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Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease associated with a history of repetitive head impacts (RHI). CTE was described in boxers as early as the 1920s and by the 1950s it was widely accepted that hits to the head caused some boxers to become “punch drunk.” However, the recent discovery of CTE in American and Australian-rules football, soccer, rugby, ice hockey, and other sports has resulted in renewed debate on whether the relationship between RHI and CTE is causal. Identifying the strength of the evidential relationship between CTE and RHI has implications for public health and medico-legal issues. From a public health perspective, environmentally caused diseases can be mitigated or prevented. Medico-legally, millions of children are exposed to RHI through sports participation; this demographic is too young to legally consent to any potential long-term risks associated with this exposure. To better understand the strength of evidence underlying the possible causal relationship between RHI and CTE, we examined the medical literature through the Bradford Hill criteria for causation. The Bradford Hill criteria, first proposed in 1965 by Sir Austin Bradford Hill, provide a framework to determine if one can justifiably move from an observed association to a verdict of causation. The Bradford Hill criteria include nine viewpoints by which to evaluate human epidemiologic evidence to determine if causation can be deduced: strength, consistency, specificity, temporality, biological gradient, plausibility, coherence, experiment, and analogy. We explored the question of causation by evaluating studies on CTE as it relates to RHI exposure. Through this lens, we found convincing evidence of a causal relationship between RHI and CTE, as well as an absence of evidence-based alternative explanations. By organizing the CTE literature through this framework, we hope to advance the global conversation on CTE mitigation efforts.
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INTRODUCTION

Repetitive head impacts (RHI), defined as the cumulative exposure to recurrent concussive and subconcussive events, have long been associated with the neurodegenerative disease chronic traumatic encephalopathy (CTE). Dr. Harrison Martland is credited with first identifying the syndrome that was later called CTE in his article Punch Drunk, published in the Journal of the American Medical Association in 1928. Martland found evidence of traumatic brain injuries in the post-mortem brains of boxers and proposed a clinical syndrome based on his experience treating retired boxers (1). Pathologically, Martland described multiple “ring hemorrhages” with perivascular distribution in the deeper structures of the brain.

Over the following decades, case reports in the literature proposed more features of the neuropathology and clinical syndrome (2). Pathological findings included case reports published in 1973 by Corsellis et al. from 15 retired boxers with “a characteristic pattern of cerebral change” they proposed “underlie many features of the punch-drunk syndrome,” which represented the largest CTE case series identified prior to 2013 (3). Corsellis et al. described neurofibrillary tangle (NFT) pathology, ventricular dilatation, and the presence of a cavum septum pellucidum (CSP) as features of CTE. In 1990, Roberts et al. (4) identified the first case of CTE from intimate partner violence in a 76-year-old woman, noting NFT pathology in the frontal cortex, an absence of senile plaques, and a large CSP. In 1992, Hof et al. (5) noted that NFTs accumulate in neocortical layers II and III in dementia pugilistica, and in 1996, Geddes et al. (6) described an abnormal pattern of perivascular NFT accumulation in the frontal lobe of a 23-year-old boxer they attributed to RHI.

In the 20th century, a causal relationship was widely accepted by the public and punch drunk boxers became common characters in literature (7), television (8), and film (9). In the 1954 film On the Waterfront, which won the 1955 Best Picture from the Academy of Motion Picture Arts and Sciences, Marlon Brando won the Academy Award for Best Actor by portraying a punch drunk boxer exhibiting many of the symptoms associated with CTE today.

However, in recent years, some have begun to publicly question whether the relationship between RHI and CTE is truly one of causation. The modern RHI/CTE debate began with the diagnosis of CTE in an American football player in 2005 (10). Prior to this case study, there appears to be no record of organizations like the National Football League (NFL), National Hockey League (NHL), or National Collegiate Athletic Association (NCAA) taking a public position against RHI/CTE causation. After 2005, all three leagues, and many others, went on record denying a link between RHI and CTE (11–14).

In 2013, the internationally influential Concussion in Sport Group (CISG) first addressed the question of causality in their consensus statement on concussions, writing, “It was further agreed that a cause and effect relationship has not as yet been demonstrated between CTE and concussions or exposure to contact sports” (15). In the next consensus statement update in 2017 they remained unconvinced, writing, “To date, a cause and effect relationship between CTE and concussions or exposure to contact sports has not been established” (16).

The CISG statements stand in contrast to the position of the US Centers for Disease Control and Prevention (CDC), which published a fact sheet in 2019 that states, “Most research suggests that CTE is caused in part by exposure to repeated traumatic brain injuries, including concussions, and repeated hits to the head, called subconcussive head impacts (i.e., head impacts that do not cause symptoms of concussion)” (17).

The debate is fueled by a lack of longitudinal, prospective studies of CTE and an evolving definition of CTE. While CTE has been known in the literature for nearly a century, most of the research on CTE has occurred only in the last decade. McKee et al. (18) noted that prior to 2009, there were only 48 cases of CTE in the literature, in contrast to the hundreds of cases of CTE since (19–30).

The U.S. National Institutes of Health did not recognize consensus neuropathological criteria for the post-mortem diagnosis of CTE until 2015, when an international team of neuropathologists developed the National Institute of Neurological Disorder and Stroke/National Institute of Biomedical Imaging and Bioengineering (NINDS/NIBIB) criteria, which defined the pathognomonic lesion of CTE as “an accumulation of abnormal hyperphosphorylated tau (p-tau) in neurons and astroglia distributed around small blood vessels at the depths of cortical sulci and in an irregular pattern” (31). In 2019, Falcon et al. (32) used cryo-electron microscopy to show that the misfolded p-tau filament structures of CTE are distinct from Alzheimer's and Pick's disease, providing further evidence that CTE is unique not only in terms of the composition and location of lesions but also in the shape of the misfolded p-tau. The NINDS/NIBIB criteria were updated in 2021 to refine the pathognomonic lesion to specifically require the presence of “p-tau aggregates in neurons, with or without concomitant p-tau-immunoreactive thorn-shaped astrocytes, at the depth of the sulcus around small blood vessels, in deeper cortical layers not restricted to subpial and superficial region,” which reflected the understanding that astrocytic p-tau alone was insufficient to diagnose CTE (33).

Today, CTE can only be definitively diagnosed following a neuropathological examination (31, 33). Because the National Institutes of Health recognizes consensus neuropathological criteria for CTE, but does not yet recognize clinical diagnostic criteria, this article examines the relationship between RHI and CTE neuropathology, and does not substantially explore the separate question of a causal relationship between CTE neuropathology and clinical symptoms (33). Any reference to CTE in this review refers to cases that have been confirmed by autopsy.

Developing consensus on CTE causation has important public health and medico-legal implications. If RHI causes CTE, then it becomes an environmentally caused brain disease that is preventable. If CTE is environmentally caused, then settings with exposure to RHI, which could include participation in some sports, may become regulated by governmental organizations that oversee workplace and public safety, and individuals and organizations could become financially liable for the care of those who develop CTE (34).

The largest group of individuals exposed to RHI in sports are children under the age of 18. Many scientists are concerned that children may be getting exposed to an environmentally caused neurodegenerative brain disease before the age of majority (35). Conversely, if CTE is not caused by RHI we could be unnecessarily changing sports with long traditions while the real causes of CTE continue undetected.

This article aims to explore the question of causation by evaluating studies exploring RHI and CTE through the Bradford Hill criteria, a widely used framework to assess causal inferences in epidemiological research.



