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Abstract

Accumulation of phosphorylated tau (p-tau) is accepted by many as a long-term consequence of
repetitive mild neurotrauma, based largely on brain findings in boxers (dementia pugilistica) and,
more recently, former professional athletes, military service members, and others exposed to
repetitive head trauma. The pathogenic construct is also largely accepted and suggests that
repetitive head trauma (typically concussions or subconcussive forces) acts on brain parenchyma
to produce a deleterious neuroinflammatory cascade, encompassing p-tau templating, trans-
synaptic neurotoxicity, progressive neurodegenerative disease, and associated clinical features.
Some caution before accepting these concepts and assumptions is warranted, however. The
association between history of concussion and findings of p-tau at autopsy is unclear. Concussions
and subconcussive head trauma exposure are poorly defined in available cases and the clinical
features reported in CTE are not at present distinguishable from other disorders. Because control
groups are limited, the idea that p-tau drives the disease process via protein templating or some
other mechanism is preliminary. Much additional research in CTE is needed to determine if it has
unique neuropathology and clinical features, the extent to which the neuropathologic alterations
cause the clinical features, and whether it can be identified accurately in a living person.
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Introduction

The literature on chronic effects of mild neurotrauma has expanded substantially in the last
decade following the description of chronic traumatic encephalopathy (CTE) in some
National Football League (NFL) players. Public health concerns fostered in part by
descriptive neuropathology, and in part by sensationalistic media exposure, have prompted
many studies relating to the sequelae of athletic exposure, as well as broad speculation about
disease mechanisms. The ostensible overlap with neurodegenerative diseases in terms of
pathology and pathogenesis has fueled speculation, as well as concern.

In 1928, Martland noted that some boxers, boxing promoters, and fans were aware of a
“peculiar condition” described as “punch drunk,” but there had been no medical research or
documentation on the deleterious effects of boxing on the brain (1). This punch drunk
syndrome, also called dementia pugilistica (2) and chronic traumatic encephalopathy (3),
was described in case studies for 40 years. In 1969, Roberts published a book entitled Brain
Damage in Boxers: A Sudy of the Prevalence of Traumatic Encephal opathy Among Ex-
Professional Boxers (4). This book provides detailed clinical information on a random
sample of 224 retired professional boxers, 11% of whom were deemed to have mild CTE
and 6% were considered to have a moderate-to-severe form of the syndrome. These boxers
had an enormous exposure to neurotrauma, with many having hundreds of professional
fights. Based on his analysis of this random case series of boxers, Roberts described the
syndrome as predominately cerebellar or extrapyramidal, typically characterized by
dysarthria and motor problems, with some cases having dementia.

The description of the neuropathology and clinical features of CTE has evolved over the
past 7 years, and there are differences in how it has been characterized by the 2 primary
research groups that have reported on the autopsy cases. The authors have described fairly
extensive gross pathological and microscopic features as being characteristic of or
associated with CTE. As these case descriptions have evolved, however, the collective data
suggest that the only consistent hallmark of CTE is abnormal phosphorylated-tau (p-tau)
accumulation (5-7). Clinical correlates are diverse and include depression, anger dyscontrol,
suicidality, mild cognitive impairment, parkinsonism, dementia, and motor neuron disease;
this has obscured a definable clinical phenotype at this time. Neuropathological findings also
vary considerably. Although the pattern or regional distribution of p-tau in localized
“epicenters” (e.g. depths of sulci, perivascular areas of cerebral cortex, and superficial
cortical laminae) is cited as diagnostic of CTE, the threshold for the CTE pattern appears
low: any extent of p-tau within epicenters (5), or even “sparse” p-tau according to another
group (8), is considered to be indicative of CTE. Extensive medial temporal lobe and
brainstem involvement is prominent in some depicted cases, although such involvement
occurs in other tauopathies as a function of age, and in the recently described primary age-
related tauopathy (9). Axonal varicosities in the deep cortex and subcortical white matter
and co-labeling of p-tau lesions with TDP-43 are also reported (5), although these may not
have the same specificity for CTE compared to the regional distribution of p-tau.

