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SAVE YOUTH FOOTBALL
CALIFORNIA – COALITION

Date: April 12, 2018

To: The Honorable Assemblymember Kansen Chu
Chairman of the Assembly Committee on Arts, Entertainment, Sports, Tourism,
& Internet Media

Cc: Members of the Assembly Committee on Arts, Entertainment, Sports, Tourism,
& Internet Media

Re: Opposition to AB 2108 - the Safe Youth Football Act

The Save Youth Football California coalition is comprised of concerned players, parents,
coaches, game officials, league administrators and concerned citizens who are in opposition of
AB 2108 (the Safe Youth Football Act).  While our coalition applauds the legislature for their
efforts to improve the level of safety in the game of youth tackle football, an outright ban of
youth tackle football until age 12 is an extreme legislative measure, in which we believe the
authors failed to consider several key aspects before submitting this bill for consideration by
your Committee:

1. The proposed legislation to ban youth tackle football is unwarranted governmental
overreach and an extreme example of governmental interference in parental rights

2. The current portfolio of medical research has failed to demonstrate a cause-and-effect
relationship between participation in youth tackle football and the potential for long-term
neurological damage or CTE; therefore, the assertion that repeated sub-concussive
impacts causes CTE is inconclusive at best and deceptively misleading at worst.

3. AB 2108 unjustifiably targets with extreme prejudice, the sport of youth tackle football
and does so in a single sport discriminatory fashion while other contact sports and
actives which have been scientifically proven to pose a greater potential for injury risk,
including long-term neurological damage and CTE, remain intact and proportionally
unaffected.

4. Improvements in instructional techniques and coaching certifications, such as USA
Heads-Up football tackling and CDC Concussion protocol training, coupled with
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improvements in protective equipment technology, have put us on a continuously
improving path making youth tackle football safer today than it has ever been.

5. The social, emotional, mental and physical benefits received by youth participating in
youth tackle football far outweigh the minimal risk of potential injury; denying youth
access to such positive influences during a young athlete’s formative years of emotional
and social development would be an injustice to the very children who this misguided
proposed legislation purports to serve.

6. Youth tackle football embodies diversity and inclusiveness, in that it levels all
demographic boundaries (e.g. economic, ethnic, racial, religious, etc) and brings
communities together like no other sport or activity.

7. Participation in youth tackle football has immeasurable positive effects on the live of
hundreds of thousands of youth athletes throughout California who are underserved by
traditional social, academic and family units by providing positive mentoring
relationships and stability.

8. Youth tackle football has a long and proud history spanning nearly 75 years of
organized play with a significant portion of that time being played under less stringent
safety guidelines as present today. If indeed there were such prevailing risk of
neurological exposure to our youth, there would be an overwhelming and visible public
health crisis; it is clear that is not the case regionally, statewide, or even at the national
level.

The authors of the Safe Youth Football Act (AB 2108) have stated the proposal to ban
youth tackle football until the age of 12 is based on current scientific research the links
participation in youth tackle football before the age of 12 with long-term neurological
damage; however, the research cited by the bill's proponents is by no means conclusive,
nor has the research received universal acceptance in the medical community via peer-
reviewed, control-group tested research studies.  Below is just a small sampling of medical
research and statements from neurologists who counter the author's presumptions
regarding the risks associated with participation in youth tackle football:

1. American Academy of Pediatrics (October 25, 2015) - Tackling in Youth
Football

Researchers with the American Academy of Pediatrics noted "the effect of
subconcussive blows on long-term cognitive function, incidence of CTE, and other
health outcomes remains unclear....Further research is needed in this area."  By
"delaying the age at which tackling is introduced to the game would  likely decrease
the risk of these injuries for the age levels at which tackling would be prohibited.
Once tackling is introduced, however, athletes who have no previous experience
with tackling would be exposed to collisions for the first time at an age at which
speeds are faster, collision forces are greater and injury risk is higher. Lack of
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experience with tackling and being tackled may lead to an increase in the number
and severity of injuries once tackling is introduced."

2. Neurosurg Focus (Feb 2016) - The science and questions surrounding chronic
traumatic encephalopathy (Vin Shen Ban, et al)

Researches examined existing research on the topic of sports-related CTE and
identified multiples areas of concern regarding the research methodologies utlized to
identify CTE.  First, researchers noted "A common misconception is that the
presence of tau protein in the brain leads to a diagnosis of chronic traumatic
encephalopathy (CTE)." They further discovered that "In the published autopsy
cases of athletes suspected to have had CTE over the past 11 years, only (20%)
"[of] individuals were found to have the neuropathological findings fitting the
individual authors’ criteria of CTE with no coexisting neuropathology....and the high
number of athletes included in the previous studies represents selection bias."

The researchers further concluded that of the "approximately 18,000 former NFL
players" and "approximately 3 to 4 million athletes (at all levels) [who] play football
every year, which "pale in comparison with the total number of athletes that play
contact sports or sports that involve repetitive head contact (e.g., hockey, boxing,
lacrosse, soccer, equestrian sports)", the historical total number of reported cases of
CTE (n = 153, in the scientific literature and media) "raise[s] the critical question of
the true incidence and prevalence of CTE in athletes involved in contact sports."

The researchers reference a study in BRAIN by McKee, et all (The spectrum of
disease in chronic traumatic encephalopathy.) which found "that 11% of those found
to have CTE by pathological examination were asymptomatic."  The study concludes
that "it is premature to conclude that playing contact sports will lead to CTE. The
potential risks involved in playing such sports need to be balanced against the
potential benefits for the individuals concerned. It is crucial to base clinical decisions
on an objective review of the current evidence. Large-scale longitudinal studies are
needed to further our knowledge on sports-related TBI."

3. British Journal of Sports Medicine (Mar 2018) - A systematic review of
potential long-term effects of sport-related concussion (Geoff Manley, et al)

Researched from the Department of Neurological Surgery at University of California
San Francisco conducted a systematic review of the existing literature on possible
long-term effects of sport-related concussions, including risk for CTE.  Following a
review of 3819 studies, the researched found "former high school American football
players do not appear to be at increased risk for later life neurodegenerative
diseases" and while "multiple concussions appear to be a risk factor for cognitive
impairment and mental health problems in some individuals. More research is
needed to better understand the prevalence of chronic traumatic encephalopathy
and other neurological conditions and diseases, and the extent to which they are
related to concussions and/or repetitive neurotrauma sustained in sports."
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"An increased risk for neurodegenerative diseases in retired [professional] American
football players is suggested in one study examining death certificates, but more
research is needed....It is important to appreciate, however, that survey studies of
former collegiate and professional athletes indicate that the majority of people rate
their functioning as normal and consistent with the general population. There is
much more to learn about."

Researchers investigated the topic of subconcussive impacts and determined "there
are significant methodological challenges associated with the study of
subconcussive impacts. 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 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
impact and identifying an injury have not been agreed upon. Therefore, the
hypothesis that subconcussive impacts cause long-term neurological injury requires
more research before conclusions can be drawn."

Researchers concluded that "more research on the long-term sequelae is needed to
better understand the incidence and prevalence of CTE and other neurological
conditions among former athletes. The causes of mental health and cognitive
problems in former athletes, like the general population, are broad and diverse
including genetics, life stress, general medical problems (eg, hypertension, diabetes
and heart disease), chronic bodily pain, substance abuse, neurological conditions
and disease (eg, cerebrovascular disease) and neurodegenerative diseases (eg,
Alzheimer’s disease, Parkinson’s disease and ALS). The extent to which repetitive
neurotrauma causes static or progressive changes in brain microstructure and
physiology, and contributes to later life mental health and cognitive problems, is
poorly understood and requires further study."

4. International Journal of Psychophysiology (Feb 2018) - Subconcussive head
impact in sport: A systematic review of evidence (Lynda Mainwaring, et al)

Researched reviewed a total of 1966 articles that sought to assess subconcussive
impacts or outcomes related to non-concussive head impact exposure. The
researchers determined "there was insufficient to weak evidence for the relationship
between repetitive hits to the head and deterioration in neurocognitive
performance.... Insufficient evidence was presented to determine a minimal injury
threshold for repetitive hits to the head."  The researches concluded that studies of
male athletes in contact and collision sports identified that repetitive hits to the head
are associated with microstructural and functional changes in the brain. Whether
these changes represent injury is unclear....the term ‘subconcussion’ to be
inconsistently used, poorly defined, and misleading. Future research is needed to
characterize the phenomenon in question."

5. The Orthopaedic Journal of Sports Medicine (2017) - Youth Football Injuries: A
Prospective Cohort (Andrew R. Peterson, et al)
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Researchers at the University of Iowa studied the rate of injury in tackle football
versus flag football involving a total of 3794 players from three large youth football
leagues (grades 2-7).  After reviewing a total of 46,416 exposures, 128 injuries were
reported, with 33 injuries classified as concussions.  The researchers determined
"the injury rate found in the youth flag league is significantly higher than the injury
rate in youth tackle football.  The higher injury rate in flag football could be due to a
number of factors. Flag football players do not wear protective equipment like tackle
football players."

The researchers concluded that "rates of injury in youth football are relatively low.
Youth flag football has a higher injury rate than tackle football. A significantly
different rate of severe injury or concussion between tackle and flag football was not
identified...we cannot conclude that youth flag football is a safer alternative to youth
tackle football. The higher injury rate in flag football needs to be considered when
determining the relative safety of flag football and tackle football.  Future safety
analyses should include looking at injury rates, severity, type of injury, lost time, and
future consequences of injury."

6. The American Journal of Sports Medicine (Feb 2016) - Participation in Pre-
High School Footbal adn Neurological, Neuroradiological, and
Neuropsychological Findings in Later Life (Gary S. Solomon, et al)

Researches conducted a study of forty-five (45) retired National Football League
players  to confirm the findings of a recent study that found a link between an earlier
age of first exposure (AFE) to pre–high school tackle football (PreYOE) and long-
term neurocognitive impairment.  The researchers determined that " none of the
neurological, neuroradiological, or neuropsychological outcome measures yielded a
significant relationship with PreYOE" and long-term neurocognitive impairment.  The
researchers were unable "to replicate the results of the prior study, which concluded
that an earlier AFE to tackle football might result in long-term neurocognitive deficits.
In 45 retired NFL athletes, there were no associations between PreYOE and
neuroradiological, neurological, and neuropsychological outcome measures."

7. Developmental Neuropsychology (March 2018) - Chronic traumatic
encephalopathy in sports: a historical and narrative review (Gary Solomon)

Research from the Vanderbilt University's School of Medicine, Department of
Neurological Surgery, conducted a review of current research on sport-related
concussion (SRC) and chronic traumatic encephalopathy (CTE).  After reviewing a
study by Guskiewicz et al. (2005), which purporting to demonstrate empirically a
relationship between concussions and later life cognitive impairment, the results
indicated that “mental health” component scores for the NFL retirees aged 50 years
and older were similar to those of the general population for all age groups.  A
second survey by Guskiewicz et al. focusing on memory and issues related to Mild
Cognitive Impairment (MCI) demonstrated the rates of MCI in NFL retireees are
essentially equal to or less than population prevalence values.
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The notions that subconcussion...and repeated head impacts (RHI) are cumulative
and lead to CTE have become fundamental tenets in CTE pathogenesis.
Subconcussion has been defined as mild brain trauma that does not result in the
readily observable signs and symptoms of a concussion.  Sagher (2013) countered
with: a) the definitional difficulty of subconcussive impact, b) the fact that not every
incidental blow to the head is pathological, c) each impact is difficult to quantify and
does not have the same significance, d) the supposition that the mere number is the
rate limiting factor is “simplistic,” and e) the role of genetics must be addressed.
"For purposes of cause and effect it is necessary to account for genetic, medical,
psychiatric, substance abuse, and biopsychosocial variables that could be relevant
in the short- and long-term neurobehavioral and neurocognitive outcomes."

The study concluded "there is no compelling empirical evidence to indicate that
sport-related concussion or subconcussive impacts are the sole and direct cause of
psychiatric illness, suicide, MCI, or neurodegenerative disease/CTE. As clinical
neuropsychologists and sports medicine clinicians, it is incumbent on us to focus on
the relevant, multivariate factors in the long-term outcome from sport-related
concussion, and not to reinforce the linear thinking of concussions or subconcussive
impacts as the cause of all neuropsychiatric ills. Concussions and/or subconcussive
impacts are not the only independent variables in the outcome from life."

8. PLOS One (January 2016) - Chronic Exposure to Androgenic-Anabolic
Steroids Exacerbates Axonal Injury and Microgliosis in the CHIMERA Mouse
Model of Repetitive Concussion (Dhananjay R. Namjoshi1, et al)

Researchers at the University of British Columbia sought to identify a correlation
between androgenic-anabolic steroids (AAS) use and CTE.  A recent systematic
review revealed that approximately 20% of all reported pathologically confirmed CTE
cases have a documented history of exposure to illicit substances including
androgenic-anabolic steroids (AAS), alcohol, methamphetamine and marijuana prior
to or concurrent with CTE.

In the study, researchers determined AAS-treated mice exhibited significantly
exacerbated axonal injury and microgliosis, indicating that AAS exposure can alter
neuronal and innate immune responses to concussive TBI; however, much remains
to be learned about factors other than cumulative exposure that could influence
concussion pathogenesis. The researchers concluded that AAS exposure
exacerbates axonal damage and neuroinflammation after concussion, which may
result in a higher probability of CTE.

9. Mayo Clinic Proceedings (January 2017) - High School Football and Late-Life
Risk of Neurodegenerative Syndromes, 1956-1970 (Pieter H.H. Janssen, et al)

In this community-based study, varsity high school football players from 1956 to
1970 did not have an increased risk of neurodegenerative diseases compared with
athletes engaged in other varsity sports. This was from an era when there was a
generally nihilistic view of concussion dangers, less protective equipment, and no
prohibition of spearing (head-first tackling).



- 7 -

10. The New York Times (January 31, 2018) - Hits to the Head May Result in
Immediate Brain Damage (Gretchen Reynolds)

The study also cannot determine whether older or younger brains respond the same
way to injuries, or why some brains, in both mice and men, seem especially
susceptible to mild trauma, while others, after the same hit, remain healthy. Perhaps
most important, this short-term experiment cannot tell us whether brains that show
incipient signs of C.T.E. will necessarily go on to develop the disease.

11. StarTribune (February 10, 2018) - Does CTE call for an end to youth tackle
football? (Jason Chung , et al)

The scientific evidence linking youth casual sports play to brain injury, brain injury to
CTE, and CTE to dementia is not strong. We believe that further scientific research
and data are necessary for accurate risk-benefit analysis among policymakers for
two reasons.

First, evidence-based science calls for research to be conducted under generally
accepted principles. The case series presented by the Boston University group,
primarily due to its ascertainment bias, is weaker than the evidentiary standard
sufficient to demonstrate an association or causation and conflicts with pathologic
findings in other studies.

CTE pathology in the brain has been shown by British pathologists to be present in
approximately 12 percent of normal healthy aged people who died at an average
age of 81 years (Ling et al. Acta Neuropathologica). The presence of CTE pathology
in the brain on autopsy has not been shown to correlate with neurologic symptoms
before death.

To be clear, CTE pathology could be present in a normal person.