UNDERSTANDING CAUSATION

To determine causation in this context, it must first be understood that causation is an interpretation, not an entity (36). Outside of communicable or Mendelian genetic diseases, causation is rarely “proven” or “established,” especially for diseases involving complex environmental exposures. In these instances, causation is a continuum from highly unlikely to highly likely, and no single study can prove causation. Epidemiologists Lucas and McMichael (36) have stated causation is “merely an inference based on an observed conjunction of two variables (exposure and health status) in time and space”. Many criteria have been proposed to better answer questions of causation.

The CISG, which does not recognize a causal relationship between RHI and CTE, used the Oxford 2011 Levels of Evidence to review the evidence in the literature. The Oxford criteria were developed for clinical decision making, not for determining causation for environmental exposure (37). Thus, their conclusion that cause and effect has yet been “established” between RHI and CTE may not be based on an appropriate analysis of the evidence.

Another widely used criterion through which to examine the question of causation is the Evidence-Based Medicine Pyramid, which outlines a hierarchy of clinical evidence in considering questions of cause and effect. This framework places randomized controlled trials (RCT) as the highest levels of evidence (38), which is appropriate for evaluating the efficacy of an intervention but is not appropriate for questions of potentially environmentally mediated neurodegenerative diseases, as it would not be ethical to randomize subjects, especially a pediatric cohort, to receive RHI.

The Bradford Hill criteria were developed in 1965 by Sir Austin Bradford Hill specifically to address causation involving environmental exposures. Hill was a pioneer in the study of environmental exposures and outcomes and one of the scientists most credited with exposing the causal link between smoking and lung cancer. Hill first proposed the criteria in a lecture titled “The Environment and Disease: Association or Causation” that was later published in the Proceedings of the Royal Society of Medicine (39, 40). The Bradford Hill criteria, as they are commonly known, are not formal criteria or a checklist, but “viewpoints” as Hill referred to them. Evidence to support all nine viewpoints are not required to logically deduce a causal relationship, but Hill believed a statistical association should be studied through all nine viewpoints “before we cry causation” (39).

These criteria compose one of the most frequently cited frameworks for causal inference in epidemiological research and are an appropriate tool for an environmental exposure analysis.


Strength of Association

Hill listed strength of association (SOA) first among his nine criteria, presumably because a strong association based on human epidemiologic data can dispel many other concerns about an asserted relationship between an exposure and a disease. An analysis of SOA starts from the premise that for an association to be statistically significant, the lower confidence limit (LCL) on the odds ratio (OR) or relative risk (RR) must be >1.0 (that is, very unlikely to be caused by random chance). Other things being equal, the larger the central estimate of OR or RR, the less likely that the significant association is an artifact of some non-random flaw such as confounding, bias, or misclassification. To the extent that the OR or RR is the “signal,” and flaws represent “noise,” the stronger the signal, the more confident we can be in presuming the variables are causally linked.

The dogma regarding SOA is that ORs/RRs that equal 2.0 or more are generally regarded as “strong.” This numerical choice is of course subjective, but the appeal of 2.0 as a benchmark is that above this ratio, it is more likely than not that any individual person with the exposure and the disease will have contracted the disease because of the exposure than for any other reason (in other words, if the RR is between 1 and 2, the additional risk conferred by the exposure is less than the background risk one faced without the exposure). A study exploring the relationship between NFL team logos and concussions exemplifies a reason to be wary of weak associations, as the authors found the RR of the concussion rate in the 17 “non-animal” teams was 1.34 and had a significant 95% confidence interval (41).

Cohort studies are a common method by which to identify ORs, but at this time there are no cohort studies available that have followed both symptomatic and asymptomatic individuals (to minimize selection bias) through to autopsy to confirm the presence or absence of CTE. We have identified six well-conducted case-control studies where the researchers made a reasonable attempt to identify RHI history and had more than 50 subjects to be sufficiently powered for statistical significance, brief summaries of which are provided below and in Table 1 (19, 21, 23, 42–44).

• McKee et al. (19) examined 85 brains from former athletes and others with a history of RHI from the US Department of Veterans Affairs-Boston University-Concussion Legacy Foundation (VA-BU-CLF) Brain Bank and compared them to 18 brains from age-matched control subjects with no such history. Sixty-eight of the 85 brains met diagnostic criteria for CTE, while none of the 18 control brains showed such pathology, resulting in an OR of 145. However, the OR here could be biased high, since the exposed subjects were selected for high RHI exposure.

• Bieniek et al. (23) reviewed brains from a neurodegenerative disease-focused brain bank for individuals who had had RHI. They reexamined 66 brains of individuals with prior contact-sports experience, along with 198 brains from subjects without prior contact-sports history (but 33 of these subjects had had one documented instance of traumatic brain injury; TBI). 21 of the former group, and zero of the latter, had CTE, resulting in an OR of 92.

• Adams et al. (42) examined 433 brains from two sources—the VA-BU-CLF Brain Bank that largely consists of brains donated by next-of-kin, and the Framingham Heart Study's (FHS) Brain Bank. Although their primary interest was the association of Lewy Body pathology and contact sports, their Table 1 provides ample information to estimate an OR for CTE and contact sports history. All 269 brains from the VA-BU-CLF Brain Bank had contact-sports history, and of those, 217 had CTE pathology. One brain in the FHS group had CTE, but it is unclear if they had contact sports exposure (only 12% of those in the FHS bank did so), so we can only conclude that the OR from this study is either 440 or 902.

• Bieniek et al. (43) looked at all consecutive autopsy cases during an 18-month period at the Mayo Clinic (N = 2,566) and gathered information about whether the subject had played one of seven different contact sports, including boxing, baseball, etc. Only the association with football history and CTE pathology had a p-value <0.05, and its OR was 2.62.

• Mez et al. (21) examined 266 brains from the VA-BU-CLF Brain Bank and FHS Brain Bank, 223 of which met diagnostic criteria for CTE. Although most of their analyses were aimed at calculating ORs per year of football played (e.g., their main result was an OR of 1.30 per additional year), they did offer a dichotomous OR analogous to the others in this Table. Namely, they found that subjects who played for 14.5 or more years had a CTE OR of 10.2 compared to those who played <4.5 years. This ratio is not directly comparable to the others; it could be biased high because of the very large exposures in the cases, but could also be biased low because of the non-zero exposures in the comparison group.

• Priemer et al. (44) examined 225 brains from a Department of Defense Brain Bank and found 10 of them (4.4%) with pathognomonic lesions characteristic of CTE. The OR for those with a history of exposure to blasts (e.g., from “improvised explosive devices”) compared to those without was 1.73, and not statistically significant. In stark contrast, however, the adjusted OR for CTE comparing subjects with a history of playing contact sports (including football, martial arts, wrestling, boxing, etc.) was 68.8, as there were 10 CTE cases among the 60 subjects with such history and zero cases among the 165 subjects without.


Table 1. Odds ratios from important case-control studies (in chronological order of publication).
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After conducting our analyses, we found that all six studies reported large and significant ORs of CTE cases in subjects with substantial exposure to RHI compared to controls. There is a wide range of RHI exposure in these studies, which may account for the wide range of ORs. There is also an unknown amount of case overlap among the VA-BU-CLF Brain Bank studies.

We excluded studies (24, 25, 46–48) that did not provide the necessary raw data to estimate an odds ratio—either lacking any subjects without CTE, lacking any subjects with no exposure to RHI, or both. While it is possible to estimate an incidence of CTE in a population exposed to RHI and compare it to “historical control rates” for unexposed populations studied elsewhere, the studies referenced above were self-contained case-control investigations and hence a more reliable subset.