Four stages of CTE have been described by the Boston University group (5), with p-tau
accumulation increasing as a function of stage. The average age of affected patients also
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increases with increasing stage. The group that reported the second largest series in football
players alternatively notes four “phenotypes,” none of which parallel the four stages
described by the Boston University group (8),.

The suspected initiator of the disease in most reported cases is exposure to American
football and boxing, although CTE has also been attributed to soccer (10), baseball, rugby,
hockey (5), wrestling (11), blast injury (12), protracted head banging in the setting of self-
injurious autism (13), frequent falls in the setting of epilepsy (10), and dwarf tossing (14).
The clinical presentation and progression of CTE are described in detail elsewhere (5, 15).
In reported case series, a minority of individuals with the characteristic pathological findings
of CTE may be asymptomatic during life or have nonspecific symptoms such as headaches.
Others are reported to have a range of psychiatric problems including depression,
impulsivity, aggression, explosive anger, mismanagement of personal circumstances, and
suicidality. Cognitive impairment, including short-term memory loss, word-finding
difficulty, and executive dysfunction, in addition to later-stage dementia, has also been
reported in some cases. Interestingly, of all autopsy cases reported to date in NFL athletes,
all but 2 were reported to have CTE, and those 2 without CTE were asymptomatic athletes
in their twenties (5, 8). The autopsy cases to date are obviously not representative of all
retired NFL players because the vast majority of retired players do not appear to have
clinical evidence of dementia, parkinsonism, or a neuropsychiatric condition or disease. In
an epidemiological study, former NFL players were reported to have a higher rate of
dementia as a contributing cause of death than is expected in the general population (16);
however, in terms of absolute numbers only 2.1% (7/334) of those who had died had
dementia listed on their death certificates as a contributing cause of death, and only 0.9%
(3/334) had Parkinson disease listed as a contributing cause of death. In a phone survey of a
stratified random sample of 1,063 retired NFL players (17), they were asked if they had ever
been diagnosed with “dementia, Alzheimer's disease, or other memory related disease.” Of
those between the ages of 30-49 years, 1.9% said yes (compared to 0.1% of men in the US
general population) and for those aged over the age of 50 years, 6.1% said yes (compared to
1.2% of men in the general population).

Pathogenesis of CTE

An emerging proposed mechanism for disease pathogenesis warrants some brief and general
discussion. The mechanism begins with mild traumatic brain injury (i.e. mild TBI,
concussion, or repetitive subconcussive neurotrauma) and proceeds through
neurodegeneration. At the outset, it should be emphasized that the individual mechanisms
are incompletely understood at each step in the process.

Our understanding of mild TBI neuropathology in the acute state is limited by the paucity of
human material, although one study examining the brains of individuals who died from
other causes shortly after mild TBI noted evidence of axonal injury, suggesting that mild
TBI shares pathogenic mechanisms with diffuse traumatic axonal injury (18). Primate
models of the physics of diffuse traumatic axonal injury have demonstrated the importance
of certain biomechanical variables, such as rotational acceleration, coronal plane
acceleration, and low strain rate (19, 20). This basic framework for TBI biomechanics,
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however, has been superseded in recent years by data on the biochemistry of TBI, obtained
through murine and cellular models (21, 22). Such models have markedly expanded the
molecular pathogenesis of TBI, much of which has been referred to as “neuroinflammation.”
Mild TBI is thus said to result from biomechanical forces that act on parenchymal tissue to
induce neuroinflammation, and includes mechanisms that span a spectrum of molecular
biology (23-29).

