.

§Not everyone shows CTE-NC in the same cohorts reported from various 
countries: genetic susceptibility factors?

§CTE-NC is characterized by neuronal p-Tau pathology but astrocytic is 
also important: maybe there is trauma–related astrocytic p-Tau pathology?

§Astrocytic p-Tau pathology is reminiscent of that seen in aged brains 
(ARTAG), which has a pathogenic aspect related to barrier dysfunction

§Repetitive head injusry is a risk factor for various neurodegenerative 
diseases not only CTE

§Not every contact sport player who has neuropsychiatric symptoms has 
CTE-NC