The clear and unremitting message from these studies is that the associations between RHI (and reliable proxies for it) and CTE cases are strong: consistently above the 2.0 benchmark, with some above ratios of 10:1 and even 100:1. Moreover, one study that included a possible confounder, Noy et al. (49) and substance abuse, showed a stronger association between the possible confounder and CTE when head trauma is present than when absent. Noy et al. were not considered in our larger analysis because RHI history was not thoroughly explored.

Importantly, relative risk is not meaningful without an understanding of absolute risk. Any “small” relative risk can correspond to a large and/or intolerable increment of absolute risk, especially when the background risk is already large. Conversely, a very large relative risk may in fact be trivial if the increment merely doubles (or multiplies by a large number) a vanishingly small absolute risk.

Two studies have provided a window into absolute risk in one highly exposed population, NFL players. In 2017, the Boston University CTE Center published that of the first 111 brains donated from former NFL players, 110 of them had CTE. Using those 110 subjects with CTE as the numerator, and the 1,142 NFL players who died during the study period (February 2008–May 2016) as the denominator, Binney and Bachynski concluded the minimum prevalence of CTE is 9.6% among NFL players (50). Alternatively, Finkel and Bieniek (51) selected for their denominator the 711 players who entered the NFL between 1963 and 2008 and died by June 2014, concluding a 15.5% prevalence was an accurate snapshot of the current prevalence of death with CTE among all NFL players who had already died of any cause.

Even if a relative risk is “small” and the absolute risk is not intolerably large, individuals have a right to be concerned about additional involuntary risks that may not be as large as their pre-existing risk from all other sources. For these reasons and others, reflexive adherence to an arbitrary criterion for how large a relative risk ought to be is not recommended.

Even a single study with a ratio of ≥2 is often ample for a regulatory agency to conclude that a particular agent (e.g., a carcinogen) is “known to be harmful to humans”—and here we have six studies with ratios far >2, backstopped by a study that controls for an important co-exposure. In the context of dozens of decisions regulatory agencies such as the Environmental Protection Agency (EPA), the Occupational Safety and Health Administration (OSHA), and the Consumer Product Safety Commission (CPSC) have made over decades, it is clear that the epidemiology of RHI and CTE is already far more definitive than many associations we have confidently deemed to be “real” for purposes of exposure reduction.

The Oxford Center for Evidence Based Medicine, which developed the Oxford Levels of Evidence used in the CISG assessment of the (lack) of evidence around CTE, states in its explanatory notes that “There will inevitably be cases where ‘lower level’ evidence – say from an observational study with a dramatic effect – will provide stronger evidence than a ‘higher level’ study – say a systematic review of few studies leading to an inconclusive result” (52). It therefore is clear that each of the above studies, showing dramatic ORs for RHI exposure in CTE, would also be considered as ‘strong evidence’ for a causal association by any reasonable interpretation of the Oxford Levels.

Further support for a robust and substantial strength-of-association comes from a different group of studies: those comparing specific or general neurodegenerative causes of death (COD) among subjects exposed to RHI vs. the general population (53–58). These studies may be capturing endpoints broader than CTE alone, but they support a causal relationship between RHI and a set of neurodegenerative diseases. Some of these studies have innovated with respect to the choice of comparison group, often in order to minimize the downward bias in risk ratio that comes from ignoring the “healthy worker effect” in study design (59). Table 2 summarizes some of the important strength-of-association results from these investigations.


Table 2. Other important strength of association results.

[image: Table 2]



Consistency

Hill's consistency criterion requires that the association between RHI and CTE pathology is demonstrated across multiple studies conducted by independent groups investigating different patient populations using different approaches. CTE pathology has indeed been reported by independent investigators with varied selection criteria worldwide in post-mortem studies of individuals with exposure to RHI.

The Boston University CTE Center has reported the vast majority of CTE cases in the current literature due to the extensive collection of brains donated to the VA-BU-CLF Brain Bank, where most individuals had significant exposure to RHI. In this brain bank cohort, CTE pathology has been found in former athletes at amateur and professional levels from American football, soccer, rugby, ice hockey, lacrosse, mixed martial arts, wrestling and boxing, as well as military veterans, victims of domestic violence, an individual who suffered multiple falls and an individual who suffered from head-banging behavior (19, 22). Similarly, investigators at other North American institutions have published studies that describe the presence of CTE pathology in military veterans (60) and former athletes in American football (10, 23, 24, 61–64), amateur and professional wrestling (23, 65), and ice hockey (24). Investigators have also reported CTE pathology in Scotland (Glasgow TBI Brain Bank) (28, 48, 66), England (Queen Square Brain Bank for Neurological Disorders, University College London) (29, 67, 68), Ireland (Dublin Brain Bank) (27, 69), France (GIE Neuro-CEB Brain Bank) (30), Australia (Australian Sports Brain Bank) (25, 70, 71), Brazil (Biobank for Aging Studies at the University of São Paulo) (26), and South Korea (72). In these reports, CTE pathology was described in the brains of former soccer, rugby, Australian rules football, and boxing athletes as well as a young individual who exhibited head-banging behavior (72). This growing congruous evidence from independent investigators profiling individuals with a range of RHI exposure profiles is certainly in agreement with Hill's consistency criterion. Table 3 shows the largest CTE case series published at the Brain Banks mentioned above.


Table 3. CTE cases diagnosed globally.

[image: Table 3]

A large proportion of the CTE literature comprises studies describing CTE pathology in a small number of individuals that have an established history of RHI and dementia symptomology. Studies that assess the presence of CTE pathology within larger brain bank cohorts further support the consistency of the association with RHI. In addition to the six case-control studies discussed in Strength of Association, a study of the Veteran Affairs ALS Biorepository Brain Bank in Boston by Walt et al. (60) found 9/21 military veterans with ALS and exposure to TBI or RHI had comorbid CTE pathology. However, some of the most robust evidence for the consistency of the association is provided by ongoing prospective or retrospective profiling of general brain bank cohorts. Ling et al. (67) screened a cohort of recent brain donations to the Queen Square Brain Bank for CTE pathology. This cohort predominantly featured cases where another neurodegenerative disease was the primary diagnosis and identified exposure to RHI in 93.8% of CTE cases (30 of 32) through post-mortem interviews with next of kin. In contrast, the brain bank study by Noy et al. (49) profiled 111 brain donations to the Health Sciences Center in Winnipeg, Manitoba, Canada, and excluded brains over 60 years of age or with any histological evidence of Alzheimer's disease. In this younger cohort without comorbid pathology, 5 cases were identified with stage I or II CTE pathology, all of which had a history of head trauma, although RHI history was not known for the subjects (49).

Together, these brain bank studies highlight that exposure to RHI from various sources is a conserved factor between individuals with CTE pathology, regardless of whether other comorbid pathologies are present. Overall, current literature from independent researchers and brain banks around the world provides strong support for Hill's consistency criterion. Future studies investigating CTE pathology in other general brain bank populations would further strengthen the evidence for the consistency of the association with RHI.



Specificity

According to Hill, a factor is likely to be causative of disease if the disease occurs within a specific population and/or at a specific anatomical site with no reasonable explanation other than involvement of the factor in question. An absence of specificity cannot rule out causative relationships under this criterion, but when present, the greater the specificity of association between factor and outcome, the greater the probability of a causal relationship. Specificity is thus arguably one of the most persuasive of the Bradford-Hill criteria as, stated by Hill himself, “if specificity exists we may be able to draw conclusions without hesitation” (39).