The presence of p-tau at autopsy in the brains of former athletes has prompted investigations
into a trauma-induced, neuroinflammatory basis for p-tau deposits and disease pathogenesis.
Moreover, the finding of p-tau in athletes has led to subsequent experimental studies that
propose a direct link between acute trauma and neurofibrillary degeneration (12, 30). The
complexities inherent in relating tau phosphorylation with acute events, however, are
substantial. For instance, tau protein has some 79 possible phosphorylation sites, about 20 of
which have been shown to be phosphorylated in Alzheimer disease (AD) (31, 32). Kinase-
phosphatase biology differs according to phosphorylation site, as do the specificity of a
number of anti-phospho-tau antibodies (32). Soluble and insoluble tau isoform profiles also
vary as a function of disease phenotype. Phosphorylation is temporally heterogeneous in
disease and, importantly, varies physiologically as a function of developmental stage (33). In
this context, the simple presence of p-tau, as detected by any single antibody, is limited as an
indicator of acute tau biology in vivo. It should also be viewed alongside p-tau accumulation
purely as a function of age, starting in childhood (34). The overall conclusion, however, that
acute trauma leads to chronic deposition of p-tau, is embedded in the literature (12, 30).
More research in this area is needed.

It is noteworthy that p-tau in disease is now hypothesized to engage in protein templating
with trans-synaptic transmission, reminiscent of concepts in prion diseases. Transgenic mice
overexpressing mutant tau show accumulation of wild-type p-tau in synaptically connected
brain regions (35). Prion-like conformers of tau have also been shown to appear along
neuroanatomical pathways following experimental inoculation (36). Comparable strain
variation of amyloid-$ has been demonstrated experimentally, and is suggested to comprise
the basis for phenotypic variability of AD (37, 38). More research is needed, however, to
determine whether the in vitro data are applicable to neurodegeneration in humans.

The presumed pathogenesis of p-tau accumulation in athletes extends further to clinical
correlation, because involvement of frontal and temporal circuitry by the neurotoxic process
correlates anatomically with neurobehavioral centers involved in disordered impulse control,
explosive aggressiveness, extreme impulsivity, impaired judgment and social function, and
heightened suicidality. Medial temporal lobe and brainstem involvement, as depicted in
advanced stage cases of CTE, may in turn disrupt episodic memory and the many potential
functions associated with these brain regions (39).

Limitations of the Evolving Concepts: The Biomechanical Substrate of P-tau Is Unknown

Although p-tau accumulation of varying morphologies and distributions is reported in
trauma models (12), the biomechanical substrate of p-tau lesions in the postmortem human
brain has not been elucidated. It is reasonable to speculate that neurotrauma may predispose
to such lesions given the variable description of changes in boxers and American football
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players, but at present there is minimal evidence that concussion or subconcussive blows
cause the p-tau lesions described in CTE. Interestingly, in one experimental model in which
blunt trauma was delivered to the thorax (only), perivascular inflammatory changes were
noted within parenchymal brain tissue via a hydrodynamic pulse mechanism (40). This
raises the additional possibility that chronic neuroinflammation may occur with trauma apart
from head trauma per se (e.g. increased intrathoracic pressure from impact to the chest or
abdomen), and suggests again that further study is needed before drawing conclusions about
specific biomechanical mechanisms or clinical substrates such as concussion/subconcussion.
At present, it can be safely concluded that the distribution of p-tau in the brain at autopsy
does not predict whether a given decedent suffered mild TBI or repetitive neurotrauma some
years before. Nor does mild TBI or extent of subconcussive exposure predict the extent and
distribution of p-tau.

The Literature to Date

Dementia pugilistica has long been recognized and is often cited as synonymous with the
modern descriptions of CTE. In recent autopsy series, dementia pugilistica is included
among CTE cases (5, 8). In a recent comprehensive review of all reported cases, however,
Gardner et al noted differences between dementia pugilistica, which the authors refer to as
“classical” CTE, and recently reported cases, or “modern” CTE (15). Among the differences
were numbers of reported cases, age at onset, age at death, sport exposure, frequency of
progression, clinical features, likelihood of having an apolipoprotein E (APOE) €4 allele,
and neuropathological features. Noteworthy among the neuropathological features of
dementia pugilistica were medial temporal neurofibrillary degeneration out of proportion to
plaque pathology, substantia nigra degeneration, and cerebellar scaring; these features are
variable or not present at all in modern CTE cases. Features regarded as specific for modern
CTE, such as p-tau accumulation in depths of sulci, p-tau in superficial cortical laminae, and
perivascular p-tau have been reported in a small number of cases of dementia pugilistica
cases (10, 13).

