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Advances and Gaps in Understanding
Chronic Traumatic Encephalopathy
From Pugilists to American Football Players
Gil D. Rabinovici, MD

Traumatic brain injury (TBI) is a major public health concern, affecting an estimated 10 million people worldwide per
year and more than 40% of US residents over the course of a
lifetime.1,2 Mild TBI, also referred to as concussion, is defined as blunt, nonpenetratRelated article page 360
ing head trauma associated
with transient symptoms (eg, headache, nausea, dizziness,
visual changes, confusion, or difficulty concentrating) and accounts for more than 80% of all TBI cases. Beyond the morbidity of the immediate trauma, patients who experience mild
TBI are at increased risk of developing neurological and psychiatric disorders later in life.3 The majority of TBI is caused
by motor vehicle crashes and falls, although brain injuries also
occur during participation in contact sports, with an estimated 1.6 million to 3.8 million sports-related concussions
occurring in the United States per year.4
In a report published in JAMA in 1928, Martland5 introduced the term punch drunk to describe a syndrome of motor
slowing and neuropsychiatric decline affecting boxers exposed to repetitive head trauma. Work over the following decades provided additional evidence for a unique neurodegenerative syndrome associated with repetitive TBI.6 The condition
was renamed dementia pugilistica and later chronic traumatic
encephalopathy (CTE), the currently preferred term. In 2005,
Omalu et al7 published the first report of CTE in a retired professional American football player, an observation that was soon
replicated in additional case series and extended to include athletes exposed to repetitive TBI in other contact sports, as well
338

as military veterans, survivors of intimate partner violence, and
persons exposed to other TBI-associated conditions.8
In this issue of JAMA, Mez and colleagues report neuropathological findings from 202 deceased players of American
football who were assessed as part of a brain bank established to study the neuropathological sequelae of repetitive
TBI.9 This study represents the largest CTE cohort published
to date. To put the size of the cohort in perspective, a comprehensive review published in 2009 identified a total of 48 cases
of confirmed CTE (due to any cause) in the medical literature.6
The diagnosis of CTE in the present study was made
blinded to clinical information, applying recently published
consensus criteria developed by a panel of experts convened
by the National Institutes of Health.10 Postmortem diagnosis
of CTE hinges on the presence of phosphorylated tau aggregates in neurons, astrocytes, and cell processes around small
blood vessels, often present at the depths of cortical sulci. Tau
is a neuronal protein that under normal conditions binds to microtubules and plays a role in cytoskeletal support, axonal
transport, and cell-signaling pathways.11 Under pathological
conditions, tau undergoes phosphorylation and acetylation and
tends to aggregate, initially into toxic soluble oligomers and
ultimately into insoluble fibrillar aggregates. Phosphorylated
tau aggregates are a core feature of a variety of neurodegenerative conditions including Alzheimer disease, frontotemporal lobar degeneration, and others. One of the features that distinguishes the phosphorylated tau lesions of CTE from those
found in other disorders is the unique distribution of aggregates in perivascular regions and at the depths of cortical sulci.
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Biomechanical models suggest that these regions are particularly susceptible to stress and strain forces when exposed to
rapid acceleration/deceleration in mild TBI, providing a potential mechanistic link between acute injury and the distribution of tau aggregation in CTE.12 Because CTE can presently only be diagnosed at autopsy, the evidence linking
repetitive TBI to the disease is by necessity cross-sectional and
correlative. However, to date there have been no reported cases
of CTE in the literature occurring in the absence of antecedent TBI, and as knowledge of the disorder increases, a relationship that is not founded on cause and effect becomes increasingly implausible.
The primary finding in the present report is that 177 (87%)
of 202 former football players, including 117 (98.3%) of 119 who
played professionally in the United States or Canada, met neuropathological criteria for CTE. This result, while concerning,
needs to be interpreted with some caveats. First, the cohort
represents a convenience sample of former players whose
brains were donated for research (usually by next of kin).