Available evidence on the relationship between RHI (the factor) and CTE (the potential outcome) provides strong support for causation under this criterion. Specificity can be observed in a number of ways, but perhaps most significantly by the fact that prior exposure to RHI is the only known unifying factor among CTE cases reported in the literature to date (76). Neuropathological characterization of CTE began initially in former boxers in the 1970s (3), and over the ensuing three decades similar neuropathology was reported in many more ex-boxers, as well as individuals who did not have a history of boxing but were nonetheless exposed to RHI, either by occupation or underlying medical conditions. These early reports of CTE in non-boxers included those who played soccer, mentally impaired individuals prone to head banging, an individual who participated in circus “dwarf-throwing,” an individual with intractable epilepsy and frequent falls, and a victim of domestic violence (4, 77–79).

The seminal reports of CTE in two American footballers in the mid-2000s (10, 80) naturally focused investigation onto the brains of past players of this hugely popular sport, and CTE has now been reported in hundreds of ex-players of American football and 10 additional contact and collision sports (discussed in Consistency). In addition to those individuals with athletic exposure to RHI, CTE has since also been documented in multiple military personnel who were exposed to RHI either via concussion or blast injury either in combat or training exercises (81, 82).

Even more can be learned about this association by assessing the evidence for CTE neuropathology in individuals who have never been exposed to RHI. In contrast to the ever-mounting reports on CTE neuropathology in the setting of prior RHI, there are very few reports of CTE outside of it. While an absence of evidence does not equate to evidence of absence, it is remarkable that the neuropathology of CTE does not often appear in neuropathology studies, particularly in case series of individuals with neurodegenerative symptoms. For example, CTE pathology was not reported in any of the 83 brains used in Braak and Braak's staging of Alzheimer's disease pathology using Tau immunohistochemistry (83) or in any of the 198 individuals without exposure to RHI in the Mayo Clinic neurodegenerative disease Brain Bank (23).

In contrast to the prevailing literature, one recent study reported “mild” CTE in four of five men with no known history of TBI or RHI (47); however this was subsequently suggested to represent misdiagnosis of ARTAG as CTE based on the images provided in the study when reviewed by an international group of ARTAG and CTE experts (84). This conclusion is supported by the observation that although the four subjects were between the ages of 70 and 82, they had low-stage CTE, a rare finding in that age group, as CTE severity is strongly associated with age (73). ARTAG, as its name suggests, is associated with age and can mimic CTE in the location of lesions, but ARTAG does not involve neuronal tau and is not related to head impact exposure (84). This is not to say, however, that glial p-tau pathology is of no consequence in CTE, or that concomitant ARTAG is unrelated to CTE. We note that ARTAG is often found alongside CTE when glial p-tau is present in a lesion; this is remarkable, particularly when found in younger individuals in whom a diagnosis of ARTAG would be very unusual. The relationship between ARTAG and CTE clearly warrants further examination.

Another larger post-mortem study of 310 older individuals found that while ARTAG was frequently found in the general aging population (incidence of 38%), there was no evidence of CTE neuropathology in any individual (46). Postupna et al. reviewed 532 consecutive autopsy cases from the Adult Changes in Thought (ACT) study which consisted mostly of individuals with no TBI history and found only three cases of CTE (75). Two cases had a history of falls later in life and the third case had a history of military service. These studies further demonstrate the rarity of CTE diagnosis in community-based samples.

RHI is the only common denominator in reported instances of CTE to date, which indicates a specific relationship between the two. However, while CTE is closely tied to a history of RHI, this association does not imply the reverse (i.e., that all individuals who suffer from RHI will develop CTE). The specificity of the association is not one-to-one, and as Hill pointed out, such relationships are infrequent. Hill also asks us to “keep in mind that diseases may have more than one cause,” (39) and we must also consider that a factor may be causative in more than one disease.

The absence of any other plausible factor within the available evidence does not mean that CTE might not have more than one cause. If there prove to be additional causes of CTE beyond RHI exposure, they do not diminish the importance of acknowledging the relationship between RHI and CTE. For example, despite multiple non-smoking environmental, genetic, and sporadic causes of lung cancer, smoking is still considered to cause lung cancer. The presence of patients with no smoking history who develop lung cancer does not diminish the strength of relationship between smoking and lung cancer. However, the fact that a second potential cause of CTE has yet to be identified is notable, as something has to be causing CTE.

Taking all of the evidence together, we can conclude that specificity certainly exists for the association between RHI and CTE; RHI is the only factor common to reported CTE cases, and there is almost no evidence of CTE in those examined who have not sustained RHI. According to Hill, this should lead us to consider that the relationship between RHI and CTE is indeed a causal one.



Temporality

A temporal relationship is a critical component to establishing a causal relationship; namely, an exposure necessarily must precede its purported outcome. RHI exposure clearly precedes CTE pathology, thus fulfilling this criterion. As outlined in the above section on Specificity, the exposure to RHI is associated with CTE pathology and, especially with the introduction of the aforementioned revised NINDS/NIBIB neuropathologic criteria requiring neuronal involvement in the perivascular deposition of tau (33, 85), this pathology occurs nearly exclusively in the presence of clearly identified RHI exposure (23, 46, 60). The RHI exposure experienced by nearly all individuals diagnosed with CTE occurred before the observed pathology, typically years if not decades earlier (19, 20, 22–24, 73, 86–90). As such, the pathology of CTE is considered a long-term consequence of RHI exposure (89, 90).

However, the pathology of CTE can only be diagnosed post-mortem, and it is unknown precisely when this pathologic process manifests. Given the wide age-range of individuals found to have CTE pathology, it is likely that CTE pathology begins significantly before it has been observed post-mortem. It should, therefore, be considered whether this pathology could manifest prior to the RHI exposure, and lead to RHI exposure in a reverse-causal manner. However, there are several factors that make this scenario exceedingly unlikely. First, as previously outlined, there is an absence of CTE pathology (using the most recent NINDS/NIBIB criteria) in individuals without exposure to RHI (23, 46, 60). If the pathology preceded exposure, one would expect to find more cases of CTE pathology in the absence of exposure, due to some individuals passing away prior to experiencing RHI. Second, although neurologic and neurodegenerative diseases are known to alter behavior, in some cases promoting both riskier behaviors as well as gait instability and falls, there is no evidence to support a neurologic phenotype for individuals who participate in contact and collision sports. Additionally, given the millions of athletes who participate in contact and collision sports annually (91), such a phenotype would be either exceedingly common, or rarely associated with CTE pathology. Finally, the pathology associated with CTE appears more severe as a function of time since injury (19–21, 73), as do biomarkers thought to be associated with this pathology (92–95), supporting a progressive pathologic process initiated by RHI exposure.

Additional evidence in support of the temporal relationship between RHI exposure and CTE comes from the clinical manifestation of CTE: traumatic encephalopathy syndrome (TES). All criteria for TES proposed to date, across multiple research groups, require a history of exposure to head injuries, either characterized as RHI, TBI, concussion, or subconcussive injuries (96–100). In addition, the symptoms thought to be most closely associated with TES also appear to manifest years following the RHI exposure (101–104). Together, these data provide overwhelming evidence supporting the temporal relationship between RHI and CTE.



Biological Gradient

One of Hill's strongest criteria involves a dose-response association. Hill said, “If the association is one which can reveal a biological gradient, or dose-response curve, then we should look most carefully for such evidence” (39).

Martland's original ringside observations of boxers in 1928 included the recognition of a dose-response between RHI and possible CTE symptoms (1). He realized that boxers who had the greatest number of fights, who had a long duration of fighting, who were “sluggers” (taking a lot of blows), or who sparred extensively were most likely to show a clinical triad of mental confusion and recent memory impairment, emotional lability with mood swings and diminished ability to control temper, and parkinsonian signs including tremor, rigidity, and bradykinesia.