Nevertheless, because modern CTE is presumed to be a mechanistic parallel to dementia
pugilistica, some features of dementia pugilistica are worth noting. The dementia pugilistica
literature is based on either case reports or retrospective series with numerous complicating
factors. For example, the first appearance of “punch drunk” syndrome in the literature was
based on a group of boxers reported to a forensic pathologist by a single boxing promoter, of
which neuropathological findings were available in only one case (1). Brandenberg and
Hallervorden were the first to call attention to neurofibrillary pathology in a 51-year-old
boxer; however, this one subject had extensive plaque pathology as well as cerebral amyloid
angiopathy (41), and, therefore, likely had early onset AD. In 1962, Courville reported an
autopsy case of punch drunk syndrome but neuropathological findings were nonspecific;
they included age-related gross atrophy, meningeal fibrosis, and “lipoid” deposits with fine
and coarse granulation in large striatal neurons (42). In 1967, Constantinides and Tissot
described severe degeneration of the substantia nigra with numerous neurofibrillary tangles
in a 58-year-old man who had been retired from boxing for 34 years, which raises the
possibility of a sporadic corticobasal syndrome (43). In 1968, Payne described autopsy
findings in 6 boxers in their forties and noted cavum septum pellucidum and septal
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fenestrations, now recognized as common in both dementia pugilistica and CTE (44).
Interestingly, Payne reported that “a small number of senile plaques were seen in the cortex
of one brain (case 1) and early neurofibrillary changes were observed in two brains (case 3
and 5). These changes indicate non-specific degenerative phenomena.”

The neuropathology of dementia pugilistica was codified by Corsellis et al in 1973 in the
largest series of boxers to date (n = 15); they noted as common features: (i) neurofibrillary
degeneration out of proportion to plaque pathology, (ii) septal abnormalities, (iii) substantia
nigra degeneration, and (iv) cerebellar scarring. Clinical findings often included speech
abnormalities and movement disorders (43). Noteworthy, however, were numerous co-
morbidities, including alcohol abuse, exposure to motor vehicle accidents, hypertensive
cerebrovascular disease with lacunar infarcts, neurosyphilis, and a cavernous malformation
in the globus pallidus. Moreover, a subset of cases had no neurological signs and no
significant pathological findings. Still others were re-examined in subsequent years using
amyloid-beta (AB) immunohistochemistry and found to have frank AD (45, 46). Cases
reported since Corsellis et al are few, but have pointed out neurofibrillary tangles in the
cerebral cortex in asymptomatic young boxers who died acutely, superficial layer p-tau
pathology in 2 cases, and perivascular p-tau pathology in one case (10, 13). The superficial
layer and perivascular p-tau in those cases are consistent with the modern descriptions of p-
tau accumulation in CTE. One case of apparent dementia pugilistica with motor neuron
disease was reported in a boxer, although this subject also had a family history of motor
neuron disease (47). Therefore, it appears that dementia pugilistica is associated with
increased p-tau in the brain in most reported cases, but the spectrum of clinical and
pathological changes have not been fully defined alongside control cases matched for sport
exposure.

Modern CTE is also defined retrospectively although better characterized pathologically.
McKee and colleagues have raised the discussion to a new level, with an industrious brain
procurement effort, accumulation of a number of brains of athletes and others exposed to
neurotrauma, as well as rigorous neuropathological case characterization (5). Self-selection
and associated biases is axiomatic in autopsy brain studies, so the issue of prevalence and
relevant control samples will continue to be raised. Nevertheless, the findings, particularly
those demonstrated by whole mount, thick immunostains, placed emphasis not solely on tau
pathology per se, but on the regional distribution of the tau pathology, which had been
alluded to in a small number of cases in the dementia pugilistica literature.