There is a disconnect between the categorical rhetoric in media and news releases
describing “concussion” research on the one hand, and the muddled and
contentious scientific reality on the other. As noted by Dr. Goldstein’s own research,
the pathology and link between head impacts and long-term neurological conditions
such as CTE is still unclear, with questions of causation yet to be settled.

In fact, after reviewing all available evidence, the consensus statement from the
international conference on concussion in sports states: “A cause-and-effect
relationship has not yet been demonstrated between [CTE] and sport-related
concussions or exposure to contact sports. As such, the notion that repeated
concussion or subconcussive impacts cause CTE remains unknown.”

Nothing in Dr. Goldstein’s recent study changes this ambiguity, which brings us to
our second point. Before enacting sweeping legislation or policy spurred by fears of
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CTE, policymakers must conduct a risk-benefit analysis based on a holistic survey of
public health concerns.

Three recently published major studies found no increased risk for later-in-life brain
diseases in men who played high school football (Jannsen et al., Mayo Clinic
Proceedings; Savica et al., Mayo Clinic Proceedings, Deshpande et al., Jama
Neurology).

12. The San Diego Union-Tribune (February 19, 2018) - No scientific link between
youth football and CTE

In fact, the general consensus of the medical community is there is not a proven
cause and effect of concussions and CTE. There is no definitive proof that multiple
sub-concussive blows lead to CTE. Of course, that is the fear. But a link has by no
means been proved.

Certainly, some feel even the suspicion of a link to brain trauma is enough to ban
tackle football at young ages. That is not an unreasonable opinion. But that should
be stated. People should not present the link of concussion to CTE as a scientific
fact.

Or perhaps pee wee football is actually safer than high school football. Certainly the
forces involved at the younger levels are less.

We don’t know if it is more or less dangerous for pre-high school kids to play football
versus those in high school. An argument can be made that high schoolers hit
harder and their fully developed brains are more susceptible to injury and have less
recovery potential.

Although we don’t know the effects of concussions, we know in most other systems
in the body, recovery is greater and permanent damage is less frequent in the
developing body as there is still ability to grow and adapt.

Regardless of any law, parents should be active in making their decisions based on
available facts. And lawmakers should know the facts before they vote and not just
buy into a false or incomplete narrative.

13. The News & Observer (March 09, 2018) - UNC's Kevin Guskiewicz, concussion
expert, would ban boxing, and maybe, punt returns | News & Observer

Guskiewicz has served on the NFL’s head, neck and spine committee, and one of
the recommendations was moving the kickoffs from the 30 to the 35-yard line to
reduce the number of kickoff returns — the most dangerous play in football, he said.

The rule was put in place in 2011 and Guskiewicz said there were 30 percent more
touchbacks and thus no returns, and a 50-percent decrease in concussions on
kickoffs.
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The NCAA followed suit, he said, starting possessions at the 25-yard line rather than
the 20 after touchbacks. Again, there was a 50 percent reduction in concussions.

Guskiewicz, in most speaking appearances, stresses there is no “concussion crisis”
affecting U.S. sports.

“That is absolutely not true,” he said. “There’s probably no better time to play sports,
including contact sports, than right now because of how much more we know today
about concussions.

Guskiewicz said the 40-percent increase in the number of concussions the past five
years was a reflection of an increase in better diagnosing a concussion, combined
with better treatment for it. In the past, he said, many concussions were not correctly
diagnosed and treated.

“There are no more concussions occurring on our playing fields today than there
was 10, 15, 20 years ago,” he said.

14. Sadler Sports - Balancing the Concussion Hype: Looking at both sides of the
sensationalism (John M. Sadler)

However, there is definitely a downside to the hysteria, according to Rance A.
Boren, a Texas neurologist. “The notion that everyone who plays football going to be
mentally unstable in 15 years is just not true,” he said.

It’s important to understand that CTE is not a risk associated with young football
athletes –  only a small fraction of NFL and college players exhibit its effects.  CTE is
not caused by a single or even multiple concussions that have been properly
treated....CTE is usually something boxers or NFL linemen might experience after
sustaining thousands of blows to the head over the course of their careers.

15. Translational Psychiatry (Sep. 2017) - Age of first exposure to American
football and long-term neuropsychiatric and cognitive outcomes (ML Alosco,
et al)

Researchers suggests that age of first exposure (AFE) to football before age 12 may
have long-term clinical implications.  While the study claims that athletes whose AFE
is >12 year are twice as likely to have clinically impaired scores on tests for
executive function (MI), behavioral regulation index (BRI), depression (CES-D), and
apathy (AES); however, the researchers note that "these clinical features (executive
dysfunction, behavioral dysregulation, depression and apathy) are not specific to
CTE."  The researchers specifically state this is "not a study of risk for CTE or of
other neurodegenerative disease."

The researches further acknowledge there was "no association between AFE to
football and cognition" as measured by the BTACT (Brief Test of Adult Cognition by
Telephone) and the research was conducted by a "convenience sample" which
"could potentially lead to bias effects, especially if AFE plays a role in selection." The
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findings can only be generalized to "male former football players, and the
relationship between AFE to other contact sports (for example, soccer) and clinical
outcomes, including female contact sports, is unknown."  Additionally, researchers
noted "the style of youth football play could have differed across the age groups of
the sample, including differences in type and use of protective headgear.....The
causal relationship between AFE to football and long-term clinical outcomes remains
unclear."

The researchers further stated "The causal relationship between AFE to football and
long-term clinical outcomes remains unclear...the tests examined assess symptoms
that often co-occur, with bidirectional relationships (for example, depressive
symptoms can affect performance on cognitive tests, cognitive impairment can also
lead to symptoms of depression, depressive symptoms and impaired cognition can
both be clinical manifestations of a single underlying disorder)."

The researchers specifically cautioned policy makers from using this study as the
basis for policy decisions.  "Findings from the current study should not be used
to inform safety and/or policy decisions in regards to youth football. Any
decisions regarding reducing or eliminating youth football must be made with the
understanding of the important health and psychosocial benefits of participating in
athletics and team sports during pre-adolescence. Future longitudinal studies that
objectively monitor the clinical function of youth football players throughout life,
including those who do not go on to play football at the high school, college or
professional level, are ultimately needed to understand the long-term neurological
safety implications of youth tackle football.

The researchers concluded that "Youth exposure to football may have long-term
neurobehavioral consequences. Additional research studies, especially large cohort
longitudinal studies, are needed to better understand the potential long-term clinical
implications of youth American football to inform policy and safety decision-making."

16. Boston University Research: CTE Center - Frequently Asked Questions about
CTE

We believe CTE is caused by repetitive brain trauma. This trauma includes both
concussions that cause symptoms and subconcussive hits to the head that cause no
symptoms. At this time the number or type of hits to the head needed to trigger
degenerative changes of the brain is unknown. In addition, it is likely that other
factors, such as genetics, may play a role in the development of CTE, as not
everyone with a history of repeated brain trauma develops this disease. However,
these other factors are not yet understood.

17. Written Testimony of Cynthia LaBella, MD, et al, Before the Illinois House
Mental Health Committee (March 1, 2018)
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While the intentions behind the legislation are well-meaning, there is no data to
show that eliminating tackling in youth football will reduce the risk of neuropsychiatric
symptoms or disorders in adolescence and adulthood and/or prevent CTE.

The significance of CTE and whether it is the cause of any symptoms while a person
is still alive are as yet undetermined.  Thus far there is no scientific evidence that
conclusively links post-mortem findings of CTE in the brain with neuropsychological
symptoms during life.

Studies show CTE is found on autopsy in approximately 12 percent of normal
healthy people who died at an average of 81 years, none of whom had any
neuropsychological conditions prior to death.

There is no study to date showing the effect of delaying the age at which tackling is
introduced to football on risk of injury. Delaying the age at which tackling is
introduced to the game may decrease injury risk for the age levels at which tackling
would be prohibited. However, once tackling is introduced, athletes who have no
previous experience with tackling would be exposed to collisions for the first time at
an age at which speeds are faster, collision forces are greater, and injury risk is
higher. Lack of experience with tackling and being tackled may lead to a substantial
increase in the number and severity of injuries once tackling is introduced.

An outright ban of youth tackle football until age 12 would actually lead to a greater number of
injuries, as referenced in The American Academy of Pediatrics most recent statement on you
tackle football (see attached statement).  Athletes would no longer receive progressive
instruction on proper tackling and blocking techniques during their formative years of play;
thereby, subjecting youth athletes to a greater risk of injury upon their entry to the game of
football at later ages, in a much higher energy environment where players are physically
larger, faster and stronger.

Therefore, we respectfully recommend the Committee consider the following safety protocols
be implemented in lieu of an outright ban on youth tackle football as part of the Safe Youth
Football Act to improve the overall level of safety within youth tackle football while creating a
uniform standard which all youth football organization across the State must adhere to in an
effort to both minimize and mitigate the potential for injury of youth football players:

1. All youth tackle football organizations in California are required to receive annual USA
Football Heads-Up Tackling/Blocking certification and all youth football coaches shall
receive annual training and certification in USA Football Heads-Up Tackling/Blocking
techniques; USA Football Heads-Up Tackling/Blocking certification provides
instruction on proper tackling and blocking drills and techniques designed to minimize
the risk during contact by removing the player's head from all tacking and blocking
techniques.

2. All youth tackle football organizations in California are required to adhere to the CDC
Concussion protocols for concussion awareness and return-to-play procedures and all
youth football coaches shall receive State-mandated annual training and certification
in CDC HEADS UP to Youth Sports training; CDC Concussion protocols require
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players who have suffered a concussive blow shall be immediately removed from the
field of play and shall not be allowed to return to full-contact participation until the
player has been cleared by a medical doctor and successfully completed a five-day
protocol of evaluation before the player is allowed to return to full-contact participation.

3. All youth tackle football organizations in California are required to adhere to practice
and full-contact limits set forth under AB 2127 (2014) which limit football programs to
no more then 90 minutes of full-contact practice per day, and limits the number of full-
contact practices during the season to (2) per week, totaling a maximum of (3) hours
per week of full-contact drills.

4. All youth tackle football organizations in California are required to report any injury
requiring the removal of a player from any practice, scrimmage or game to a State-run
injury commission for the tracking of youth sports injuries, to include the type of injury,
medical treatment received by player and return-to-play protocols followed before the
player is allowed to return to full-contact participation.

5. All youth tackle football organizations in California are required submit all football
helmets to the manufacturer or a third-party reconditioning company for the
examination, repair and reconditioning of the football helmets on a bi-annual basis, at
a minimum

6. The creation of a state-wide taskforce to include stakeholders from throughout youth
tackle football, such football league representatives, safety equipment manufacturers,
medical professionals, etc. to continually evaluate changing safety standards and
improvements in safety equipment technology on an annual basis and create state-
wide safety and equipment standards which all youth football organizations must
adhere to.

7. All youth tackle football organizations in California are required to have a minimum of
(1) state-licensed EMT or Paramedic on site during all pre-season, regular season and
post-season games; the EMT/Paramedic will have the responsibility to evaluate and
remove any player from the game who exhibits and symptoms of a concussive blow
and shall not allow the player to return-to-play until the player has completed the CDC
Concussion return-to-play protocols.

8. All youth football organizations in California are required to have a minimum of (1)
volunteer present at all football practice locations holding current certification in First
Aid/CPR and CDC Concussion protocols; the volunteer will have the responsibility to
evaluate and remove any player from practice who exhibits and symptoms of a
concussive blow and shall not allow the player to return-to-play until the player has
completed the CDC Concussion return-to-play protocols.

9. All youth tackle football organizations in California are required to inspect youth
football safety equipment before every full-contact practice or game to ensure that all
players are properly equipped with a properly-fitting helmet and mouthpiece that
utilizes a lanyard to attached to the facemask of the helmet (to ensure the mouthpiece
is not lost or is failed to be utilized); any player who elects to wear a facemask visor
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shall only be allowed to utilize a clear visor (to allow for the immediate evaluation of a
player's eyes for concussion symptoms should the player suffer a concussive blow
during contact).

10. All youth tackle football organizations in California are required to provide a minimum
of ten (10) hours of non-contact practices at the beginning of each season for player
acclimation to safety equipment and conditioning; players are required to wear only
helmets during the initial (10) hours of non-contact practices to ensure proper and
progressive acclimation to the wearing of the football helmet.

11. All youth tackle football organizations in California will be prohibited from allowing kick-
offs / kick-returns during any part of game play, to include the start of each half or
upon change of possession following a score; the potential for injury during kick-off /
kick-returns has led to many changes of this rule at the high school, college and
professional levels.  Youth football will reduce the risk of injury by removing this aspect
of the game; the ball will be placed at the 25 yard line to begin play.

We respectfully request the Committee makes serious consideration of the information
provided above and reviews the attached supporting research articles and medical
documents.  We are confident that by bringing all stakeholders - including players, parents,
coaches, league representatives, medical experts, and legislators - together, we can
provide the safest possible environment for our youth and continue the long tradition of
youth tackle football in California.

Respectfully,

Todd Bloomstine
President - Bradshaw Christian Jr. Pride Youth Football & Cheer
Founding Member of Save Youth Football - California

Steve Famiano
Vice President - SoCal Elite Youth Football and Cheer
Founder of Save Youth Football - California Facebook group

Jason Ingman
Youth Football Coach - Sacramento, CA
Founding Member of Save Youth Football - California

Joe Rafter
President - Southern Marin Broncos Youth Football
Founder of www.SaveYouthfootball.com

Ron White
Executive Director – Golden Empire Youth Tackle Football
USA Football - CA Task Force
Founding Member of Save Youth Football - California



POLICY STATEMENT Organizational Principles to Guide and Define the Child Health
Care System and/or Improve the Health of all Children

Tackling in Youth Football
COUNCIL ON SPORTS MEDICINE AND FITNESS

abstractAmerican football remains one of the most popular sports for young athletes.
The injuries sustained during football, especially those to the head and neck,
have been a topic of intense interest recently in both the public media and
medical literature. The recognition of these injuries and the potential for long-
term sequelae have led some physicians to call for a reduction in the number
of contact practices, a postponement of tackling until a certain age, and even
a ban on high school football. This statement reviews the literature regarding
injuries in football, particularly those of the head and neck, the relationship
between tackling and football-related injuries, and the potential effects of
limiting or delaying tackling on injury risk.

INTRODUCTION

With more than 1.1 million players, American football remains one of the
most popular sports for male high school athletes.1 In addition, there are
approximately 250 000 youth football players 5 to 15 years of age in Pop
Warner leagues alone, making football one of the most popular sports for
younger athletes as well.2 The injuries sustained during football, especially
those to the head and neck, have been a topic of intense interest recently
in both the public media and the medical literature. Concerns about the
number of head and neck injuries, especially concussions and catastrophic
injuries, have led some athletes to stop playing football.3 More recently,
the cumulative effects of concussions and the potential for a cumulative
effect of subconcussive blows to the head, defined as those that do not
cause symptoms of concussion, have been hypothesized as a causative risk
factor for chronic traumatic encephalopathy (CTE). The recognition of
these injuries and the potential for long-term sequelae have led some
physicians to call for a reduction in the number of contact practices,
a postponement of tackling until a certain age, and even a ban on high
school football.4–6

Others, however, have argued that football is a generally safe sport that
carries with it the substantial benefits of regular exercise on health7,8 as
well as social and academic outcomes9–11 that outweigh the risks involved,
pointing out that the risk of catastrophic injury is low, that most
concussions resolve within a few days or weeks, and that there are
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substantial limitations to the current
understanding of CTE. Some have
expressed concerns about limiting
contact practices or delaying the age
at which tackling is introduced for
fear that inadequate training may
lead to unintended consequences
once contact is allowed, such as
increased forces of impact and more
concussions.