The British neurologist MacDonald Critchley was the first to publish this neurodegenerative process under the name CTE in a peer-reviewed journal in 1957 (105). He noted boxers with clinical symptoms that he believed were caused by CTE were often sluggers known for being able to “take” a punch and “absorb punishment” rather than scientific boxers. Thus, he too was describing a dose-response mechanism.

It was Corsellis who first described the neuropathology of CTE in boxers' brains that included those of two world champions and four regional or national champions. Corsellis concluded the most successful boxers had the most brain damage because they had the longest careers, fought the toughest opponents, and thus took the most blows to the head (3). Thus, this was a third independent finding of a dose exposure correlating with risk and severity of CTE.

In 1970, Friedrich Unterharnscheidt published a massive review of the historical and medical aspects of boxing in which, in addition to an exhaustive review of the medical literature published at that time, reported that “every boxer must expect permanent traumatic damage which is greater the earlier he begins to box, the more frequently he participates, and the longer his career” (106). Once again a dose-response association was recognized between RHI and CTE.

When Mez et al. (21) looked at the risk of CTE in American football players in the VA-BU-CLF and Framingham Heart Study Brain Banks, they found that years of American football played demonstrated a strong dose–response relationship with CTE neuropathology. Years of football played was used as a crude proxy for RHI, as studies using helmet sensors have shown football players receive hundreds up to a few thousand head impacts exceeding 10 g per season.

Specifically, the Boston University CTE Center researchers showed that each year of additional football play was associated with an increased OR of 1.30 (95% CI = 1.19–1.41; p = 3.8 × 10−9), effectively doubling the odds of disease every 2.6 years. The study also found that each additional year of football play was associated with an increased OR of 1.14 (95% CI = 1.07–1.22; p = 3.1 × 10−4) for having more severe CTE, effectively doubling the odds of having severe (vs. mild) CTE every additional 5.3 years of play.

Interpreting SOA here is more complicated as it stratifies exposure into single additional years played instead of a yes/no dichotomy. When exposure is parsed into multiple strata, the associations between adjacent categories can fall below 2.0, but the overall relationship between the highest and lowest exposure category can be significantly higher. In this study, players who played 14.5 years or more were 10 times more likely to have CTE than someone who played fewer than 4.5 years. In cases like this, a “weak” but consistent biological gradient bolsters a verdict of causality. Even under conditions of simulated extreme brain bank selection bias, the estimated magnitude of the relationship between duration played and CTE status remained consistent.

A major criticism of brain bank findings on CTE is the selection bias that inherently comes from this type of study design. To address this criticism, LeClair et al. evaluated the relationship between level of play in American football and CTE diagnosis after statistically adjusting for selection bias (107). From a sample of 290 participants that played at least 1 year of American football at the high school, college, or professional level, the researchers found that highest level of football play was associated with CTE diagnosis in a dose-response manner (after adjusting for age of death). In this analysis, players at the college level had 1.82 times the risk of being diagnosed with CTE than high school players, whereas those who played at the professional level had 2.13 times the risk than high school players. Following an adjustment for selection bias, these relative risks were increased in magnitude; relative to high school players, college players had a mean RR of 2.38 and professional players had a mean RR of 2.47. These findings suggest that, in this sample, selection biased the measures of association toward the null, not the alternative hypothesis as has been suggested by critics of this type of research.

To further minimize the influence of selection bias researchers have screened for CTE in community-based samples. Bieniek et al. (43) also found a dose-response relationship between exposure and observed CTE pathogenesis among football players. In this study, the authors examined tissue from 750 of 2,844 consecutive autopsy cases from the Mayo Clinic Tissue Registry for CTE pathology. They attempted to gather sports participation information through high school yearbooks and obituaries, and their sample included 450 individuals who had no record of participation in contact sports and 300 contact sport athletes. The sample included 477 males and 273 females. CTE pathology was found across a variety of sports in this sample. While college football players were significantly more likely to develop CTE than controls, high school football players, who generally play fewer years of football, were not significantly more likely, again providing evidence of a dose-response relationship.

Football and boxing are not the only sports where a dose-response relationship has been reported. Abdolmohammadi et al. presented findings at the American Academy of Neurology 74th annual meeting in April 2022 that demonstrated a dose-response relationship between duration of ice hockey play and CTE risk and severity (108). Specifically, in a sample of 74 consecutive brain donors to the VA-BU-CLF and FHS Brain Banks, each additional year played corresponded to a 23% increase in odds of being diagnosed with CTE and a 15% increase in odds of increasing one stage of CTE severity (0–IV). When controlling for hockey as the primary sport of exposure (n = 56), similar results were found indicating that increased duration of ice hockey play may increase risk for CTE in a similar manner as was previously described in American football.

Thus, from its first description nearly 100 years ago to the present, CTE has been recognized as having a strong biological gradient, one of Hill's most salient criteria, in boxing, American football, and ice hockey.



Plausibility

Hill's plausibility criterion requires that the association between RHI and CTE pathology can be explained in the presence of existing biological or social models. The criterion is satisfied if the relationship is consistent with the current body of knowledge regarding the etiology (RHI) and mechanism of disease (CTE) pathology. Although the state of knowledge on CTE is still incomplete, current literature supports the biological plausibility of RHI causing CTE.

The latency between RHI and the emergence of CTE has raised questions about the biological plausibility of the association, but experimental studies and computational models shed initial light on the mechanisms that may be occurring between RHI exposure and CTE pathology. While studies of non-gyrencephalic animal brains cannot produce the CTE lesion, a 2015 TBI mouse model produced p-tau immediately after a TBI, followed by later production of pathological tau deposits in the brain, while antibody-blocking of p-tau prevented tauopathy development. The same study demonstrated p-tau in human brains with CTE but not in controls (109).

One of the hallmarks of CTE pathology is the accumulation of p-tau around small blood vessels in the depths of cortical sulci (31). While investigating the biomechanics of brain injury, recent work leveraging advanced computational models have predicted patterns of brain tissue changes that correspond to characteristic CTE pathology (110–114). In 2017 Ghajari et al. (114) demonstrated that a Finite Element (FE) model of TBI predicted high levels of strain within the depths of the sulci following an American Football head collision, a fall, and a motorcycle accident. Notably, this study found that both strain and strain rate were elevated following an accident and a football collision, while only strain was elevated following a fall. This is of importance as the authors hypothesize that both strain and strain rate must pass certain thresholds for neurodegeneration to occur (115). Others have used simplified biofidelic phantoms of the human brain to model the effects of an impact and found similar results: high strain concentrated at the sulcal depth (112), demonstrating that the relationship between RHI and CTE neuropathology is plausible.

Prior animal and computations models appear to be validated by the recent discovery of CTE lesions in animals with gyrencephalic brains exposed to RHI through combative headbutting in the wild. Ackermans et al. analyzed postmortem brains of muskoxen and bighorn sheep for p-tau and other markers associated with TBI and neurodegeneration (116). They found p-tau immunoreactive structures in a distribution pattern reminiscent of early-stage human CTE with structures concentrated at the depths of the cortical sulci and occasionally around blood vessels. This study provides the first evidence that naturally occurring RHI is associated with CTE-like p-tau pathology in a gyrencephalic brain animal model.

In summary, these independent studies provide evidence of a credible mechanistic hypothesis for the location of the pathognomonic lesion, and the association between RHI and CTE alongside the paucity of CTE cases in individuals not exposed to RHI all support that RHI exposure is a plausible cause of CTE.