Both dementia pugilistica as classically defined and modern day CTE are, therefore, limited
to self-referred retrospective series or case reports. Clinical manifestations, co-morbidities,
and neuropathology all span a wide spectrum from absence of findings to advanced disease.
Disease progression is doubtful or has not been reported in many cases. Because the
definition of a neurodegenerative disease requires (i) a clinical substrate, (ii) disease
progression typically leading to advanced dementia or death, and (iii) a pathological
substrate at autopsy, CTE may, at present, fall short of this nosological category.
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Lack of Genetic Susceptibility Factors in CTE

Because CTE encompasses some cases with no clinical symptoms during life, other cases
with nonspecific neuropathological findings, and other cases still with no evidence of
disease progression, identifying genetic susceptibility will be challenging. This is
particularly true for NFL athletes because nearly all athletes with NFL exposure examined at
autopsy meet criteria for CTE. Without further stratification of case material on a
pathogenically meaningful basis, uncovering genetic susceptibility might be mathematically
precluded. Nevertheless, apolipoprotein E genotype (APOE) is a logical starting point, given
its role as the major genetic risk for sporadic AD. In the largest CTE series to date, APOE
allelic frequencies were comparable to the general population (5). An over-representation of
the €4 allele in dementia pugilistica was noted in one study, although the definition of
dementia pugilistica in that study was purely clinical, with no autopsy correlation (48).

Some have noted similarities between the clinical presentation of CTE and that of
frontotemporal dementia (FTD) (49). Moreover, the pattern and distribution of TAR DNA-
binding protein-43 in cases of dementia pugilisitica resembles that of cases of FTD (50).
Given the expanding list of pathogenic mutations in FTD, and also the increasingly
recognized FTD—amyotrophic lateral sclerosis (ALS) spectrum, genetic analysis could be
employed to refine the CTE diagnosis by excluding those cases with disease-causing
mutation. At present, familial and sporadic ALS have identifiable pathogenic mutations in
37% and 6% of cases, respectively, while familial and sporadic FTD have mutations in 21%
and 6%, respectively (51). More common mutations include microtubule-associated protein
tau (MAPT), progranulin (GRN), and C9ORF72. Less common mutations include those in
TAR DNA-binding protein-43 (TARDP), valosin-containing protein (VCP), p62/
sequestosome-1 (SQSTM1), ubiquilin 2 (UBQLN2), superoxide dismutase-1 (SOD1), and
charged multivesicular body protein 2B (CHMP2B). Among known mutations, linkages to
microtubule-associated protein tau (MAPT) and progranulin (GRN) are largely restricted to
an FTD presentation, and superoxide dismutase-1 (SOD1) mutations present as ALS (52).
Mutations involving C9ORF72, TARDP, VCP, SQSTM1, UBQLN2, and CHMP2B may have
mixed FTD-ALS phenotypes.

Because it accounts for a substantial percentage of familial ALS and FTD cases, particularly
in Europeans, C9ORF72 may be particularly relevant to CTE (53). Mutation involves
expanded hexanucleotide repeats on the non-coding portion of chromosome 9, and is now
the most common mutation in both ALS and FTD. It would be interesting to explore
whether the cases of apparent CTE with co-morbid ALS have expanded COORF72, and
whether long-term neurological outcome in collision sports varies as a function of repeat
length.

P-tau as a Mediator of Human Disease

Whether p-tau in the human brain is toxic or protective, or neither, is unclear. Its
accumulation in a broad range of conditions including normal aging indicates a secondary
role in many disease states (54). Likewise, an abundance of evidence supports p-tau as a
disease response, possibly even a beneficial disease response (55, 56). In an elegant study,
Santacruz et al further demonstrated that neurodegeneration in transgenic mice expressing
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mutant tau (P301L) could be reversed by suppressing the tetracycline promoter, and yet
neurofibrillary tangles continued to accumulate in the face of improvements in memory (57).