The purpose of this statement is to
review the literature regarding
injuries in football, particularly those
of the head and neck, the relationship
between tackling and football-related
injuries, and the potential effects of
limiting or delaying tackling on injury
risk. For purposes of this statement,
unless otherwise defined, an athletic
exposure (AE) refers to 1 athlete
participating in 1 game or 1 practice.

INCIDENCE OF INJURIES IN YOUTH
FOOTBALL

The most commonly injured body
parts in football at all ages are the
knee,12–20 ankle,12–21 hand,21 and
back.12–16 The head and neck sustain
a relatively small proportion of
overall injuries, ranging from 5% to
13%.12–18 Fortunately, most injuries
are contusions, musculotendinous
strains, and ligamentous
sprains.12,13,15,17,18

Available data suggest that both the
overall incidence and the severity of
injuries sustained by younger football
players are lower than those
sustained by older
players,12–16,18,19,21–25 although this
finding is not universally
consistent.21 Some studies suggest
that the incidence of overall injuries
in football is similar to other
sports,19,21 although the incidence of
serious injuries appears to be greater
for football than many other team
sports.21,26 Although data regarding
the most common injuries sustained
by football players at the professional,
collegiate, and high school level are
more readily available, data regarding
younger players is limited. The
overall incidence of injury varies

between studies, depending on how
an injury was defined and how data
were gathered (Table 1).

Cumulative and Catastrophic Head
and Neck Injuries in Football

Although the risk of catastrophic
injuries to the head and neck in
football is low, with yearly estimates
between 0.19 and 1.78 for every
100 000 participants,27–29 it appears
higher in football than most other
team sports.28 The risk of
catastrophic injury during
participation in football is, however,
comparable to the risk in gymnastics
and lower than the risk in ice
hockey.28 The risk appears lower for
youth players than for high school
players and lower for high school
players than for college players.27,29

The annual risk of quadriplegia is
approximately 0.52 per 100 000
football participants and, again,
appears lower for high school football
players (0.50/100 000 participants)
than collegiate players (0.82/100 000
participants). Spear tackling, or
leading with the crown of the
helmeted head while tackling by
defensive players, continues to be the
predominant mechanism of injury
causing quadriplegia.29

The cumulative effects of concussion
have been documented both in
athletes and those outside the realm
of organized sports.30–34 Some
former athletes who participated in
sports that involve purposeful
collisions and repetitive blows to the
head have suffered from mood
disorders, behavior problems,
cognitive difficulties, gait
abnormalities, headaches, and
Parkinsonism later in life. At autopsy,
these athletes had pathologic changes
to the brain, including
ventriculomegaly, cerebral atrophy,
b-amyloid deposits, and
phosphorylated t deposits, an entity
now commonly known as CTE.35–49

These case reports and case series
have led to the hypothesis that
repetitive blows to the head, whether
concussive or subconcussive, result in

the pathologic changes noted above
and that these pathologic changes are
associated with certain
neurobehavioral characteristics.
Whether the pathologic findings are
solely attributable to the blows to the
head and whether the pathologic
changes are significantly associated
with the neurobehavioral correlates is
debated because these hypotheses
remain to be tested by case-control
and cohort studies.50–54 Some have
argued that these effects may be
attributable to confounding variables,
such the use of drugs, alcohol, or
performance-enhancing substances. It
should be noted, however, that animal
models of repetitive concussive brain
injury have shown a decrease in
cognitive function in the absence of
such potential confounding
variables.55–57

“Second impact syndrome” is a term
used to describe a devastating brain
injury associated with cerebral edema
that occurs after an often minor blow
to the head is sustained before full
recovery from a concussion.58–61

Although second impact syndrome is
often associated with football, it has
been observed in other sports, such
as ice hockey, boxing, and skiing.58

Nearly all athletes with this diagnosis
in the literature are younger than 20
years old. Given the rarity of this
injury, its incidence in football is
unknown. Furthermore, whether
second impact syndrome is a unique
entity, as opposed to cerebral edema
attributable to a solitary blow to the
head, remains debated.62–65

INJURIES ASSOCIATED WITH TACKLING

Injuries are common during contact
and tackling in particular.14,16–18 A
higher proportion of injuries result
from contact than noncontact
mechanisms.14,16,17,23,66 Tackling,
specifically, is the most common
player activity at the time of injury20

and at the time of severe injury.26

Being tackled and tackling account
for about half of high school and
college football-related injuries.17,18
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The majority of concussions result
from tackling or being tackled.17

Head-to-head contact is one of the
leading causes of concussions
sustained by youth football
players.18,23

Badgeley et al studied the
mechanisms leading to injury in
a cohort of high school students
playing football.17 Players in the older
division had higher overall rates of
injury than players in younger
divisions. The leading mechanism of
injury was player-to-player contact,
with tackling/being tackled
accounting for nearly half (46.2%) of
all injuries. Similar findings have been
reported in studies of youth football.
In an observational cohort study of
208 Pop Warner football teams from
New England, Goldberg et al reported
on injuries sustained by players
between the ages of 5 and 15 years
that required restricted participation
for more than 1 week.16 The vast
majority (88%) of injuries occurred
during contact with another player;
41% resulted directly from tackling.
Players in the older division (Bantam)
had higher overall rates of injury than
players in younger divisions.

In a community survey by Radelet
et al, the incidence of injuries
sustained by children ages 7 to 13
years playing football (0.15 per 1000
AEs) was similar to, and in fact
slightly lower than, that of baseball
(0.17 per 1000 AEs) and boys’ soccer
(0.17 per 1000 AEs).21 This finding
was unexpected, but the authors
noted that the results may have been
affected by underreporting and
differences in the interpretation of
the definition of injury. The
percentage of injuries that were
defined as serious (fractures,
dislocations, and concussions) was
higher in football (13%) than other
sports (0%–3%). Furthermore, the
frequency of injury per team per
season was 5 to 7 times higher in
football than in baseball, soccer, or
softball. The most common method of
injury was contact with anotherTA
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player, although the authors did not
report the nature of contact;
therefore, the proportion of injuries
attributable to tackling as opposed to
blocking or incidental person-to-
person contact is unknown. As with
many other studies,17,18,67 their
results showed a higher rate of
injuries during football games (0.43
per 1000 AEs) than practices (0.07
per 1000 AEs).21

Head Injuries and Impacts
Associated With Tackling

The study by Badgeley et al suggests
that during high school football, the
majority (64.3%) of concussions
occur when an athlete is tackling or
being tackled,17 a finding consistent
with previous work performed by
some of the same investigators
showing that tackling/being tackled
accounted for half of all high school
football injuries.18 During football
played by younger athletes, Kontos
et al showed that head-to-head
contact was the most common
mechanism of concussion, but
whether head-to-head contact
occurred during tackling, as opposed
to blocking or incidental contact, is
not discussed.23

In a study of 42 varsity high school
football players, Broglio et al used
accelerometers to record head
impacts resulting .14.4 g of linear
acceleration and found a mean of 774
impacts per player during a single
season. The mean number of impacts
varied by player position, with
linemen sustaining a higher number
of impacts. Games were associated
with a higher incidence of impacts
than practices. Contact practices were
associated with a higher incidence of
impacts than noncontact practices.68

In a single-season study of 7 football
players aged 7 and 8 years, Daniel
et al used accelerometers to record
the cumulative number of impacts to
the head.69 The authors examined
both linear acceleration and
rotational acceleration with blows to
the front, side, rear, and top of the

head. The average number of impacts
per player was 107, with more
impacts occurring during practices
(59% of recorded impacts) than
games (41% of recorded impacts). A
greater number of high-force impacts
(.95th percentile for acceleration)
occurred during practices than
games. The number of impacts
experienced by these youth players
was lower than that reported for high
school and college players and more
heavily weighted toward lower levels
of impact. As might be expected, the
number of impacts increased with
increasing level of play, likely because
of the increased size and strength of
older players. The authors argued
that restructuring practices might
lead to a lower number of head
impacts.69 This study was limited by
a small sample size.

Neck Injuries Associated With
Tackling

Fortunately, most neck injuries that
occur during football are strains,
sprains, and contusions.12,15 Cervical
spine fractures and spinal cord
injuries do occur, however, and some
lead to permanent neurologic
damage.15,16

Catastrophic Head and Neck Injuries
Associated With Tackling

Although the rates of catastrophic
injury in football are low, most of the
cases that occur are sustained during
tackling.29,70–73 Most cases of
quadriplegia occur while the injured
player is making a tackle.29 A
majority of brain and cervical spine
injury–related fatalities result from
tackling or being tackled.67,74,75

Brain injury–related fatalities account
for approximately 69% of all football
fatalities.67 Subdural hemorrhages
are the most common injury
associated with brain injury–related
fatalities; tackling and being
tackled67,74–76 are the most frequent
activities when subdural
hemorrhages occur.67 The annual
incidence of catastrophic head
injuries sustained by football players

appears higher for high school
athletes than college players (0.67 vs
0.21 per 100 000 participants).29 The
majority are sustained by an athlete
who is tackling or being tackled.29

Football players are among the team
sport athletes at highest risk for
catastrophic cervical spine injuries.71

The annual incidence of catastrophic
cervical spine injuries appears higher
for collegiate players than for high
school players (4.72 vs 1.10 per
100 000 participants).77 Most
catastrophic cervical spine injuries
occur during tackling, often when
improper technique is used.
Specifically, most spinal cord injuries
are caused by axial loading of the
cervical spine during head-down
contact, often as a result of “spear
tackling,” a method in which the
athlete lowers his head, thereby lining
up the vertebral bodies, and uses his
body as a battering ram to deliver
a blow to another player with the
crown of his head.19,70,72,73

Fortunately, the incidence of
catastrophic cervical spine injuries
decreased after the banning of spear
tackling in 1976.71,72 Catastrophic
spine injuries still occur, however, and
spear tackling remains a problem
despite the ban.19,29,70,73

THE EFFECT OF DECREASING CONTACT
PRACTICES ON INJURY INCIDENCE

Given the association of player-to-
player contact with incidence of
injury, decreasing the number of
contact practices has been proposed
as a method of decreasing injury risk,
particularly concussions. Although
the incidence of concussion is lower
during practice than it is during
games, there are far more practices
than games. Because most impacts to
the head occur during practices,
decreasing the number of contact
practices has been shown to decrease
the overall number of head impacts
that occur during the course of
a season, thereby reducing the risk of
any potential cumulative effects of
such exposures.23,68,69,78 Some argue
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this may also lead to a decrease in the
number of concussions.79

Other authors, however, note that the
risk of concussion is higher during
games than it is during practices and
argue that decreasing the number of
contact practices is unlikely to reduce
the number of concussions. In fact,
they propose that the decrease in
time spent practicing proper tackling
technique may lead to an increase in
the magnitude of impacts during
games and an increase in the risk of
concussion.23,68 Therefore, some
authors have suggested that if contact
practices are to be reduced as
a means of decreasing overall head
impact exposures, then extra
emphasis should be placed on
teaching appropriate tackling
technique to avoid an increased risk
during games.68 Other authors have
also cautioned that a lack of proper
training may increase risk of
injury.18,24

In a study of high school varsity
football players, Broglio et al reported
that limiting the number of contact
practices to 1 per week would result
in an 18% decrease in the number of
impacts, whereas eliminating contact
practices entirely would result in
a 39% decrease in the number of
impacts.68 That same study showed
that games resulted in both
a significantly higher number of
impacts than practices as well as
higher magnitude impacts than
practices. The authors cautioned that
limiting contact practices may
increase the risk of high-magnitude
impacts and concussions that occur
during game time, especially if
additional efforts are not made to
teach proper tackling and techniques
for safely absorbing tackles.68

As opposed to high school and
collegiate players,68 preliminary
evidence suggests younger players
may sustain higher magnitude
impacts during practices as opposed
to games.69 Thus, for younger players,
limiting full contact practices while
simultaneously teaching fundamental

skills required for proper tackling and
properly absorbing tackles may
reduce the overall exposure to head
impacts and high magnitude impacts.
If CTE proves to be the result of
cumulative impacts to the head,
including subconcussive impacts,
then limiting contact practices should
decrease the risk of CTE.68,69,80

A recent report from the Institute of
Medicine concluded that although the
concept of limiting the number of
head impacts is sound, setting a limit
on number of impacts or the
magnitude of impacts per week or per
season is without scientific basis.81

The Effect of Delaying Tackling Until
a Certain Age

Some physicians have recently argued
that because the brain is in a rapid
period of development during youth,
contact should be eliminated from
football until a certain age.4,6 Others
have argued, however, that
eliminating contact at a young age
would prevent young athletes from
learning the skills required to tackle,
absorb a tackle, and fall to the ground
safely. Then, when contact is later
introduced, athletes will be ill
prepared and forced to learn these
skills at an age where they are bigger,
faster, stronger, more coordinated,
and capable of delivering more
forceful blows. Some have suggested
that this might increase the risk of
injury23 and have argued the correct
contact techniques should be taught
at the earliest organized level.72,81 A
previous study of high school football
players in Wisconsin suggested that
previous tackling experience is not
independently associated with the
risk of sustaining a sport-related
concussion.82 Further investigation
into the effects of delaying the
introduction of tackling until a certain
age must be conducted before
informed recommendations can be
made.

Although there does not appear to be
any study to date showing the effect
of delaying the age at which tackling

is introduced to football on risk of
injury, data from other sports suggest
that eliminating tackling would
decrease the risk of certain injuries
for athletes participating at ages for
which tackling would be
prohibited.83,84 In a study of
Canadian youth ice hockey players,
Emery et al showed that the risk of
injury, severe injury, concussion, and
severe concussion was higher in
leagues that allowed body checking
than in leagues that did not allow
body checking,83 confirming previous
work that had demonstrated an
association between body checking
and the incidence of concussion.85 In
a follow-up study, however, the same
investigators reported that, once
exposed to body checking, players
who were not introduced to body
checking until a later age were at
significantly higher risk of severe
injuries than those exposed to body
checking at an earlier age.86 The risk
of sport-related concussion was also
higher in those previously unexposed
to body checking, although the
findings were not statistically
significant.86 Other studies of youth
ice hockey players have shown no
significant difference in the incidence
of injury between those exposed to
body checking at differing ages.
However, a previous study by
MacPherson et al showed that hockey
players exposed to body checking at
a younger age had a significantly
higher odds of suffering a checking
injury than those exposed to checking
at a later age.85

OTHER STRATEGIES FOR REDUCING
INJURIES

Teaching Proper Tackling Technique

Initiating contact with the shoulder
while the head is up is believed to be
the safest way to tackle in football.
Most experts recommend that proper
technique be learned and practiced
regularly as a means of reducing the
risk of injury.17,18,71,72,79 A recent
initiative by USA Football emphasizes
keeping the head up during tackling
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to prevent catastrophic injuries as
well as concussions, although this
new coaching method needs further
study.