As the investigators acknowledge, such a sample is likely to
be biased to include more impaired individuals who experienced significant neuropsychiatric decline during life, thus
prompting their family members to pursue brain donation.
Indeed, in semistructured interviews between the researchers and patient informants (both blinded to pathology), the prevalence of cognitive and behavioral symptoms in
the autopsy cohort was 88% and 95%, respectively. In contrast, questionnaire-based ascertainment of neuropsychiatric symptoms among retired National Football League players found that the prevalence of memory symptoms and
depression was 5% to 20%.13,14 Acknowledging that questionnaires are an insensitive method for detecting neurodegenerative disease, the large discrepancy between these rates and
those found in brain donors suggest that the rates of symptomatic CTE may be lower in an unselected cohort of former players. Furthermore, 69% of players in the present sample played
professional or semiprofessional football and only 3% participated only in high school or youth football. Thus, the sample
is heavily weighted toward individuals with very high exposure to football in terms of duration of play and frequency and
magnitude of TBI. In the general population, the vast majority of individuals who play football do not participate beyond
high school. Early-stage CTE was found in 3 of 14 high school
football players, suggesting that high school football exposure can be sufficient to yield associations with early neuropathological features of the disease. However, it is important
to note that a link between high school football participation
and neurological decline later in life is not well established.15
In addition to characterizing tau pathology, the investigators
performed an extensive evaluation for other protein aggregates
associated with neurodegeneration, including amyloid-β,
α-synuclein, and transactive response DNA binding protein 43.
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They found a high prevalence of these co-pathologies, with only
55% of patients showing isolated CTE and the remainder meeting additional neuropathological criteria for Alzheimer disease,
Lewy body disease, frontotemporal lobar degeneration, or motor neuron disease. The high prevalence of these co-pathologies
raises the possibility that repetitive TBI represents a risk factor
for multiple neurodegenerative proteinopathies. Previous studies have described the extent and contribution of these copathologies to the course of CTE in greater detail.16,17 Axonal injury and neuroinflammation are key elements in the pathophysiology of acute and chronic TBI18 and may contribute to clinical
manifestations in CTE, particularly in early pathologic stages,
when tau pathology appears patchy and sparse in comparison
with the gravity of neuropsychiatric impairment.
The retrospective informant interviews conducted in the
present study, in conjunction with prospective assessments of
high-risk patients,19,20 contribute to the current understanding of the clinical features of CTE. Patients can present with a
primary psychiatric syndrome characterized by impulsive, explosive, and sometimes violent behavior; depression; and a tendency to suicidality. This phenotype is associated with younger
age and an earlier stage of CTE pathology. Older patients often present with a primary cognitive disorder involving
memory loss and executive dysfunction that can mimic Alzheimer disease, may be accompanied by parkinsonism and
other motor features, and is associated with more advanced
tau pathology. Most often, patients present with a mix of cognitive, mood, and behavioral features. Potentially treatable contributing factors are found in many patients, including high
rates of substance abuse, affective disorders, headaches, and
sleep disturbances. Thus, at-risk patients may benefit from a
multidisciplinary medical team to optimize symptomatic treatment and maximize patient function and quality of life.
Nearly 90 years following Martland’s seminal report, there
has been substantial progress in describing the neuropathology
of CTE, and the study by Mez and colleagues represents a major contribution to this effort. Nevertheless, fundamental questions about the disorder remain unresolved. What is the incidence
and prevalence of CTE in population-based samples? What is the
magnitude of risk associated with participating (and allowing children to participate) in various contact sports? Are there individual
susceptibility and resilience factors that modify the risk or expression of the disease? What are the mechanisms that link acute
TBI to a latent neurodegenerative process, and what is the best
way to intervene? Addressing these questions will require improved disease models, and prospective studies in at-risk populations using an expanding armamentarium of biomarkers.18 Increased medical and public awareness around the diagnosis and
prevention of TBI remains paramount. Toward the conclusion
of his article, Martland stated “The condition can no longer be
ignored by the medical profession or the public.” This assertion
remains as relevant today as when first written in 1928.
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