The kinetics of p-tau in CTE during life are also unclear. Whether a non-progressive
equilibrium is reached, whether p-tau is elaborated and degraded, whether p-tau forms a
nidus for local progression, or whether it is some combination of the 3, is not established.
The overlay of the normal aging process, which itself is associated with progressive tau
pathology, is an additional consideration. P-tau involvement of anterior-medial temporal
lobe and brainstem tegmentum, for example, is an expected finding in even young controls
(58). The term “tauopathy,” often invoked to describe CTE and other processes, may be
unfortunate in light of these data in that it conveys the presumption that p-tau drives the
disease, when in fact p-tau may be a downstream response.

The tau templating concept, which in essence is the non-Mendelian transmission of negative
phenotypic information, is intriguing in light of parallel concepts in prion diseases.
Extending these concepts to tauopathies, however, may be premature. The evidence at
present is entirely experimental, requiring fundamentally aberrant, pathogenic mutations,
expression of (or inoculation of) supraphysiologic concentrations of mutated or insoluble,
phosphorylated protein, complex behavioral outcomes, and imperfectly modeled
pathological changes. It should also be noted that p-tau, as detected by AT8
immunohistochemistry, is found in the locus coeruleus as early as childhood (34). The locus
coeruleus in turn has extensive, even “unsurpassed” connections throughout the cerebrum
(59). Taken together, these basic human data argue against spreading tauopathy as an in vivo
disease mechanism. More research in this area is needed.

Structure Is a Poor Predictor of Function in Neurologic Diseases

It should be pointed out that severe neuropsychiatric disturbances occur in the absence of
currently identifiable neuropathological lesions, and substantial neuropathological
alterations found at autopsy often go clinically unnoticed. Even in the case of AD, in which
basic, measurable cognition and rigorously quantitated hallmark lesions may be compared,
pathology is a modest predictor of clinical disease. Indeed, only end-stage pathology is a
reliable predictor of dementia in AD (60). Moreover, blinded neuropathologic examination
cannot reliably and accurately distinguish dementia in persons over 80 years from the
cognitively intact (61). Other clinical distinctions, such as clinical variants of frontotemporal
dementia (e.g. behavioral variant vs. primary progressive aphasia variants), and Lewy body
dementia versus Parkinson disease, are often not accurately predicted on the basis of specific
proteinopathy or regional neuropathology (51, 62). Drawing mechanistic associations
between proteinopathy at autopsy and complex behaviors such as depression, suicide, and
explosive anger is therefore problematic, and even more so given that former NFL athletes
have been shown to have a decreased risk of suicide (63, 64) and explosive anger (17)
compared to men in the general population.

Directions for Future Research

The recent postmortem descriptions of the gross and microscopic neuropathology associated
with CTE include changes associated with aging, neurotrauma, and a variety of neurological
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and neurodegenerative diseases. For many readers who are not neuropathologists, it
appeared as if all of the described features were characteristic of the disease, and, until
recently, it was not clear which of these neuropathological features was considered unique to
CTE. Some of the neuropathological findings attributed to CTE can occur in cognitively
normal individuals, and it often coexists with pathologic changes in other diseases.
Comorbidities such as AD, Lewy body disease, and cerebrovascular disease, and the nature
and extent of other neuropathologic changes (e.g. TAR DNA-binding protein-43
abnormalities) should be documented carefully in future studies using detailed and specific
neuropathological staging for comorbid diseases (65, 66).