Rule Changes

In addition to changing practice
regimens and teaching proper
tackling techniques, some have
proposed changes to the rules of
football as a means of reducing head
and neck injuries. Indeed, the 1976
banning of spear tackling has been
widely credited with reducing the
numbers of cervical spinal injuries
resulting in quadriplegia.70–73,77,87,88

Unfortunately, spear tackling has
persisted even since the 1976 rule
change, and cervical spine injuries
continue to occur.73,88,89 Modification
and consistent enforcement of the
rules may lead to a further decrease
in the risk of injury, including
catastrophic injuries.73,79,89

Protective Equipment

The introduction of helmets to
football and the updating of helmet
design is widely credited for playing
a role in the reduction of head
injuries, particularly catastrophic
head injuries and brain injury–related
fatalities.67,90,91 Therefore, athletes
participating in football should wear
undamaged, properly fitted helmets
with secured chin straps. By
protecting the scalp from the
discomfort of blows to the vertex of
the head, however, helmets are
considered, in part, to have led to an
increase in the number of cases of
quadriplegia by encouraging the use
of the head as the point of impact.92

This trend was fortunately reduced
by the banning of spear tackling, as
noted previously. The role of helmets
in preventing concussions is less
clear. Although some studies suggest
that helmet design might play a role
in reducing the incidence of
concussion,93,94 many experts refute
such a claim.82,95,96 In a recent study
of more than 2000 high school
football players, McGuine et al
reported that helmet model had no

significant effect on the incidence of
sport-related concussion.82 As of now,
there is little reliable evidence that
concussions can be prevented or
mitigated by any of the currently
available helmet designs.95–97

Mouth guards are effective at
reducing the incidence of dental
injuries.97,98 Although some studies
have suggested an effect of
mouthguard type on the incidence of
concussion,82,99,100 there are few
reliable data suggesting that any
currently available mouth guards are
effective at preventing or reducing
the incidence of
concussion.95,96,101–103

Although there is some evidence that
neck rolls and cowboy collars can
reduce movement of the head and
neck, there is limited evidence
regarding their effect on the incidence
of burners or stingers, injuries to the
nerve of the upper arm that result in
a burning or stinging
sensation.104–106 Because neck rolls
limit extension of the neck, they may,
theoretically, interfere with the ability
of the proper head-up tackling
technique.

Neck Muscle Strengthening

Neck muscle strengthening has been
recommended by the National
Athletic Trainers’ Association as
a means of decreasing neck fatigue,
thereby allowing for maintenance of
the head-up position associated with
proper tackling technique and
decreasing the risk of burners and
stingers.72 Furthermore, weak neck
musculature has been proposed as
a risk factor for concussion.107–109

Acceleration of a struck object is
inversely proportional to its mass.
Because concussion results from
a rotational acceleration of the brain,
it has been suggested that increasing
the effective mass of the head might
result in a decreased acceleration of
the brain after impact. The head
becomes more firmly bonded to the
rest of the body when the neck
muscles are contracted, thereby

increasing the effective mass of the
head and decreasing the resultant
acceleration after impact.109 This
increase in effective mass is thought
to explain the decreased risk of
concussion when collisions are
anticipated.108,109 Thus, by increasing
cervical muscle strength, athletes
might decrease their risk of
concussion.108,110 Preliminary
evidence supports this hypothesis.111

Other preliminary studies suggest
that it may be cervical stiffness, as
opposed to strength alone, that is
associated with risk of injury.112

CONCLUSIONS AND
RECOMMENDATIONS

Most injuries sustained during
participation in youth football are
minor, including injuries to the head
and neck. The incidences of severe
injuries, catastrophic injuries, and
concussion, however, are higher in
football than most other team sports
and appear to increase with age.
Player-to-player contact results in an
increase in the number of
subconcussive impacts that occur
during football. Concussion is
associated with player-to-player
contact and tackling, in particular.
Severe and catastrophic injuries,
particularly those of the head and
neck, are associated with tackling,
often when improper and illegal
technique, such as spear tackling, is
used. Efforts should be made to
improve the teaching of proper
tackling technique and enforce
existing rules prohibiting the use of
improper technique.

1. Officials and coaches must ensure
proper enforcement of the rules of
the game. A significant number of
concussions and catastrophic
injuries occur because of improper
and illegal contact, such as spear
tackling. There is a culture of tol-
erance of head first, illegal hits.
This culture has to change to one
that protects the head for both the
tackler and those players being
tackled. Stronger sanctions for
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contact to the head, especially of
a defenseless player, should be
considered, up to and including
expulsion from the game. The cul-
ture should change to one of zero
tolerance of illegal, head-first hits.

2. Removing tackling from football
altogether would likely lead to
a decrease in the incidence of
overall injuries, severe injuries,
catastrophic injuries, and con-
cussions. The American Academy
of Pediatrics recognizes, however,
that the removal of tackling from
football would lead to a funda-
mental change in the way the
game is played. Participants in
football must decide whether the
potential health risks of sustaining
these injuries are outweighed by
the recreational benefits associ-
ated with proper tackling.

3. The expansion of nontackling
leagues for young athletes who
enjoy the game of football and
want to be physically active but
do not want to be exposed to the
collisions currently associated
with the game should be consid-
ered by football leagues and
organizations. This would allow
athletes to choose to participate in
football without tackling and its
associated risks, even after the age
at which tackling is introduced.

4. Although the effect of subcon-
cussive blows on long-term cogni-
tive function, incidence of CTE, and
other health outcomes remains
unclear, repetitive trauma to the
head is of no clear benefit to the
game of football or the health of
football players. If subconcussive
blows to the head result in nega-
tive long-term effects on health,
then limiting impacts to the head
should reduce the risk of these
long-term health problems. Thus,
efforts should be made by coaches
and officials to reduce the number
of impacts to the head that occur
during participation in football.
Further research is needed in this
area.

5. Delaying the age at which tackling
is introduced to the game would
likely decrease the risk of these
injuries for the age levels at which
tackling would be prohibited. Once
tackling is introduced, however,
athletes who have no previous
experience with tackling would be
exposed to collisions for the first
time at an age at which speeds are
faster, collision forces are greater,
and injury risk is higher. Lack of
experience with tackling and being
tackled may lead to an increase in
the number and severity of inju-
ries once tackling is introduced.
Therefore, if regulations that call
for the delaying of tackling until
a certain age are to be made, they
must be accompanied by coaches
offering instruction in proper
tackling technique as well as the
teaching of the skills necessary to
evade tackles and absorb being
tackled. It is unclear whether such
techniques and the neuromuscular
control necessary for performing
them can be adequately learned in
the absence of contact.

6. Although definitive scientific evi-
dence is lacking, strengthening of
the cervical musculature will likely
reduce the risk of concussions in
football by limiting the accelera-
tion of the head after impact.
Physical therapists, athletic train-
ers, or strength and conditioning
specialists, with expertise in the
strengthening and conditioning of
pediatric athletes, are best quali-
fied to help young football players
achieve the neck strength that will
help prevent injuries.

7. Given their importance in the
medical management of sport-
related injuries and preliminary
evidence suggesting an association
between athletic trainers presence
and a decreased incidence of
sport-related injuries,113 efforts
should be made by football teams
to have athletic trainers at the
sidelines during organized football
games and practices.
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neurosurgical  

 focus Neurosurg Focus 40 (4):E15, 2016

ConCussion occurs most frequently during the rou-
tine activities of daily life, such as cycling, but it is 
the most common form of sports-related traumatic 

brain injury (TBI). Acute signs and symptoms related to 
concussion resolve within 10 days of injury in 90% to 
95% of adult athletes28 but may linger longer in concussed 
children and adolescents,3,20 and therapy is often required 
for persistent symptomatology. 

Recently, media attention has surrounded the potential 
long-term effects of sports-related concussion (and sub-
concussive impacts), including chronic traumatic encepha-
lopathy (CTE). Specifically, high-profile cases of athletes 
or former athletes who were thought to have suffered or 
died as a consequence of the cumulative nature of the head 
impacts they sustained during their careers have been 
highlighted in the media.6,7,13,25

The increased media exposure related to CTE has un-
derscored important questions surrounding the pathogen-
esis, incidence and prevalence, and natural history of CTE, 
but it has also led to common misperceptions due to lack 
of scientifically substantiated data. Specifically, the last 

Consensus Statement from the International Conference 
on Concussion in Sport, which was held in Zurich in 2012, 
published the following concern:

…the interpretation of causation in the modern CTE case stud-
ies should proceed cautiously. It was also recognized that it is 
important to address the fears of parents/athletes from media 
pressure related to the possibility of CTE.33

To better assess our scientific understanding of CTE, 
we reviewed the scientific literature on the long-term ef-
fects of sports-related TBI and CTE. We use this informa-
tion to assess the answers to the most pertinent questions 
and discuss research opportunities to address the ques-
tions that remain unanswered. 

CTE-Related Science and Questions
Does the Presence of Cerebral Tau Protein Equal a 
Diagnosis of CTE?

A common misconception is that the presence of tau 
protein in the brain leads to a diagnosis of CTE.16 

AbbREviATioNS CTE = chronic traumatic encephalopathy; FTLD = frontotemporal lobar degeneration; NIH = National Institutes of Health; NFL = National Football 
League; NFT = neurofibrillary tangle; NT = neuritic thread; p-tau = hyperphosphorylated tau; TBI = traumatic brain injury. 
SUbMiTTED December 1, 2015. ACCEPTED February 5, 2016.
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Tau Biology
Tau protein is a microtubule-associated protein that is 

found within the central nervous system in healthy individ-
uals who have not experienced head trauma.37 Normally, 
tau stabilizes intracellular microtubules and exists primar-
ily in a soluble state. Hyperphosphorylation of tau renders 
it insoluble and precipitates aggregation into neurofibril-
lary tangles (NFTs). The insoluble NFTs alter neuronal 
cytoplasmic function and interfere with axonal transport, 
ultimately leading to cell death. NFTs (and therefore tau 
protein) have been linked to various tauopathies, includ-
ing CTE, Alzheimer’s disease, Parkinson’s disease, fron-
totemporal lobar degeneration (FTLD), and progressive 
supranuclear palsy,27 as well as opiate abuse.1,41 NFTs are 
also commonly found in the aging brain and often have 
no direct correlation with functional deficits.14 The activity 
of phosphatases (which dephosphorylate phosphorylated 
tau) changes with age and temperature, thus affecting the 
amount of phosphorylated tau found in brain specimens in 
an age-dependent manner.17

CTE and Tau
CTE can only be diagnosed at autopsy by histological 

analysis. Previously, there was no consensus as to what 
constitutes CTE (Table 1, Figs. 1–4). McKee and col-
leagues have proposed 4 stages of CTE based on postmor-
tem analyses of donated brains from athletes and military 
personnel.35 Each stage (I–IV) involves a progressive in-
crease in the regions affected with the presence of hyper-
phosphorylated tau (p-tau; ranging from involvement of 
the frontal lobe only to involvement of all cortical lobes, 
the diencephalon, the brainstem, and the cerebellum). Al-
ternatively, Omalu and colleagues have proposed 4 pheno-
types of CTE.39 The phenotypes are not characterized by 
any clear progression from one to another but are distinct 
in their differences with respect to distribution of NFTs, 
neuritic threads (NTs), and amyloid plaques. A review 
of the criteria proposed by both groups has been per-
formed.26 Davis and colleagues17 have challenged the CTE 
criteria and staging proposed by McKee and colleagues 
and have presented an alternative interpretation. They in-
terpret Stage I and II CTE to represent normal aging and 
Stages III and IV to represent a form of FTLD, concluding 
their review by stating that “there is insufficient evidence 
to establish a causal relationship between sports participa-
tion and the existence of modern CTE.”17

Current CTE Studies
In the published autopsy cases of athletes suspected to 

have had CTE over the past 11 years (n = 85), only 17 
(20%) individuals were found to have the neuropathologi-
cal findings fitting the individual authors’ criteria of CTE 
with no coexisting neuropathology.18 Due to the retrospec-
tive nature of these case series (as well as all current pub-
lished reports of CTE), reliable clinical correlation with 
the pathological findings was not possible and the high 
number of athletes included in the previous studies repre-
sents selection bias.

Future Work
Well-defined and uniform diagnostic criteria will need 

to be developed to accurately assess and establish the di-
agnosis of CTE in the future. To establish a consistent 
pathological diagnosis of CTE, the National Institutes of 
Health (NIH) convened a Consensus Conference to define 
the neuropathological criteria for CTE diagnosis in early 
2015.12,46 This group of experts found that

…the feature considered the most specific for CTE, and the 
one that distinguished the disorder from the other tauopathies, 
was the regional distribution of tau aggregates. In CTE, the 
tau lesion considered pathognomonic was an abnormal peri-
vascular accumulation of tau in neurons, astrocytes, and cell 
processes in an irregular pattern at the depths of the cortical 
sulci.12,35

While this consensus conference provided additional 
clarity to the pathological diagnosis of CTE (Table 1), the 
committee acknowledged that more work is required to 
determine the cause of CTE and its frequency.

Based on the NIH Consensus Committee’s defined cri-
teria for diagnosis of CTE, future systematic pathologi-
cal studies of individuals at risk and those individuals not 
considered at risk are critical. As we do not know how fre-
quently a tauopathy similar or consistent with CTE occurs 
(or does not occur) in nontraumatized individuals over a 
life span, large-scale assessment of brains of various ages 
is needed. Previously, Braak and colleagues examined 
brains from individuals ranging in age from 1 to 100 years 
and demonstrated that 99.6% had evidence of abnormally 
phosphorylated tau protein.8 In their group of 2332 brains, 
all brains from individuals older than 24 years had some 
degree of abnormally phosphorylated tau. These findings 
underscore the fact that individuals who have not suffered 
head trauma have tau deposits in their brains at death in 
age-associated amounts. Clearly, the findings consistent 
with normal aging need to be clarified with evolving his-
tological and imaging platforms.

will Nearly All Professional Football Players Develop CTE? 
Current Media Reports

Recent media reports have indicated that CTE has been 
found in “96% of National Football League players” and 
“79% of all football players” that a single center has exam-
ined.9,10,24 One report stated that this finding

…supports past research suggesting that it’s the repeat, more 
minor head trauma that occurs regularly in football that may 
pose the greatest risk to players, as opposed to just the some-
times violent collisions that cause concussions.10

Despite the data being described in the media, there do 
not appear to be published peer-reviewed scientific studies 
that support these claims. 