Coherence

The seventh criteria, coherence, requires that the interpretation of the data not seriously conflict with what is already known about the disease or exposure. As such, here we must demonstrate that the association between RHI and CTE pathology does not conflict with what we know about the development of CTE pathology or RHI. Many of the arguments supporting the coherence of this association have been touched on in depth in previous sections of this review, including location of the pathognomonic lesion and the absence of CTE cases in individuals without exposure to RHI or with only a single TBI exposure.

Another example of coherence is found in the extreme difference between the number of known CTE cases among males and females. Bieniek et al. studied 750 brains of athletes and non-athletes, and identified 21 cases of CTE, all in males (43). Their experience is consistent with the experience of all other brain banks: while hundreds of male football players have been confirmed to have CTE by Dr. Ann McKee at the VA-BU-CLF Brain Bank alone, CTE has yet to be diagnosed in a female athlete worldwide (81).

Similar evidence in the early smoking and lung cancer data was interpreted to be a reflection of different rates of smoking among males and females. A “time trends sex differential” and “sex differential” were cited in the 1964 and 1982 United States Surgeon General reports, respectively, as evidence to support a causal relationship with several types of cancer (117).

The “sex differential” in CTE cases may reflect differences in sports RHI exposure. Sex-specific rules for sports like ice hockey and lacrosse, where body checking is illegal for females, have limited RHI exposure for females versus males (118). Historical sex differences – and discrimination – in sports participation means there are few female former contact sports participants in America over the age of 60. Females were not provided with an equal opportunity to participate in school sports until a federal civil rights law, Title IX, was enacted in 1972. CTE is primarily diagnosed in older ex-athletes with dementia, and in America, most women, even with significant RHI exposure, are potentially too young to develop a dementing brain disease that might lead to their brain being donated to a brain bank studying CTE (81). In addition, career duration for women has been limited by a lack of professional sports opportunities that endures today.

By these considerations alone, more males have athletic exposure to RHI, a greater duration of athletic exposures, and more years since RHI exposure. Additionally, the primary exposure to RHI for the majority of CTE cases has been American football. Although not technically exclusive to males, relatively few females play American football; females more commonly play touch or flag versions of the game, which are associated with less RHI exposure (119–121).

Another way to evaluate coherence is to explore alternative hypotheses. Many variables have been highlighted in the literature as potential confounders, including substance abuse, mental health disorders, genetics, and general lifestyle factors like diet and exercise (16). Although most of the candidate third variables would be expected to be disease modifying or influence the phenotype, just as they frequently do with Alzheimer's disease and other neurodegenerative processes, only one variable has been proposed as a potential alternative cause of CTE: opiate misuse. The lead author of the CISG statement has proposed that opiate misuse could completely account for CTE, writing, “The correlation between opioid abuse and hyperphosphorylated tau deposition is well described, and should be factored as a key variable in any assessment of causation [in CTE]” (122).

This argument does not hold up to scrutiny. Although tau hyperphosphorylation has been observed in the brains of individuals with a history of heroin abuse, tau deposition from opiate use is easily distinguished from the pathognomonic CTE lesion (123). While biases in selection or measurement and confounders must continue to be thoroughly explored, they do not appear to explain the RHI/CTE association at this time.

The role of genetics in CTE is beginning to be explored. A recent review on the genetics of CTE identified that several genes may play a role in modifying disease severity, including APOE, MAPT, and TMEM106B, but none have been linked to an increase risk of developing CTE. Thus far, no genes have been shown to influence the odds of developing CTE (124).

With what is known in the literature about computer modeling of brain trauma, post-mortem confirmed cases without a history of RHI exposure, sex differences, opiate use, and CTE genetics, RHI remains the only candidate risk factor for CTE causation.



Experiment

Hill recognized that his eighth viewpoint, experiment, can be difficult to study in the context of environmental exposures. Hill wrote, “Occasionally it is possible to appeal to experimental, or semi-experimental, evidence. For example, because of an observed association some preventive action is taken. Does it in fact prevent?” (39). If CTE is caused by RHI, sports can offer a laboratory for CTE prevention efforts. However, CTE has only been widely recognized outside of boxing for fewer than 20 years, which does not allow for meaningful studies of CTE prevention efforts. It is also too soon to measure the potential impact of recent efforts made to reduce RHI, and it will still be difficult to measure 50 years from now, as the same changes are often not uniformly made across age groups and leagues. For example, while the NFL Players Association negotiated to limit RHI by limiting contact in practice in the NFL, practices are not regulated to the same extent, if at all, at the youth, high school, and collegiate levels, which make up most of an NFL player's lifetime exposure to RHI (125).

Even in scenarios where we may have had enough time to measure the impact of an intervention, the inability to measure or control all variables of interest can make it difficult to draw conclusions. For example, a 1983 rule change to shorten boxing matches from 15 to 12 rounds has been credited with making boxing safer. However, an analysis of mortality after the 1983 reform concluded mortality reductions were more influenced by overall shorter fights, fewer fights per fighter, and shorter careers; thus their impact on CTE prevalence is unknown (126). In addition, a confounder for any study of RHI in boxing is RHI from sparring, which can make up the majority of RHI exposure in the career of a boxer but is generally not measured. Because CTE can only be diagnosed post-mortem, the latency will make drawing any conclusions nearly impossible.

Pre-clinical evidence from in vivo studies contribute to Hill's assertion that evidence drawn from experimental manipulation interposes support for causal inference in the links between repetitive physical trauma and chronic neurodegeneration (40). Studying animal models enables broader experimental frameworks to be used to address clinically relevant questions and importantly enhances the ability to effects in controlled environments (i.e. in the absence of extrinsic factors).

It can be argued that studies of animal models enable research questions to be answered in a more direct manner compared to human studies. However, it is important to note that the elucidation of the data generated from these studies contributes to the criterion by which experimental and interpretive validity is established (127). As asserted by Goldstein et al. (127), validation is not presented on that animal model per se, but rather on the quality and interpretation of experimental data arising from a model and on the experimental agreement of the model with clinical features and pathology of the human disorder that is being modeled (127–129).

Clinical studies in mild brain injury have traditionally been criticized for their observational and retrospective design which potentially affects outcomes and interpretation of research findings due to confounding factors such as the individuals' lifestyle and choices they make. Animal models are essential for translational research in our understanding of CTE, but they are not without their own unique limitations (127). For example, rodent brains lack gyri or sulci, so they cannot recapitulate the human CTE lesion.

Methodological approaches in clinical and preclinical study designs have evolved as our questions regarding links between repeated neurotrauma and neurodegenerative diseases have similarly progressed. Pre-clinical study designs have now started using repeated mild TBI (rTBI) and multiple mild TBI (mmTBI) models to understand the effects of subtle but repetitive impacts on long-term neurological disease. For the purposes of this discussion, rTBI refers to two separate insult events, whereas mmTBI involves three or more insult events.

Studies investigating the time between repeat impacts demonstrated greater effects on tissue damage when the repeated impact was delivered within a shorter time period, demonstrating vulnerability of the brain following a mTBI (130–133).

More recent studies using a model of repetitive insults (mmTBI) have demonstrated pathophysiology (134), and pathology in rats experiencing multiple impacts elevated p-tau immune reactivity (135) and neurotoxic tau (136). Other groups, including Mouzon et al. (137), have not detected abnormal p-tau after mmTBI.

Pre-clinical models provide an effective pathway for translation of basic science discovery progressing clinical knowledge that benefit human participants (127, 138, 139). Studies have shown neurobehavioral, pathophysiological and pathological alterations after a single traumatic insult; but despite some variability in results in repeat insult models reflecting methodological differences, the overall data demonstrates far worse longitudinal outcomes following rTBI and mmTBI. Through Hill's criterion of experiment, the findings from pre-clinical RHI studies replicating elements of observed human pathophysiological (140, 141), imaging (142, 143), and epidemiological studies (21) suggests a causal relationship.