The lack of clarity and specificity in the neuropathological features is also present in the
clinical features. CTE has been diagnosed at postmortem examination in former athletes
with no clinical features, headaches, depression, mild cognitive impairment, dementia, and
motor neuron disease. The modern cases of CTE have been written as if the unique
neuropathology (i.e. epicenters of p-tau) is the cause of complex changes in behavior such as
depression, suicidality, anger control problems, gambling, and mild cognitive impairment.
Suicide is a good example of the complexity of this issue. Virtually all of the articles relating
to CTE published since 2010 have asserted that suicide is a core clinical feature of the
disease. Prior to these recent cases, over the past 80 years, suicide was not reported as a core
clinical feature. In fact, in the random sample of 250 retired boxers studied by Roberts (4),
there were no confirmed cases of suicide (although there was one case of carbon monoxide
poisoning), and in an epidemiological study of causes of death in former NFL players, the
rate of suicide was lower than the rate for men in the general population (63). Two
independent reviews of the literature have concluded that there is insufficient evidence to
conclude that CTE is a risk factor for suicide (64, 67).

Research to date suggests that the only consistent hallmark of recent cases of CTE is
abnormal p-tau accumulation in regionally specific areas (e.g. perivascular and depths of
sulci) (5-7). It is not known whether this tau pathology, especially in small amounts, can
cause depression, substance abuse, suicidality, personality changes, or cognitive impairment.
Notably, extensive hemispheric sampling from front to back with whole mount, sledge
microtome, free floating sections (50 to 100 um) immunostained for tau (with AT8)
maximizes sensitivity for detecting lesions and should be used in all cases and controls.
Given that AT8 is a clean and robust monoclonal antibody, and the accumulations are dense
and insoluble with strong antigenicity, it is important to study control subjects with the same
methodology. That will allow researchers to determine whether any of the regionally
specific tau depositions occur in people who have no history of repetitive neurotrauma.
Therefore, it will be important for researchers to (i) establish clearly defined
neuropathological criteria for CTE, (ii) develop coding and reporting procedures for the
gross and microscopic features that are not unique to CTE, (iii) agree on and codify regions
of interest, sampling, staining techniques, and procedures for reporting of results, including
clinicopathologic correlations, such as is done in AD, (iv) conduct neuropathological studies
of control subjects of men in their fifties and sixties who have a history of chronic
depression, substance abuse, and cardiovascular disease, but no known history of
neurotrauma or participation in contact sports, and (v) conduct neuropathological studies of
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control subjects of men in their fifties or sixties with a history of neurotrauma, but no signs
of neurologic or psychiatric problems during life.

Conclusions

Three major questions with regard to the chronic effects of mild neurotrauma should be
considered: (i) the relationship between concussions and subconcussive neurotrauma
exposure and the described clinical syndrome, (ii) the relationship between concussions and
subconcussive neurotrauma exposure and p-tau accumulation, and (iii) the relationship
between the clinical syndrome and p-tau accumulation. The null hypothesis, or the default
position, states that there is no relationship between measured phenomena. With respect to
CTE, the null hypothesis is applicable and should be tested because relationships between
these variables have not been demonstrated statistically, despite widely published inferences
that concussions lead to both the broadly defined clinical syndrome and a unique distribution
of p-tau. Moreover, variables that might be compared are incompletely defined. Concussion
is not quantified in a meaningful way in the autopsy cases, the clinical syndrome described
in CTE has not been shown to reliably differ from other psychiatric and neurological
conditions, and the specificity of p-tau accumulation for disease has yet to be substantiated
alongside control subjects with CTE-like symptoms and problems but no history of mild
neurotrauma or participation in contact sports, or asymptomatic exposure-matched controls.

While fundamental questions remain unanswered, recent studies appear directed not towards
verifying the existence of CTE as a neuropathologically or clinically specific disease, but in
detailing the molecular cascade responsible for the clinical features, pathology, and
biochemistry. This approach may be traced to the mid-1980's, when lately available
molecular techniques identified protein constituents of AD lesions, and then pathogenic
mutations associated with those protein constituents, prompting the idea that lesions were
cause rather than consequence; in effect, driving the discussion beyond basic unanswered
questions, and putting the “cart before the horse” in progress toward therapeutic
intervention. The failure of small-molecule based therapeutic trials in AD to date, however,
has since served as a reminder of the challenges, and that there is much to learn about the
fundamental relationship between biology and pathology, not only in neurodegenerative
diseases, but in the evolving entity of CTE.
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