Review of the CTE Case Reports
Recently, Maroon and colleagues performed a compre-

hensive and systematic review of all published cases of 
pathologically confirmed CTE (n = 153) since CTE was 
first described by Martland in 1928.30,31 McKee and col-
leagues were involved in the reporting of 113 (73.9%) of 
the 153 cases (although some of their cases have also been 
reported by others previously). The next largest cohort 
came from Omalu and colleagues, who reported on an ad-
ditional 10 cases (6.5%).
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TABLE 1. Comparison of the proposed definitions of CTE

Feature Classic CTE Omalu et al. McKee et al. NIH Consensus Statement*

Pathological 
findings of 
CTE

Cerebral atrophy, 
neuronal loss, 
gliosis, and argyro-
philic NFTs;12,35 
cavum septum 
pellucidum, focal 
scarring of the 
cerebellum, loss 
of pigmented neu-
rons in the sub-
stantia nigra12,35

i) “Multifocal/diffuse tauopathy (may 
be accompanied by low-grade 
multifocal white matter rarefac-
tion, microglial activation, paren-
chymal histiocytes)”;39 ii) “topo-
graphically distributed NFTs/NTs 
(+/− diffuse amyloid plaques)”;39 
iii) “absence of classic/neuritic 
amyloid plaques”;39 iv) “absence 
of pathognomonic histomorphol-
ogy of other tauopathies”39

Pathognomonic: “sparse, moder-
ate, or frequent band-shaped, 
flame-shaped, small globose, 
large globose NFTs accompanied 
by sparse, moderate, or frequent 
NTs”39

i) “Perivascular foci of p-tau im-
munoreactive ATs/NFTs”;35 ii) 
“irregular cortical distribution of 
p-tau immunoreactive NFTs/ATs, 
predilection for the depths of cere-
bral sulci”;35 iii) “clusters of subpial/
periventricular ATs (cerebral cor-
tex, diencephalon, basal ganglia 
and brainstem)”;35 iv) “NFTs in the 
cerebral cortex (preferentially in 
the superficial layers)”35

p-tau–related pathologies: i) 
“Abnormal p-tau immuno-
reactive pretangles and 
NFTs preferentially affecting 
superficial layers (layers 
II–III), in contrast to layers III 
and V as in AD”;12 ii) “in the 
hippocampus, pretangles, 
NFTs or extracellular tangles 
preferentially affecting CA2 
and pretangles and prominent 
proximal dendritic swellings 
in CA4. These regional p-tau 
pathologies differ from the 
preferential involvement of 
CA1 and subiculum found 
in AD”;12 iii) “abnormal p-tau 
immunoreactive neuronal 
and astrocytic aggregates in 
subcortical nuclei, including 
the mammillary bodies and 
other hypothalamic nuclei, 
amygdala, nucleus accum-
bens, thalamus, midbrain teg-
mentum, and isodendritic core 
(nucleus basalis of Meynert, 
raphe nuclei, substantia nigra 
and locus coeruleus)”;12 iv) 
“p-tau immunoreactive thorny 
astrocytes at the glial limitans 
most commonly found in the 
subpial and periventricular 
regions”;12 v) “p-tau immuno-
reactive large grain-like and 
dot-like structures (in addition 
to some threadlike neurites)”12

Non–p-tau–related pathologies: 
i) “macroscopic features: 
disproportionate dilatation 
of the third ventricle, septal 
abnormalities, mammillary 
body atrophy, and contusions 
or other signs of previous 
traumatic injury”;12 ii) “TDP-43 
immunoreactive neuronal 
cytoplasmic inclusions and 
dot-like structures in the hip-
pocampus, anteromedial tem-
poral cortex and amygdala”12

Pathognomonic: “p-tau aggre-
gates in neurons, astrocytes, 
and cell processes around 
small vessels in an irregular 
pattern at the depths of the 
cortical sulci”12

CONTINUED ON PAGE 4 »
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Sixty-three cases involved football players and 69 cases 
involved boxers.30 Forty-six of the football players played 
professionally (National Football League [NFL] and Cana-
dian Football League). Of the remaining cases, 5 involved 
hockey players, 5 involved veterans, 3 involved wrestlers, 1 
involved a soccer player, and 6 were listed as miscellaneous 
(physical abuse, head banging, circus clown, epilepsy).

Estimating Incidence and Prevalence
There are approximately 18,000 former NFL players.2 

Approximately 3 to 4 million athletes (at all levels) play 
football every year. Moreover, these numbers pale in com-

parison with the total number of athletes that play contact 
sports or sports that involve repetitive head contact (e.g., 
hockey, boxing, lacrosse, soccer, equestrian sports). The 
Centers for Disease Control and Prevention (CDC) data on 
the annual number of sports-related TBIs in children pro-
vides a very conservative denominator for the calculation 
of the incidence of long-term adverse effects such as CTE 
(Table 2). These data must be taken in the context of the 
historical total number of reported cases of CTE (n = 153, 
in the scientific literature and media) and raise the critical 
question of the true incidence and prevalence of CTE in 
athletes involved in contact sports.48,53

TABLE 1. Comparison of the proposed definitions of CTE

Feature Classic CTE Omalu et al. McKee et al. NIH Consensus Statement*

Classification 
system

NA Phenotype 1: “a combination of 
sparse to frequent NFTs and NTs 
in the cerebral cortex and brain-
stem, +/− NFTs and NTs in the 
subcortical nuclei/basal ganglia, 
no NFTs and NTs in the cerebel-
lum, no diffuse amyloid plaques in 
the cerebral cortex”39

Phenotype 2: similar to Phenotype 
1, except for “sparse to frequent 
diffuse amyloid plaques in the 
cerebral cortex”39

Phenotype 3: “a combination of mod-
erate to frequent NFTs and NTs 
in brainstem nuclei (brainstem 
predominant), none to sparse 
NFTs and NTs in the cerebral cor-
tex and subcortical nuclei/basal 
ganglia, no NFTs and NTs in the 
cerebellum, no diffuse amyloid 
plaques in the cerebral cortex”39

Phenotype 4: “a combination of none 
to sparse (several) NFTs and NTs 
in the cerebral cortex, brainstem, 
subcortical nuclei/basal ganglia 
(incipient); no NFTs and NTs 
in the cerebellum; no diffuse 
amyloid plaques in the cerebral 
cortex”39

Stage I: “perivascular p-tau NFTs in 
focal epicenters at the depths of 
the sulci in the superior, superior 
lateral or inferior frontal cortex”35 

Stage II: “NFTs in superficial corti-
cal layers (adjacent to the focal 
epicenters), nucleus basalis of 
Meynert, locus ceruleus”35 

Stage III: “dense p-tau in medial 
temporal lobe structures (hip-
pocampus, entorhinal cortex, 
amygdala), widespread regions 
of the frontal, septal, temporal, 
parietal and insular cortices, di-
encephalon, brainstem and spinal 
cord. Macroscopic: mild cerebral 
atrophy, septal abnormalities, ven-
tricular dilation, sharply concave 
contour of the third ventricle, locus 
ceruleus and substantia nigra 
depigmentation”35 

Stage IV: “p-tau pathology involved 
widespread regions of the neuraxis 
including white matter, prominent 
neuronal loss, cerebral cortex 
gliosis, hippocampal sclerosis. 
Further cerebral, medial temporal 
lobe, hypothalamic, thalamic and 
mammillary body atrophy, septal 
abnormalities, ventricular dilation 
and pallor of the substantia nigra 
and locus ceruleus”35 

Not discussed

Progression Progression of clini-
cal symptoms in 3 
stages19

No progression noted Progresses slowly over decades from 
Stage I to IV

Not discussed

Pathological 
example 

See Fig. 1 See Fig. 2 See Fig. 3 See Fig. 4

AD = Alzheimer’s disease; AT = astrocytic tangle; CTE = chronic traumatic encephalopathy; NA = not applicable; NFT = neurofibrillary tangle; p-tau = hyperphosphory-
lated tau.
* Quoted material is from Cairns et al: Report from the First NIH Consensus Conference to Define the Neuropathological Criteria for the Diagnosis of Chronic Trau-
matic Encephalopathy. National Institute of Neurological Disease and Stroke, 2015. http://www.ninds.nih.gov/research/tbi/ReportFirstNIHConsensusConference.htm. 
Public domain. Criteria defined in the Consensus Conference Report resemble those proposed earlier by McKee et al.35

» CONTINUED FROM PAGE 3
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Future Work
Attempts have been made to characterize the antemor-

tem clinical features of individuals with CTE through 
retrospective recall on the part of family members and 
friends of the deceased individuals with CTE. Conse-
quently, these descriptions and findings are limited by re-
call bias. Additionally, considerable overlap exists between 
the symptoms (as reported by the family of the deceased) 
in published cases, symptoms in the general population of 
individuals without neurodegenerative disease or a history 
of head trauma (e.g., depression), and symptoms found in 
other neurodegenerative diseases, including Alzheimer’s 
disease, Parkinson’s disease, FTLD, and progressive su-
pranuclear palsy.30 Given the number of asymptomatic in-

dividuals documented to have CTE (McKee et al.35 note 
that 11% of those found to have CTE by pathological ex-
amination were asymptomatic), the clinical relevance of 
the histopathological findings must be further defined.

The media descriptions of CTE in football players rep-
resent reporting bias and the availability cascade.49 More-
over, when families have donated the brains of former 
football players for histopathological examination, the do-
nations have frequently been made in relationship to be-

Fig. 1. Diffuse b-protein deposition in the cortical layers without involve-
ment of the white matter (wm). Formic acid pretreatment, original magni-
fication ×20. Reproduced from: The occult aftermath of boxing, Roberts 
GW, Allsop D, Bruton C, J Neurol Neurosurg Psychiatry 53:373–378, 
1990, with permission from BMJ Publishing Group Ltd.

Fig. 2. Tau-immunostained section of the temporal cortex with frequent 
band-shaped and flame-shaped NFTs and NTs. Original magnification 
×400. Reproduced from Omalu B, Bailes J, Hamilton RL, et al. Emerg-
ing histomorphologic phenotypes of chronic traumatic encephalopathy 
in American athletes. Neurosurgery 69:173–183, 2011, with permission 
from Wolters Kluwer Health.

Fig. 3. Perivascular astrocytic tangle and NFT accumulation at the 
depths of the cortical sulci. AT8 immunostain. Bar = 100 µm. Repro-
duced from McKee AC, et al. The spectrum of disease in chronic trau-
matic encephalopathy. Brain 136:43–64, 2013 (Fig. 1Y). By permission 
of Oxford University Press on behalf of The Guarantors of Brain. The 
publication of this material under any Creative Commons of Open-Ac-
cess license is prohibited and any forward reuse must have the express 
permission of journals.permissions@oup.com.

Fig. 4. Perivascular p-tau accumulation at the depths of the cortical 
sulci. Arrow indicates blood vessel. Reprinted from Cairns et al: Report 
from the First NIH Consensus Conference to Define the Neuropatho-
logical Criteria for the Diagnosis of Chronic Traumatic Encephalopathy. 
National Institute of Neurological Disease and Stroke, 2015. http://www.
ninds.nih.gov/research/tbi/ReportFirstNIHConsensusConference.htm. 
Public domain. Criteria defined in the Consensus Conference Report 
resemble those proposed earlier by McKee et al.35
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havioral changes that the former players exhibited prior to 
death, which may represent a selection bias. It is unclear to 
what extent the behavioral changes contributed toward the 
athletes’ deaths or whether the behavioral changes were 
the direct or indirect results of previous exposures to head 
injury. While there is no doubt that football players sustain 
mild head trauma over the course of their careers,11,15,42 the 
actual significance of the cumulative effects of the trauma 
on their lives has yet to be established.

The only way to definitively answer the critical ques-
tions surrounding etiology, incidence and prevalence, and 
clinical features associated with CTE is to conduct a pro-
spective longitudinal clinicopathological study of athletes 
(with variable exposure levels to head contact) and nonath-
letes (with variable levels of head injury). Furthermore, it 
will be critical for multiple centers to have access to patho-
logical specimens for evaluation and review. 

Does Repetitive brain impact in Football lead to Clinical 
Features of CTE?

Claims have been made to suggest that repetitive brain 
impacts in sports are the precursor to the clinical features 
seen in CTE.38

Available Studies
Studies linking repetitive brain impact and the devel-

opment of cognitive impairment and depression in later 
life consist of retrospective survey analyses.21,22 A retro-
spective cohort study with a median follow-up of 50 years 
has found no increased risk of dementia, Parkinson’s dis-
ease, or amyotrophic lateral sclerosis among 438 men who 
played high school football between 1946 and 1956 com-
pared with 140 non–football-playing male classmates.44 
While these observational studies can demonstrate corre-
lation, they cannot answer the critical question of causa-
tion. In comparison with the general population, athletes 
lead quite different lives, and their playing careers tend to 
be relatively short and intense, peaking early. Additional 
factors such as genetics, sex, age when collision sports 
were started, the use of performance-enhancing drugs, 
and substance abuse need to be taken into account in iden-
tifying the problems athletes face in later years after their 
sporting careers are over.

Recently reported work demonstrated that there was an 
association between playing football before the age of 12 
and cognitive impairment in later life among NFL play-

ers.50 This study examined 42 retired NFL players and 
tested cognitive function using a variety of neuropsycho-
logical measures. It was, however, limited by the inclusion 
of subjects with learning disabilities in the younger age 
group, the lack of quantification of actual head impacts 
incurred, and the lack of assessment for possible malin-
gering.29 There has also been some debate regarding the 
statistical methods employed.

Future Work
Until we better understand the long-term effects of mild 

head injury in sport, the combination of medical manage-
ment of sports-related TBI and a conservative approach 
that minimizes traumatic injury to the athlete’s brain 
will be important. The optimal management strategy for 
sports-related TBI is a major research question,33 and it 
remains to be seen whether the proper management of 
sports-related TBI will protect against long-term sequelae. 
It is also important to acknowledge, diagnose, and treat 
pathological personality changes and depression in all in-
dividuals, regardless of etiology. Only a prospective study 
that records clinical findings and impact of exposure in 
the antemortem period with histopathological correlation 
will be able to answer the question of clinical correlation 
of head impact (concussion or subconcussive injury) and 
clinical features associated with CTE (Table 3).

Do Cumulative Subconcussive blows Predispose to CTE? 
Subconcussive Episodes

The concept of subconcussion is controversial. The 
definition and diagnosis of a concussion is often subjec-
tive, as it typically involves functional rather than struc-
tural deficits.33 Subconcussive impacts are caused by head 
impact below the threshold that would cause a concussion. 
The subjective nature of concussion and subconcussions 
and the lack of measurable and reproducible thresholds are 
challenges, especially when it comes to identifying suit-
able patients for research studies.

Previous Work
McKee and colleagues reported that in the cohort of 

individuals with pathologically diagnosed CTE, 16% had 
no known history of concussions.51 This led them to con-
clude that the impacts from subconcussions were suffi-
cient to cause CTE. An alternative explanation would be 
that concussion and CTE development may not be con-
sistently correlated (i.e., not all concussions cause CTE). 
The majority of the evidence base for the putative role of 
subconcussions in long-term impairment has come from 
studies in rodents over the last 15 years.4 In humans, ac-
celerometers have been placed inside helmets for proxy 
measurement of head impacts. The evidence has been 
conflicting, with wide ranges of concussion thresholds be-
ing postulated. Technological limitations, including those 
in contemporary devices that measure rotational accel-
eration, have resulted in discordance between the forces 
measured by the helmet and the actual effect on the sub-
jects.4,23,32 This could of course be interpreted as the hel-
mets functioning as they were intended and absorbing the 
force of impacts.