Analogy

The ninth and final viewpoint proposed by Hill is that of analogy. It is articulated that ‘in some circumstances it would be fair to judge by analogy’ whereby scientists can use prior knowledge and patterns to infer similar causal associations (39). While some have argued that analogy is not necessary in arguing causation, it does engender a sense of credibility through resembling other accepted scientific truths (40).

The evidence supporting TBI as a causal risk factor for dementia is analogous to the relationship between RHI and CTE (144). The 2020 Lancet Commission review on Dementia Prevention, Intervention and Care highlighted that the prevention of TBI in mid-life is a key strategy for the prevention of dementia (145). While the differences between TBI and RHI models are outlined in the plausibility and experiment sections, pre-clinical studies suggest repeated and multiple RHIs result in more pathologies than a single impact.

The discovery of the link between smoking and environmentally caused lung cancer is analogous to the accruing body of evidence linking RHI to CTE. Both links were controversial, specifically because the extreme latency between exposure and symptomatic disease. In fact, the Bradford Hill criteria was partly built on Hill's experience demonstrating a causal relationship between smoking and lung cancer. The early smoking and lung cancer data included a significant strength of association, a biological gradient, coherence, plausibility, and temporality, but it took time to build evidence through consistency, specificity, and experiment. It is worth noting that Sir Richard Doll, a colleague of Hill's, concluded a causal relationship between smoking and lung cancer even before he understood which specific carcinogens in cigarette smoke were causing the cancer, “for the human evidence was so compelling” (146).

More important to consider, however, is the level of evidence that has been obtained to achieve what has been described as a “well-established” causal link between smoking and the risk of lung cancer (147). While the link between smoking and lung cancer is widely accepted, key questions remain unanswered or incompletely answered, including what precisely constitutes a smoked cigarette (the dose), why some smokers develop cancer and others do not, how many cigarettes are too many, or which specific cigarette or carcinogen sparked the lung cancer.

The fact that these questions also remain for RHI and subconcussive impacts is often raised as a reason that conclusions on RHI/CTE causation cannot be drawn. The CISG wrote:

“The challenge researchers face at this time is that (i) there is no established definition of a subconcussive impact or a subconcussive injury, (ii) a [sic] impact may or may not cause an injury, and it is difficult to determine if an injury has occurred, and (iii) the biomechanical features and thresholds for quantifying a [sic] impact and identifying an injury have not been agreed upon. Therefore, the hypothesis that subconcus-sive impacts cause long-term neurological injury requires more research before conclusions can be drawn” (16).

One could imagine this passage rewritten on smoking and lung cancer today:

“The challenge researchers face at this time is that (i) there is no established definition of a smoked cigarette (ii) a single cigarette may or may not cause pre-cancerous changes, and it is difficult to determine if pre-cancerous changes have occurred, and (iii) the biomechanical features and thresholds (e.g., depth of inhalation, percent of cigarette smoked, puffs per cigarette, total duration per cigarette, specific ingredients, presence of filter) for quantifying a smoked cigarette have not been agreed upon. Therefore, the hypothesis that cigarettes cause lung cancer long-term requires more research before conclusions can be drawn” (16).

These knowledge gaps have not limited the ability to assert a causal link between smoking and lung cancer, and similarly should not limit the ability to determine the likelihood of a causal link between RHI and CTE.




DISCUSSION

The Bradford Hill criteria were created to help scientists transition from an observed association between two variables to a verdict of likely causation. These criteria were developed in part from Hill's experience investigating a causal relationship between cigarette smoking and lung cancer, and are among the most frequently cited metrics for evaluating causal inference in epidemiology. Hill said, “None of my nine viewpoints can bring indisputable evidence for or against the cause and-effect hypothesis and none can be required as a sine qua non. What they can do, with greater or less strength, is to help us to make up our minds on the fundamental question—is there any other way of explaining the set of facts before us, is there any other answer equally, or more, likely than cause and effect?” (39).

On the fundamental question of the relationship between RHI and CTE, an exploration of the literature through each of Hill's nine viewpoints suggests an extremely high likelihood of a causal relationship. That conclusion is bolstered by the complete absence of evidence for plausible alternative hypotheses. Besides RHI, there does not appear to be any other common variable or possible mechanism that would explain why so many contact sport athletes, in diverse sports, and in multiple countries, are being diagnosed with CTE, while individuals without RHI exposure are not.

The extraordinary statistical relationship between RHI and CTE, both in strength of association as well as dose-responsiveness, supports causality. Novel data analyses among the four case-control studies that included unexposed controls revealed that the three studies with the largest share of professional and college athletes found a striking strength of association, exceeding 90:1 in all three. In the fourth study, with the least exposed population, the OR among American football players still exceeded 2.

In addition, the largest neuropathologic studies ever published of American football and ice hockey players have revealed an increased OR for developing CTE exceeding 1.2 for each additional year of play, on par with studies of years of smoking and lung cancer (148).

Although the dogma that an OR of 2 implies a “strong” association may be useful in certain instances (e.g., for decisions on compensation in a court case), it is not necessarily appropriate for public health broadly. For example, history is replete with smart decisions to control hazards long before they are “established.” Frances Kelsey single-handedly kept thalidomide off the US market because she responded to three isolated case reports of phocomelia in Australia (149). Tens of thousands of Americans born circa 1960 would be severely disabled today had she and FDA waited for the relationship to be pronounced “causal” based on epidemiology with RR ≥2 and other Bradford Hill boxes checked off. OSHA kept male workers from being sterilized by DBCP (dibromochloropropane) circa 1977 based on a report of eight workers with reproductive damage in one factory (150). Could this have been an artifact? Quite possibly so. But the chemical was strictly regulated, at reasonable if not trivial cost, and no more case clusters like that have occurred once the fumigant industry changed chemicals.

This principle is, moreover, why OSHA has required since 1983 (Hazard Communication Standard) that chemical manufacturers disclose all worrisome findings in the medical literature, including RCTs, positive epidemiology (even if the RR <2), and animal bioassays, but also case reports (151).

There are obvious ways to observe or reliably infer causality without the delay and ethical problems of mounting an RCT. Relationships can be seen with only a small window of insight: X-rays cause cancer, and lead aprons block X-rays, with both statements verified by experiment. We did not conduct an RCT of cancer rates among patients given or withheld lead aprons during all X-rays before simply asserting that a known way to reduce a known harmful exposure must be salutary. Due in part to this history, society now takes precautionary action against a wide variety of exposures that add (far) less than the original risk to the background (that is, far less than a relative risk of two among the exposed). The Environmental Protection Agency (EPA) regulates incremental risks as low as 10−6, and OSHA at least as low as 10−3 (51). The excess absolute risks of CTE in the presence of RHI reported here exceed these thresholds by many orders of magnitude.

There are many valid reasons why some scientists remain skeptical of concluding a causal relationship between RHI and CTE. Brain bank studies can be subject to selection biases, there remains an absence of prospective longitudinal studies, the clinical phenotype is not fully defined, and the definition of CTE has changed multiple times over the last 100 years. However, these are not prima facie reasons to reject a conclusion of causation.

Brain bank data are always subject to selection biases, beginning with, but not limited to the fact that in most cases, the families of donors must be willing to participate. However, numerous independent research groups, using data from multiple independent brain banks with varying selection criteria, have consistently diagnosed CTE nearly exclusively in individuals with documented exposure to RHI. In addition, a recent analysis of bias in the largest CTE brain bank reported that bias may be causing an underestimation of risk (107).