TAblE 2. Estimated annual number of Tbis presenting to US 
emergency departments for the top 5 most common nonfatal 
sports-related Tbis in persons 19 years or younger during 
2001–2009*

Activity No. of TBIs

Bicycling 26,212
Football 25,376
Playground 16,706
Basketball 13,987
Soccer 10,436

* Data obtained from Gilchrist et al.19
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Future Work
The thresholds of head impacts that would qualify as 

causing concussions and subconcussions will need to be 
quantified. Bench models may be helpful initially, but it 
is not always possible to translate the results into effects 
in humans.40 The use of accelerometers to noninvasively 
measure head impacts represents the best strategy avail-
able currently.45 The technology will need to be refined 
to enable accurate and reproducible linear and rotational 
force measurements. Collaboration with engineers will be 
crucial in this work.

Do Clinical Findings Correlate with Pathological Features 
of CTE, and is CTE a Progressive Disorder? 
Previous Work

CTE has frequently been described as a progressive 
neurological disorder.35 This description has been based 
on the finding that older brains appear to have a greater 
amount of associated tauopathy. McKee and colleagues 
defined CTE as “… a progressive tauopathy that occurs as 
a consequence of repetitive mild traumatic brain injury.”35 
However, they also acknowledged that “Although the data 
suggest that CTE pathology is progressive, it remains to be 
determined whether some individuals are relatively resil-
ient with static or even reversible pathology.”35 

Their work was based on a selected cohort of retrospec-
tively identified brains of deceased athletes and military 
personnel. The cohort was separated into stages based on 
the amount of brain regions with p-tau. An inference was 
made that a person with Stage IV CTE would have previ-
ously been at Stages III, II, and I prior to death. Sampling 

at a single time point (after death) provides insufficient 
evidence to ascribe the findings to progressive disease.

Future Work
To definitively determine whether CTE is correlated 

with clinical findings and whether it is a progressive dis-
order, longitudinal studies with multiple time point sam-
pling are necessary. These findings should also be cor-
related with normal tau accumulation in nontraumatized 
brains from older individuals to assess the impact of 
normal aging on tau accumulation. Further, antemortem 
markers to assess diagnosis and assess for CTE progres-
sion are critical. These methods will permit clinical as-
sessment of CTE and its progressive or reversible features. 
To begin to define biomarkers for antemortem diagnosis, 
studies have examined the potential utility of imaging 
techniques and biomarkers with the aim of developing 
methods to predict structural and functional deficits after 
TBI. For example, preliminary data from a recent study 
indicated that [F-18]-FDDNP, which selectively binds to 
tau and amyloid-b, seemed to show a distinct pattern of 
imaging in PET coregistered with MRI in former profes-
sional athletes with symptoms suspicious for early CTE 
(Fig. 5).5,47 Further work is required, but this suggests that 
in vivo imaging may be able to indicate neurodegenera-
tive changes through functional imaging. [F-18]-AV-1451 
(also known as [F-18]-T807) is another radiotracer that 
binds to tau and amyloid-b that has recently been used 
to study an NFL player with cognitive decline and fea-
tures suggestive of Alzheimer’s disease.36 However, the 
absence of amyloid-b as evidenced by [F-18]-florbetapir 
PET imaging ruled out Alzheimer’s disease. Although the 
[F-18]-AV-1451 localization in this patient was not typi-
cal of CTE, the authors concluded that the overall clinical 
findings and the involvement of the hippocampi in [F-18]-
AV-1451 retention supported a diagnosis of CTE. This 
case report was also limited by the lack of pathological 
correlation. Other PET imaging biomarkers for tau protein 
have been studied primarily in the context of Alzheimer’s 
disease but not specifically in the context of CTE. These 
include [F-18]-THK5105, [F-18]-THK5117, and [C-11]-
PBB3.52 Large-scale clinical trials are currently underway 
to validate these tracers as tau tracers. In general, the sub-
optimal sensitivity and specificity of tau imaging biomark-
ers can be explained by the complex characteristics of tau 
proteins—they are intracellular, exist in 6 isoforms, and 
undergo many different posttranslational modifications. 
Tracers for p-tau often also bind to amyloid-b due to the 
shared b-pleated sheet structures common to both p-tau 
and amyloid-b, requiring a high ratio of p-tau to amyloid-b 
selectivity in order for a tracer to be useful in the detection 
of CTE in vivo.

Conclusions
While sports-related TBI can have lasting conse-

quences, there is a paucity of evidence on the long-term 
sequelae and their pathophysiology. It is premature to con-
clude that playing contact sports will lead to CTE. The 
potential risks involved in playing such sports need to be 
balanced against the potential benefits for the individuals 

TAblE 3. Clinical features associated with CTE*

Clinical Features

Headache
Mood disorders
 Depression
 Anxiety/agitation
 Suicidal
 Apathy
 Hopelessness
 Manic behavior/mania
Behavioral disorders
 Impulsivity
 Aggression
 Disinhibition
 Paranoia
 Socially inappropriate
Cognitive disorders
 Memory impairment
 Executive dysfunction
 Attention and concentration difficulties
 Language impairment
 Visuospatial difficulties

* Based on Maroon et al.30 and Iverson et al.26
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concerned.34 It is crucial to base clinical decisions on an 
objective review of the current evidence. Large-scale lon-
gitudinal studies are needed to further our knowledge on 
sports-related TBI (Table 4).
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ABSTRACT
Objective Systematic review of possible long-term 
effects of sports-related concussion in retired athletes.
Data sources Ten electronic databases.
Study selection Original research; incidence, risk 
factors or causation related to long-term mental health 
or neurological problems; individuals who have suffered 
a concussion; retired athletes as the subjects and 
possible long-term sequelae defined as >10 years after 
the injury.
Data extraction Study population, exposure/outcome 
measures, clinical data, neurological examination 
findings, cognitive assessment, neuroimaging findings 
and neuropathology results. Risk of bias and level of 
evidence were evaluated by two authors.
Results Following review of 3819 studies, 47 met 
inclusion criteria. Some former athletes have depression 
and cognitive deficits later in life, and there is an 
association between these deficits and multiple prior 
concussions. Former athletes are not at increased 
risk for death by suicide (two studies). Former high 
school American football players do not appear to 
be at increased risk for later life neurodegenerative 
diseases (two studies). Some retired professional 
American football players may be at increased risk for 
diminishment in cognitive functioning or mild cognitive 
impairment (several studies), and neurodegenerative 
diseases (one study). Neuroimaging studies show modest 
evidence of macrostructural, microstructural, functional 
and neurochemical changes in some athletes.
Conclusion Multiple concussions appear to be a 
risk factor for cognitive impairment and mental health 
problems in some individuals. More research is needed 
to better understand the prevalence of chronic traumatic 
encephalopathy and other neurological conditions and 
diseases, and the extent to which they are related to 
concussions and/or repetitive neurotrauma sustained in 
sports.

InTRODuCTIOn
There is tremendous interest in understanding the 
possible long-term effects of concussions sustained 
during a career in sports. It has been believed for 
decades that repetitive neurotrauma sustained in 
boxing is associated with chronic brain damage in 
some former athletes. In case descriptions dating 
back to the 1920s, some long-career boxers have 
been described as having a neurological syndrome 
referred to as ‘punch drunk syndrome’,1 traumatic 
encephalopathy2 dementia pugilistica,3 chronic 

traumatic encephalopathy (CTE)4 and chronic 
progressive traumatic encephalopathy.5 In recent 
years, a number of studies have been conducted 
with former NFL players. There is emerging 
evidence that some retired NFL players have mild 
cognitive impairment,6 7 neuroimaging abnor-
malities8 9 and differences in brain metabolism10 
disproportionate to their age. Autopsy cases of 
former professional football players have revealed 
diverse forms of neuropathology, including immu-
noreactivity for hyperphosphorylated tau (p-tau) 
in a specific pattern (eg, irregularly distributed 
in depths of cortical sulci) in which p-tau is not 
expected to be present through normal ageing 
or in association with frontotemporal dementia 
or Alzheimer’s disease.11 This article represents 
a systematic review of the existing literature on 
possible long-term effects of sport-related concus-
sions, including risk for Alzheimer’s disease and 
CTE.

MeThODS
A systematic review was performed to address 
the question of long-term effects of sport-related 
concussion for the 5th International Consensus 
Conference on Concussion in Sport: ‘What is 
the current state of the scientific evidence about 
the prevalence, risk factors, and causation of 
possible long-term sequelae like CTE and other 
neurodegenerative diseases, with respect to sports 
concussion?’ Additional questions addressed 
included (i) what are the definition, clinical 
features and underlying pathophysiology (if 
any) of ‘subconcussive blows’ (ie, subconcussive 
impacts) and (ii) what have we learnt from the 
retired athlete population?’

Search terms and databases
Keywords were selected by agreement of all 
authors and then submitted to a librarian with 
expertise in systematic reviews who developed 
a draft MEDLINE search strategy. This was 
reviewed by a second expert health sciences 
librarian using the CADTH Peer Review Check-
list for Search Strategies according to the PRESS 
2015 Guideline Statement. The draft search 
strategy was revised based on suggestions from 
the PRESS review, and then tested to be sure 
known key studies were retrieved. The MEDLINE 
search (see online supplementary table 1) was 
adapted and translated for all other databases. 
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The following 10 databases were searched: MEDLINE (Epub 
Ahead of Print, In-Process & Other Non-Indexed Citations, 
Ovid MEDLINE(R) Daily and Ovid MEDLINE(R)), CINAHL 
Plus with Fulltext, EMBASE, PsycInfo, Cochrane Database of 
Systematic Reviews, Cochrane Central Register of Controlled 
Trials, Scopus, Web of Science, PsycARTICLES and SPORT-
Discus. The search was limited to English-language and 
peer-reviewed publications, but had no date restriction. The 
search was conducted 10–11 September 2016.

Study selection criteria and data extraction
Studies were included if they (i) were original research; (ii) 
evaluated the incidence/prevalence, risk factors or causation 
related to neurodegenerative disease; (iii) included individuals 
who have suffered a sport-related concussion; (iv) evaluated 
athletes and/or retired athletes as the study subjects and (v) 
evaluated possible long-term sequelae defined as >10 years 
after sports-related injury. Studies were excluded from this 
review if they were published in a language other than English, 
animal studies, review articles, case reports, book chapters, 
conference abstracts, editorials/commentaries/expert opinion, 
theses or dissertations.

Citations were independently screened by pairs of authors. 
A third reviewer adjudicated disagreements between authors. 
Following the initial abstract and title screening process, 
 full-text articles were retrieved and data were extracted using 
a  standardised method. Results were extracted by one author  

and reviewed by a second author to ensure accuracy and 
completeness.

Assessment of risk of bias and level of evidence
For each article that met inclusion criteria, risk of bias and 
strength of evidence were independently rated by two authors 
using the Downs and Black checklist.12 The level of evidence was 
assessed using the Oxford 2011 Level of Evidence13 criteria and 
rated by two authors.

ReSulTS
The database search identified 7145 articles (figure 1, 
note correction: in figure 1, the PRISMA diagram,  Records 
excluded n = 3,756 PRISMA). After duplicates were removed, 
3819 records were screened and a total of 47 were included in 
this review. Those articles are listed in table 1. Online supple-
mentary table 2 presents a summary of the key findings from 
these studies. Online supplementary table 3 presents a review 
of the methodological quality and risk for bias of the 47 studies. 
The average methodological quality rating using the Downs and 
Black criteria for these 47 publications was 8.1.

Subconcussive head impacts
Interest has been expressed in the concept of ‘subconcussive 
blows’ (ie, subconcussive head impacts) as an indicator of repeti-
tive neurotrauma. Subconcussive impacts are typically defined as 
involving the transfer of mechanical energy to the brain at enough 

Figure 1 PRISMA flow diagram.
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force to injure axonal or neuronal integrity, but not be expressed 
in clinical symptoms.14 15 These impacts have been proposed as 
a separate variable from concussion history by some researchers. 
We reviewed five subconcussive impact studies that (i) defined 
the concept or (ii) quantified the criteria (ie, years of exposure, 
estimated number of impacts). These studies are discussed, in 
part, in the sections below. They either discussed the concept 
of subconcussive impacts or added the estimated number of 
subconcussive impacts to the athletes’ concussion history.16 The 
majority of subjects were American football athletes or soccer 
players. Most studies identified significant group-level differ-
ences between ‘high exposure’ and ‘low/no exposure’ athletes,10 

17 18 although there were some studies that did not support the 
notion that repetitive subconcussive impacts have a measurable, 
detrimental effect.19 20 Some studies have drawn inferences about 
subconcussive impacts based solely on a person’s participation 
in certain contact or collision sports. For example, Meehan 
and colleagues20 surveyed >3702 college alumni between the 
ages of 40 and 70, 2121 of whom had no reported history of 
concussion. In those with no reported concussions (a proxy for 
studying subconcussive impacts), there were no differences in 
anxiety, depression, emotional dyscontrol, sleep disturbance or 
perceived cognitive functioning in those who participated in 
collision sports versus those who did not. There was greater use 
of alcohol in former collision sport athletes.

neuroimaging
We reviewed 14 neuroimaging articles relating to the possible 
long-term sequelae of sports-related concussion. These included 
structural imaging, diffusion tensor imaging (DTI), magnetic 
resonance spectroscopy (MRS) and positron emission tomog-
raphy (PET). The majority of subjects were American football 
athletes and soccer players. Most studies identified significant 

group-level differences in these imaging modalities; however, 
lack of standardisation in imaging acquisition and analysis limits 
the generalisability of the findings. The average methodological 
quality rating using the Downs and Black criteria for these publi-
cations was 7.4, and the average level of evidence was 4.0.

Structural imaging
A structural 3 T MRI study of 72 former American professional 
football players with cognitive and mental health symptoms 
revealed a higher rate of cavum septum pellucidum (CSP), greater 
length and greater ratio of CSP to septum length compared with 
14 former non-contact athlete controls.21 The greater length 
of the CSP was also associated with decreased performance on 
a memory test and a test of word pronunciation. Gardner and 
colleagues measured CSP (1.5 and 3 T MRI) in 17 retired Amer-
ican professional football players presenting to a memory clinic 
with cognitive and mental health symptoms.22 Compared with 
matched controls from the memory clinic with no history of 
traumatic brain injury (TBI), CSP was more common in retired 
football players (94% vs 18%) and the length was also signifi-
cantly greater.

Goswami and colleagues reported that football athletes with 
a history of concussion (n=19) had significant cortical thinning 
of the anterior temporal lobe and orbitofrontal cortex compared 
with controls (n=17).23 Koerte and colleagues identified 
decreased cortical thickness in former professional soccer players 
(n=15).10 (NOTE: Koerte citation 10 should be Koerte citation 
18)Group-level analyses of cortical thickness revealed greater 
cortical thinning with increasing age in right inferolateral-pari-
etal, temporal and occipital cortex, and this was associated with 
lower cognitive performance. Strain and colleagues found that 
older retired athletes with at least one remote history of concus-
sion with loss of consciousness had significantly smaller bilateral 
hippocampal volumes and decreased memory performance.24

Diffusion tensor imaging
In a study of 37 amateur soccer players, a lifetime concussion 
history was not associated with changes in fractional anisot-
ropy (FA) or cognitive performance.25 However, high-frequency 
soccer heading (>885 per year) was associated with lower 
memory scores and lower FA in three regions of interest in 
the temporo-occipital white matter. In a study of 10 boxers (8 
retired, 2 active), there were no group differences in FA between 
the boxers and non-contact sport controls, although DTI 
metrics were associated with declarative memory and reaction 
time.26 Using whole-brain tract-based spatial statistics analysis, 
18 retired professional football players were compared with 
17 healthy controls.27 They found no differences in FA but did 
find increased axial diffusivity in the right hemisphere of retired 
players in the superior longitudinal fasciculus, corticospinal tract 
and anterior thalamic radiations, suggesting possible axonal 
degeneration in these tracts.

Magnetic resonance spectroscopy
Koerte and colleagues studied 11 former professional soccer 
players without a history of concussion compared with 14 
age-matched controls.10 In the soccer players, a significant 
increase was observed in both choline, a membrane marker, and 
myo-inositol (ml), a marker of glial activation. There were no 
significant differences in neurocognitive testing between groups. 
Increased levels of choline and glutamate/glutamine were also 
found in five former professional male athletes with history of 

Table 1 Studies identified through the search process

Clinical studies
Imaging and combined 
imaging/clinical studies

Kelly et al74 Hampshire et al32

Lolekha et al38 Small et al28

Lehman et al41 Koerte et al10

Murelius et al34 Lin et al17

Kerr et al29 Gardner et al22

Didehbani et al35 Multani et al27

Seichepine et al75 Wilde et al26

Randolph et al7 Strain et al24

Vann Jones et al19 Koerte, Huf et al21

Kerr et al30 Koerte et al18

Kerr et al31 Ford et al33

Stamm et al36 Hart et al8

Hume et al37 Goswami et al23

Meehan et al20 Casson et al62

Montenigro et al16 Pathology studies 

Baron et al42 Corsellis et al76

Lehman et al43 Roberts et al56

Critchley 5 McKee et al49

Maudsley and Ferguson77 Omalu et al50

Savica et al44 Hazrati et al51

Roberts et al57 McKee et al11

Guskiewicz et al6 Bieniek et al52

Guskiewicz et al39 Ling et al53

Hinton et al70 Koga et al55
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multiple concussions and multiple symptoms compared with 
control athletes with no history of brain trauma.17

Positron emission tomography
A PET study explored the use of 2-(1-{6-[(2-[F-18]fluoro-
ethyl) (methyl)amino]−2 naphthyl} ethylidene) malononitrile 
(FDDNP) for measuring both tau and amyloid in living brains.28 
Five former professional American football players with mood 
and cognitive problems were compared with five age, educa-
tion and body mass-matched controls. FDDNP binding signals 
were higher in players versus controls in subcortical regions and 
amygdala. The authors noted that the study was limited by the 
small sample size and lack of pathological confirmation.

Cognitive functioning and mental health
We reviewed 24 articles relating to possible long-term cogni-
tive and mental health problems associated with concussion. 
The average methodological quality rating using the Downs and 
Black criteria for these publications was 9.7, and the average level 
of evidence was 3.8. Some of these studies are cross-sectional 
surveys.7 20 29–31 Some in-person clinical assessment studies have 
been conducted with8 10 17 18 21–24 26–28 32 33 and without7 19 34–37 
neuroimaging. There are also studies that begin with a survey 
and then have a follow-up in-person assessment.38 A number of 
cross-sectional studies have identified decrements on objective 
neuropsychological testing7 8 24 37 and subjectively experienced 
cognitive difficulties on self-report measures6 20 in former 
athletes. Some studies report a frequency–response relationship, 
with greater cognitive impairments in those with greater levels 
of exposure to head impacts or concussions.16 36 However, other 
studies have not found a frequency–response relationship when 
examining cognitive function.8 31 33 Guskiewicz and colleagures 
surveyed 2552 retired NFL players and found that 1.3% (n=33) 
reported a physician diagnosis of Alzheimer’s disease. Of the 758 
who were aged ≥50, 2.9% (n=22) reported a physician diagnosis 
of mild cognitive impairment. Of the 641 former players who 
had a spouse or close relative complete a questionnaire, 12.0% 
(n=77) were identified as having significant memory prob-
lems. Former players with 3+ concussions during their playing 
career had a fivefold greater risk of mild cognitive impairment 
(MCI) diagnosis after age 50 compared with those with no prior 
concussions.6 Randolph and colleagues surveyed 513 retired 
NFL players aged ≥50 for whom their wives completed a ques-
tionnaire regarding memory. In this sample, 35.1% had a score 
on a scale completed by their spouses (AD8) that was suggestive 
of possible cognitive impairment.7 This is much higher than the 
12.0% rate reported in the previous study,6 for unclear reasons. 
The rate of clinical diagnoses of MCI (vs survey screening) is 
unknown.

Regarding mental health, depression has been most frequently 
studied. Five studies report a frequency–response relationship 
between concussions or head impact exposure and depres-
sion symptom reporting.16 30 35 39 40 Didehbani and colleagues 
studied cognitively intact former NFL athletes and found 
greater depression symptoms compared with age and intel-
ligence quotient (IQ)-matched subjects.35 In a sample of 797 
former collegiate athletes (all sports), approximately 39% 
of whom reported one or more prior concussions, their rates 
of self-reported mental health and cognitive problems were 
as follows: depression=10.4%, anxiety=16.2%, alcohol 
dependence=5.8%, substance use=2.9% and cognitive prob-
lems=3.8%.30 This sample also completed the Patient Health 
Questionnaire-9 (PHQ-9) to screen for depression. The rate of 

screening positively for depression (ie, PHQ-9≥10) stratified by 
concussion history was as follows: 0=2.8%, 1=5.6%, 2=10.4% 
and 3+=8.9%.31 The rate of self-reported depression in retired 
NFL players (n=1044), stratified by concussion history, was as 
follows: 0=3.0%, 1–2=8.2%, 3–4=13.7%, 5–9=19.3% and 
10+=26.8%.29

The link between soccer heading, cognitive functioning and 
psychological health is unclear. No association between cognitive 
function and length of career or position played was found in 
older (mean age=67 years) retired professional soccer players.19 
Similarly, former professional soccer players who still play 
recreationally were found to have largely similar performance 
on a variety of cognitive assessments compared with matched 
non-contact sport athlete controls.18 In this study, however, the 
soccer players had a greater decrease in cortical thickness with 
age—and cortical thickness in parietal and occipital areas of 
the brain were negatively correlated with lifetime estimates of 
heading.

Five long-term effects cohort studies using medical record 
linkage or death certificates41–45 have been published, one after 
the cut-off date for this systematic review.45 The results of these 
studies are summarised in online supplementary table 1. Three 
studies of causes of death in former NFL players have been 
published.41–43 Two of these studies examined the death certif-
icates of those who died between 1960 and 2007 (334 deaths 
from a cohort of 3439 former players). All cause and specific 
mortality rates (eg, cancer, cardiovascular disease, pulmo-
nary disease and other health problems) were lower in former 
players than in men from the general population.42 43 Baron 
and colleagues reported that the rates of psychiatric illness and 
suicide were significantly lower in the former athletes than in 
men from the general population.42 They also reported that 
diseases of the nervous system and sense organs were somewhat 
higher than men in the general population, but the difference 
was not statistically significant. Of the 334 former players who 
had died, 12 (3.6%) had one of these latter diseases listed on his 
death certificate when it would have been expected, from popu-
lation estimates, that the number should be 9.7 people (ie, 2.9%). 
There was no autopsy confirmation of the diseases listed on the 
death certificate and no analysis of genetic susceptibility (eg, 
apolipoprotein E). In a reanalysis of the same data set, Lehman 
and colleagues43 reported that the rates of Alzheimer’s disease 
and amyotrophic lateral sclerosis (ALS) were higher in former 
NFL football players compared with men in the general popu-
lation. Of the 334 death certificates reviewed, the number of 
times neurodegenerative diseases were listed as an underlying or 
contributing cause of death was as follows: Alzheimer’s disease/
dementia=7 (2.1%), Parkinson’s disease=3 (0.9%) and ALS=7 
(2.1%). In two medical record linkage studies of former high 
school football players,44 45 the rates of dementia, mild cognitive 
impairment and parkinsonism did not differ in comparison to 
control subjects (see table 2).

neuropathology
Autopsy studies have revealed multiple forms of neuropathology, 
both macroscopic and microscopic, in former contact and colli-
sion sport athletes. Macroscopic findings include (i) frontal and 
temporal atrophy, thinning of the hypothalamic floor, shrinkage 
of the mammillary bodies, pallor of the substantia nigra, hippo-
campal sclerosis and reduction in brain mass; (ii) enlarged 
ventricles and (iii) CSP with or without septal fenestrations.46–48 
Microscopic features include (i) localised neuronal and glial 
accumulations of p-tau with varying microscopic morphologies, 
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involving perivascular areas of the cerebral cortex and sulcal 
depths, and with a preference for neurons within superficial 
cortical laminae; (ii) multifocal axonal varicosities involving 
deep cortex and subcortical white matter; (iii) variable and often 
absent Aβ deposits and (iv) TDP-43-positive inclusions and neur-
ites.46–48

We reviewed nine neuropathology studies that included five 
or more subjects. These reports focused on the pathology asso-
ciated with CTE. The average methodological quality rating 
using the Downs and Black criteria for these publications was 
5.2, and the average level of evidence was 4.2. In 2010, McKee 
et al described the neuropathology of 12 former athletes (7 foot-
ball players, 3 boxers and 1 hockey player) whose brains and 
spinal cords had been donated to the Center for the Study of 
Traumatic Encephalopathy at Boston University School of Medi-
cine.49 Subjects ranged in age from 42 to 85 years (average age 
65) and all had a history of cognitive and behavioural changes 
associated with CTE. Three of the athletes also had signs and 
symptoms of motor neuron disease (MND). P-tau immunore-
activity in neurons and astroglia in the depth of sulci was noted 

in all subjects. Seven of the nine cases without MND also had 
TDP-43 immunoreactive inclusions.

In 2011, Omalu et al reported autopsy findings in 17 
athletes (14 professional, 3 high school).50 Selected brain 
samples or whole-brain specimens were examined by routine 
histopathology, special stains and immunohistochemistry. 
CTE pathology was based on the presence of topographically 
distributed neurofibrillary tangles and neuritic threads, with or 
without amyloid plaques, and the absence of features indicative 
of another tauopathy. The authors found CTE changes in 10 
of the 14 professional athletes and 1 of 3 high school athletes 
(71% overall). The authors noted four histological phenotypes, 
based on relative abundance of p-tau in cerebral cortex, subcor-
tical structures and brainstem, and presence or absence of diffuse 
β-amyloid plaques.

In 2013, McKee et al described the neuropathology in 85 
subjects with a history of mild TBI, 64 of which were former 
athletes.11 The brains of 18 cognitively intact controls with no 
history of repetitive mild TBI were also examined. The diag-
nosis of CTE was based on p-tau immunoreactivity around small 

Table 2 Cohort studies of former American football players using medical record linkage or death certificates

Psychiatric
illness Suicide

Alzheimer’s
disease or 
dementia

Mild
cognitive
impairment

Parkinson’s
disease/
parkinsonism AlS

Any
neurodegenerative
disease

First author/
ref Sample

Sample
size

Years
played % (n) % (n) % (n) % (n) % (n) % (n) % (n)

Janssen 45 Former 
American 
varsity high 
school football

296 1956–1970 NR NR 0.7 (2) 1.7 (5) 1.0 (3) 0 (0) 3 (10)

Former high 
school athlete 
controls*

190 1956–1970 NR NR 0.5 (1) 2.1 (4) 1.6 (3) 0 (0) 4 (8)

Savica 44 High school 
football

438 1946–1956 NR NR 3.0 (13) NR 2.3 (10) 0.5 (2) 5.7 (25)

Non-athlete 
controls†

140 – NR NR 1.4 (2) NR 3.6 (5) 0.7 (1) 5.7 (8)

Baron 42 Deceased 
former NFL 
players

334 1959–1988 1.2 (4) 2.7 (9) NR NR NR NR 3.6 (12)‡

Men in 
general 
population

– – 3.5 (11.7) 6.5 (21.8) NR NR NR NR 2.9 (9.7)

Lehman 43 Deceased 
former NFL 
players

334 1959–1988 NR NR 2.1 (7) NR 0.9 (3) 2.1 (7) 5.1 (17)

Men in 
general 
population

– – NR NR NR NR NR NR NR

Lehman 41 Deceased 
former NFL 
players

537 1959–1988 NR 2.2 (12) NR NR NR NR NR

Men in 
general 
population

– – NR 4.8 (25.6) NR NR NR NR NR

The two studies of high school football players are medical record linkage studies and illustrate the rates of diagnoses present in those records. The three studies of former NFL 
players are based on reviewing death certificates and address underlying or contributing causes of death. There were 3439 former NFL players, of whom 334 died between 1960 
and 200742 43, and 537 died between 1960 and 2013.41 The differing methodologies do not allow a direct comparison between high school and former NFL athletes. *Controls 
were non-football-playing male varsity athletes, such as swimmers, wrestlers and basketball players.
†Controls were non-football-playing male students in the glee club, band or choir.
‡Defined by Baron et al as any disease of nervous system and sense organs. From Baron et al 42: mental, psychoneurotic and personality disorders=4 (expected=11.7; 
standardised mortality ratio (SMR)=0.34, 95% CI 0.09 to 0.87). Intentional self-harm=9 (expected=21.8, SMR=0.41, 95% CI 0.19 to 0.78). Diseases of the nervous system 
and sense organs=12 (expected=9.7; SMR=1.24, 95% CI 0.64 to 2.16). For Lehman et al 43 , the number of times neurodegenerative diseases were listed as an underlying or 
contributing cause of death is reported. From Lehman et al 41 : suicide=12 (expected=25.6, SMR=0.47, 95% CI 0.24 to 0.82).
ALS, amyotrophic lateral sclerosis; n, frequency; NR, not report.
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blood vessels at the depths of cortical sulci, clusters of p-tau-pos-
itive subpial and periventricular astrocytes, and neurofibrillary 
tangles in the superficial layers of the cerebral cortex—this 
pathology was identified in 80% of the cases and none of the 
control subjects. Other abnormalities included TDP-43 immu-
noreactivity (85% of cases) and comorbid neurodegenerative 
disease including MND (12%), Parkinson’s or Lewy body disease 
(16%), Alzheimer’s disease (11%) and frontotemporal lobar 
degeneration (6%). A neuropathological staging system for CTE 
(stages I–IV) was also proposed.

In 2013, Hazrati described a series of six retired profes-
sional Canadian football players whose ages ranged from 61 
to 87 years.51 The subjects had a history of multiple concus-
sions and medically or family member documented cognitive, 
behavioural and/or motor symptoms. Three of the six subjects 
had neuropathological findings consistent with CTE. The 
other three subjects were diagnosed with Alzheimer’s disease, 
Parkinson’s disease and MND. In addition, the CTE cases 
showed comorbid pathology of Alzheimer’s disease, vascular 
disease and cancer.