While the clinical phenotype is not fully defined, CTE pathology is significantly and strongly associated with dementia. In the largest study of CTE cases to date (n = 366), Alosco et al. investigated the utility of the four-stage McKee CTE staging scheme and found that, controlling for age of death and comorbid pathologies, for every one level increase in the stage of CTE, there was a 1.64× increased odds for antemortem dementia at time of death (95% CI 1.19–2.27, p = 0.003) (73).

While some longitudinal studies have begun, longitudinal studies alone will not answer the question of causation. Barring an unlikely and ethically problematic study separating groups of identical twins at birth, exposing one group to RHI (ideally beginning in childhood), and protecting the other from all head impacts throughout their life, while following both groups for decades of life through death and controlling for all known and unknown variables, longitudinal studies cannot by themselves answer the question of causation.

The changing definition of CTE over time is inevitable in science as technology advances and discoveries are made. The current definition of CTE was made possible only by the discovery of tau protein in 1975, and the current definition of CTE has been used in the diagnosis of the overwhelming majority of CTE cases (152).

It is important to consider why the question of causation, which appeared settled throughout the 20th century, is now receiving so much attention, especially given that even stronger data linking RHI to CTE has been published in the past decade. Many papers highlight the extent to which this link had been considered scientifically settled; for example, a review article from 1994 stated:

“After years of being slammed repeatedly in the head by the gloved fists of an opponent, many seasoned boxers begin to show the effects of the brutal punishment by displaying slurred speech, leg dragging, hand tremors, and mental confusion. Boxing fans long ago referred to these symptoms as the “punch drunk syndrome.” The proposition that the punch drunk syndrome is directly linked to the cumulative punishment boxers suffer is widely accepted” (153).

It is worth exploring the factors that led to this renewed debate, given the absence of recent alternative evidence or plausible explanations for CTE pathology. Undoubtedly, a determination of causation between RHI and CTE has significant medico-legal consequences for professional and amateur sports, both in terms of liability and long-term viability. Lawsuits have been filed by former players or their estates against the NFL, NHL, NCAA, World Rugby, the International Olympic Committee (IOC) and many others, and most are still being litigated (154–157). Among this group, only the NFL has reversed their stance on causation, and notably only after settling a class-action lawsuit with former players for an uncapped amount that will exceed $1 billion (158–160).

CISG, the most prominent organization that argues against a causal link between RHI and CTE, developed their statement at a meeting sponsored by the IOC, Fédération Internationale de Football Association (FIFA), International Federation for Equestrian Sports (FEI), World Rugby and the International Ice Hockey Federation. The CISG leadership is determined by those organizations (161). Of the 36 authors of the statement, 32 had ties to professional sports leagues (162). The former lead author and chair, who resigned in 2022 following plagiarism allegations, has advised the IOC, FIFA, and the Australian Football League, has received funding from the NFL, and has served as an expert witness for the NHL.

Beyond direct legal ramifications, sports organizations may be concerned that if their sport is shown to cause cases of CTE, viewership patterns may change, and parents may consider steering their children toward sports that do not result in RHI.

While current science overwhelmingly suggests RHI causes CTE, it does not mean that the debate is over. As Hill said, “All scientific work is incomplete - whether it be observational or experimental. All scientific work is liable to be upset or modified by advancing knowledge” (39).

The fact that new science could change our perspective on causality “does not confer upon us a freedom to ignore the knowledge we already have, or to postpone the action that it appears to demand at a given time,” according to Hill (39). Accepting the causal RHI/CTE link opens the door to actions that could dramatically reduce the burden of CTE moving forward, while we await scientific advances.

For those already exposed to RHI, the benefits to individuals with or at risk of developing CTE could be enormous. If causality is considered “established,” it is not hard to imagine global governments and research funding organizations focused on public health investing in diagnostics, treatments, and clinical trials. Knowing their research is less vulnerable to corporate or political influence, more scientists would be able to dedicate their careers to unlocking the remaining mysteries of the disease, make a greater commitment to clinical care (thereby supporting both patients and their caregivers), and conduct more research into the impact of CTE on spouses, children, and families.

Hill urged, “In asking for very strong evidence I would, however, repeat emphatically that this does not imply crossing every ‘t’, and swords with every critic, before we act” (39). Any actions are risky, including decisions to do nothing. When thinking of causation as a continuum from highly unlikely to highly likely, we must consider the expected net harm of doing something vs. doing nothing. If we do something, and we learn later that the hazard was not really a hazard, there may be harm done. If we do nothing, and the hazard was in fact a hazard, there will be harm done of a very different sort (163).

While professional athletes in sports like American or Australian football, soccer, rugby, and ice hockey are unlikely to suddenly quit their sports if causation is “reestablished,” they would gain informed consent about the risks associated with their participation. They would also gain insight to RHI as a risk factor for long-term brain health, which could inform future choices about RHI exposure and lifestyle, as well destigmatize seeking care for mental health symptoms. One could imagine this globally influential group of elite athletes mobilizing to accelerate CTE research and prevention efforts, to not only benefit themselves, but all impacted by CTE.

Perhaps most consequential would be the positive health impact for children. As it stands today, tens of millions of children as young as 5 years old are exposed to RHI in sports because they are playing by rules that were originally designed for adults. Armed with confidence in the causal connection between RHI and CTE, parents and youth coaches may reject exposing their children to a preventable degenerative brain disease simply because the current rules (tackling, heading) make RHI inevitable, especially when non-RHI versions of those contact sports exist, as well as alternative sports without RHI. Considering that both CTE onset and severity have been associated with a dose-response, strict reforms that lower the dose could effectively prevent new cases of the disease.

Through the lens of the Bradford Hill criteria, the scientific evidence suggests we need to immediately align public health policies with a presumption of a causal link between RHI and CTE.



CONCLUSION

The evidence on the link between RHI and CTE is imperfect, and like all similar research, it will remain imperfect in perpetuity. After reviewing the medical literature on RHI and CTE through the Bradford Hill criteria, we have the highest confidence in the conclusion that RHI causes CTE. We encourage the medical, scientific and public health communities to now act under the premise of a causal relationship and take immediate action to prevent CTE, minimize risk, and develop therapeutics to slow or stop disease progression.

To accomplish this, we must make greater investments in research to better understand the mechanism of CTE and develop biomarkers to diagnose CTE in vivo and measure the effect of interventions. We need to accelerate research to advance our limited understanding of the role of genetic and non-genetic risk factors and risk modifiers in CTE outcomes, anatomic location, symptomatology, progression, and severity.

Additional research will inform prevention and therapeutic strategies for the hundreds of millions of individuals worldwide already exposed to RHI and at risk of developing CTE. However, while we call for more research, we also believe that the strength of the current evidence compels us to move past a scientific discussion focused solely on filling gaps in the evidence to focus on immediately implementing aggressive CTE mitigation programs, especially for children.

We support measures to minimize and eliminate RHI as the best action for preventing CTE. We encourage awareness efforts so parents, athletes, and policymakers can better understand the risks associated with RHI, change how games are played to reduce or eliminate RHI – especially for children – and make more informed decisions regarding participation in contact sports.

Finally, we encourage the medical, scientific, and public health community to reflect on the risks of RHI to children, a vulnerable population that cannot provide informed consent to participate in activities that may cause a preventable neurodegenerative disease. We can, and should, do what is possible to prevent children from developing CTE before they can possibly understand how CTE might impact their future.
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