Bieniek and colleagues studied a range of neurodegenerative 
disease cases along with a small number of normal controls.52 
Review of available medical records from 1721 men identified 
66 cases with a history of contacts sports. The authors found that 
21 of the 66 cases (32%) had cortical p-tau staining consistent 
with CTE. None of the 162 control brains, and none of the 33 
cases with a history of a single TBI, had CTE pathology. This 
study was conducted using a neurodegenerative disease brain 
bank, so there were comorbid neurodegenerative conditions 
(Alzheimer’s disease, Lewy body disease, frontotemporal lobar 
degeneration) in 20 of the 21 cases with CTE.

Ling and colleagues53 conducted a large-scale postmortem 
study of CTE in the UK using the McKee et al11 criteria. They 
screened 268 cases and found histological evidence of CTE in 
32 (11.9%), including cases of women with this pathology. The 
mean age at death was 81 years. The majority of the positive 
cases met neuropathological criteria for other neurodegenerative 
diseases and had prior exposure to at least one TBI.

Until 2015, there was no consensus regarding the neuropatho-
logical criteria for the diagnosis of CTE. The National Institutes 
of Neurological Disease and Stroke and National Institute of 
Biomedical Imaging and Bioengineering (NINDS/NIBIB) funded 
a panel of neuropathologists to establish criteria. The consensus 
panel defined the pathognomonic lesion of CTE as an accu-
mulation of p-tau in neurons and astroglia distributed around 
small blood vessels at the depths of cortical sulci and in an irreg-
ular pattern.54 In addition to p-tau-related supportive criteria, 
TDP-43 immunoreactive inclusions and macroscopic features 
(ventricular enlargement and CSP) were identified as supportive 
of CTE.

Koga et al55 examined 139 cases of multiple system atrophy 
(MSA) using NINDS/NIBIB CTE criteria. CTE pathology was 
found in 8 (6%) of the 139 MSA cases, all of which were male, 
and 4 with a history of contact sports. The authors also noted 
that 7.2% were identified as having ageing-related tau astrogli-
opathy (ARTAG), a pathology that should be differentiated from 
CTE pathology. The authors speculated that falls secondary to 
the movement disorder may cause CTE pathology.

neurological and mental health features of CTe
Prior to 2005, slurred and dysarthric speech, gait problems, 
parkinsonism and cognitive impairment (including dementia) 
were considered common clinical features of CTE.56–58 Although 

historical case descriptions sometimes included histories of 
mental health problems and severe substance abuse, these were 
not considered core features of the condition. The largest 
study examining the clinical features of chronic brain damage 
in living subjects was published as a monograph by Roberts in 
1969.57 From a list of 16 781 retired boxers, Roberts selected an 
age-stratified random sample of 250; he was able to locate and 
clinically examine 224 of these men.57 He concluded that 17% 
had the syndrome (11% had a mild form of the syndrome and 
6% had severe problems). For boxers over the age of 50 who 
had ≥150 fights, 50% had the syndrome compared with 7% 
with <50 fights. In recent years, the clinical features of CTE 
have been greatly expanded to include many psychosocial prob-
lems, depression, anxiety, anger and other health problems.11 46 

48 50 More research is needed to determine the extent to which 
those problems are associated with the neuropathology of CTE. 
Proposed criteria for diagnosing CTE have been published by 
Jordan,59 Victoroff60 and Montenigro and colleagues.61 At 
present, however, there are no agreed upon or validated clinical 
criteria for CTE, thus there is no accepted method for diag-
nosing CTE in a living person.

DISCuSSIOn
This systematic review identified 47 studies relating to possible 
long-term problems with brain health associated with sport-re-
lated concussion (see table 1 and online supplementary tables 
2 and 3). The methods used included clinical assessments, 
cross-sectional surveys, neuroimaging and autopsies. Several 
cohort studies using medical record linkages or death certificates 
have also been published.41–45 The majority of studies included 
were a lower level of evidence (mainly level 4 or 5 with only 9 
studies having level 3 evidence). All but one study included in 
this review had risk of bias scores

< 13, highlighting the potential of threats to the internal and 
external validity of these studies.

Subconcussive impacts
A small number of studies examined the possible long-term 
effects of subconcussive head impacts. There are significant 
methodological challenges associated with the study of subcon-
cussive impacts.15 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 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 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.

neuroimaging
Imaging studies have been conducted mostly with former Amer-
ican professional football players,8 21–24 27 28 32 33 but also with 
former soccer players10 18 21 and boxers.26 Imaging studies of 
retired professional football players reveal structural changes in 
the brain such as cortical thinning18 23 and CSP,21 22 62 functional 
changes in brain metabolism,32 as measured by functional MRI, 
microstructural differences in white matter,8 9 as measured by 
DTI, and accumulations of tau on PET imaging28 in some former 
athletes. The literature to date has significant methodological 
limitations that lower the overall level of evidence and temper 
confidence in conclusions that can be drawn. The imaging liter-
ature includes studies that likely are not representative of the 

group.bmj.com on March 15, 2018 - Published by http://bjsm.bmj.com/Downloaded from 

http://bjsm.bmj.com/
http://group.bmj.com


7 of 10Manley G, et al. Br J Sports Med 2017;51:969–977. doi:10.1136/bjsports-2017-097791

Review

broader population of former athletes. In reviewing the meth-
odology and results of some imaging studies, it is sometimes 
unclear the extent to which positive findings were based on 
a priori hypotheses, exploratory post hoc analyses or both. A 
significant methodological weaknesses in the literature is lack 
of replication. Although positive findings have been reported in 
studies within an imaging modality, such as DTI or MRS, the 
specific findings within those studies differ.

Clinical studies
In total, 18 of the 24 studies relating to possible cognitive and 
mental health problems associated with exposure to collision 
sports and concussions have been published in the past five 
years, reflecting the interest in this topic and rapid growth 
of the knowledge base. These cross-sectional clinical studies 
and survey studies reveal that some of the former athletes 
have cognitive deficits or decrements6 7 36 37 and psycholog-
ical health problems.16 29 35 Survey studies have revealed that 
a substantial minority of former NFL players have mental 
health problems,63–65 and current depression is more likely 
in those with a history of concussions.29 It is also important 
to appreciate that chronic pain and opioid use is relatively 
common in former NFL players,66 and those with depression 
and chronic pain also have greater life stress and financial 
difficulties.64 There are at least three unanswered questions 
relating to these studies. First, the contribution of repetitive 
subconcussive head impacts to these clinical features is poorly 
characterised and understood. Second, a frequency–response 
relationship between concussions, head impact exposures and 
the severity of future clinical symptoms is unknown. Finally, 
modifying factors for the development of clinical symptoms 
and problems in association with repetitive neurotrauma are 
largely unknown.

neuropathology
Nine neuropathology studies were included in this review, 
seven of which were published between 2010 and 2016. 
Autopsy studies have revealed diverse forms of macroscopic 
and microscopic neuropathology in former athletes.11 48 50 51 
Prior to 2015, there were no agreed upon neuropatholog-
ical criteria for identifying CTE. The new consensus criteria 
provide a preliminary standardised approach to describe the 
neuropathology of CTE.54 The new consensus criteria differ 
from the criteria for CTE used in past studies, particularly 
by excluding tau pathology that is associated with ageing: 
primary age-related tauopathy67 and ARTAG.68 Importantly, 
tau pathology and the accumulation of other altered proteins 
such as Aβ, α-synuclein and TDP-43-positive immunoreac-
tivity occurs with human ageing and several neurodegenerative 
diseases, and can also be found in people who are cognitively 
normal69; thus, it would be incorrect to assume that all such 
pathology is unique to, or caused by, CTE. To date, a cause 
and effect relationship between CTE and concussions or 
exposure to contact sports has not been established. More 
research on CTE is needed to better understand the incidence 
and prevalence of CTE pathology, the extent to which the 
neuropathological findings cause specific clinical symptoms, 
the extent to which the neuropathology is progressive, the 
clinical diagnostic criteria and other risk or protective factors. 
Well-designed case–control and cohort studies can begin to 
answer these important questions. Longitudinal studies are 
needed.

limitations
A major limitation in the clinical assessment, survey, neuroim-
aging, cohort and autopsies studies published to date is that 
most do not consider relevant third variables when examining 
the association between prior concussions and long-term brain 
health problems. When evaluating the association between 
an ‘exposure’ (ie, concussion or repetitive head impacts) and 
‘outcome’ (eg, long-term brain health problems), the possible 
roles of a relevant third variable are (i) effect modifier (eg, host 
susceptibility factors), (ii) intermediary and (iii) confounder. 
There are many candidate third variables that might be associ-
ated with the long-term cognitive and mental health of former 
athletes, from the psychiatric and neuroscience literature, 
including genetics, childhood adversity, personality factors, 
resilience, family history of mental health and neurological 
problems, steroid use, drug and alcohol use, opiate misuse, 
chronic pain, depression, anxiety, life stress, marital and family 
problems, diet and nutrition, exercise, obesity, diabetes, heart 
disease, other general medical problems, small vessel isch-
aemic disease and a diverse range of neurological conditions 
and diseases. In a survey study of former Division I collegiate 
athletes, for example, socioeconomic (ie, income) and nutri-
tional factors (ie, greater fat and cholesterol and overall lower 
diet quality) were associated with perceived cognitive difficul-
ties in older adults.70

Our systematic review has several methodological limita-
tions. First, studies with negative findings are less likely to be 
published, and we only reviewed published studies, so there is 
a potential for publication bias in our conclusions. Second, we 
only included English-language articles, so there is potential 
for language bias influencing our conclusions. Third, we could 
not pool data across studies and meta-analyse risk associations 
or effect-modifying factors. Finally, the literature has major 
methodological limitations overall, and organising the review 
specifically as a best evidence synthesis might have resulted 
in more tempered conclusions about associations between 
multiple concussions and specific long-term outcomes.

COnCluSIOn
In conclusion, there is evidence that some former athletes in 
contact, collision and combat sports suffer from depression39 
and cognitive deficits6 7 later in life, and there is an association 
between these deficits and a history of multiple concussions.6 
Former athletes are not at increased risk for death by suicide.41 

71–73 Former high school American football players do not 
appear to be at increased risk for later life neurodegenerative 
diseases according to two studies.44 45 Retired professional 
American football players may be at increased risk for mild 
cognitive impairment.6 7 An increased risk for neurodegenera-
tive diseases in retired American football players is suggested 
in one study examining death certificates,43 but more research 
is needed. Neuroimaging studies show modest evidence of 
macrostructural,21 22 24 microstructural,27 functional23 32 33 and 
neurochemical10 17 changes in some athletes. It is important to 
appreciate, however, that survey studies of former collegiate20 30 

31 and professional29 athletes indicate that the majority of people 
rate their functioning as normal and consistent with the general 
population.

There is much more to learn about the potential cause and 
effect relationships of repetitive head impact exposure, concus-
sions and long-term brain health. The potential for developing 
CTE must be a consideration; this condition appears to repre-
sent a distinct tauopathy with an unknown prevalence in former 
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athletic populations. More research on the long-term sequelae 
is needed to better understand the incidence and prevalence 
of CTE and other neurological conditions among former 
athletes. The causes of mental health and cognitive problems 
in former athletes, like the general population, are broad and 
diverse including genetics, life stress, general medical problems 
(eg, hypertension, diabetes and heart disease), chronic bodily 
pain, substance abuse, neurological conditions and disease (eg, 
cerebrovascular disease) and neurodegenerative diseases (eg, 
Alzheimer’s disease, Parkinson’s disease and ALS). The extent 
to which repetitive neurotrauma causes static or progressive 
changes in brain microstructure and physiology, and contrib-
utes to later life mental health and cognitive problems, is 
poorly understood and requires further study.

What is already known?

 ► It has been believed for decades that repetitive neurotrauma 
sustained in boxing is associated with chronic brain damage 
in some former athletes.

 ► Chronic traumatic encephalopathy (CTE), also referred to 
as dementia pugilistica, was described mostly through case 
studies between 1928 and 2010—with the exception of one 
large clinical study of boxers published in 1969.

 ► Prior to 2015, there were no agreed upon neuropathological 
criteria for the postmortem diagnosis of CTE. At present, 
there are no agreed upon clinical criteria for diagnosing CTE.

 ► Over the past decade, surveys of retired American NFL 
players have revealed that a substantial minority report 
depression and cognitive decline.

What are the findings?

 ► There is emerging evidence that some retired athletes have 
mild cognitive impairment, neuroimaging abnormalities and 
differences in brain metabolism disproportionate to their 
age.

 ► Survey studies reveal that a minority of former collegiate 
and professional collision sport athletes have depression 
and/or cognitive decline; the majority of former athletes 
report their functioning to be similar to people in the general 
population.

 ► Autopsy cases of former athletes have revealed diverse 
forms of neuropathology, including immunoreactivity 
for hyperphosphorylated tau in a specific pattern (eg, 
irregularly distributed in depths of cortical sulci) in 
which hyperphosphorylated tau is not expected to be 
present through normal ageing or in association with 
frontotemporal dementia or Alzheimer’s disease—and there 
are now preliminary consensus criteria for defining the 
neuropathology of CTE.

 ► More research is needed to better understand the 
incidence and prevalence of CTE pathology, whether 
neuropathological findings cause specific clinical symptoms, 
the extent to which the neuropathology is progressive, 
the clinical diagnostic criteria and other risk or protective 
factors.
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Highlights
· Functional and microstructural changes in the brain are associated with repetitive head impacts in male

athletes.

· The evidence is equivocal on the association between repetitive hits to the head and neurocognitive
deterioration.

· ‘Subconcussion’ is poorly defined; precision in describing repetitive hits to the head in sport is needed.

· More research with standardized measures and protocols in relation to each dimension of impact
exposure is needed.

Abstract
Purpose
To identify and evaluate the evidence that examines subconcussive impacts in sport-specific
settings, and address two objectives: a) to determine how ‘subconcussion’ is characterized in
the current literature, and b) to identify directions for future research.

Research design
Systematic review.

Methods and procedures
CINAHL, EMBASE, MedLine, PsycINFO, SportDiscus, and Web of Science were searched for
articles that sought to assess subconcussive impacts or outcomes related to non-concussive
head impact exposure. Eligible articles were reviewed and evaluated with three quality
assessment tools by rotating pairs of reviewers.

Results
A total of 1966 articles were screened. Fifty-six studies met the inclusion criteria. Studies were
classified into three main categories based on primary focus: neurobiological,
neuropsychological, and impact exposure metrics. The neurobiological studies suggested that
in male athletes, functional and microstructural deterioration was associated with repetitive
head impacts. There was insufficient to weak evidence for the relationship between repetitive
hits to the head and deterioration in neurocognitive performance. Studies of impact exposure
metrics examined various indices, including linear acceleration, rotational acceleration, and
location and frequency of hits. Insufficient evidence was presented to determine a minimal
injury threshold for repetitive hits to the head. Across all categories of studies there was a lack



of consistency and clarity in defining and measuring variables related to the concept of
‘subconcussion’.

Conclusions
Evidence reviewed predominantly from studies of male athletes in contact and collision sports
identifies that repetitive hits to the head are associated with microstructural and functional
changes in the brain. Whether these changes represent injury is unclear. We determined the
term ‘subconcussion’ to be inconsistently used, poorly defined, and misleading. Future
research is needed to characterize the phenomenon in question.
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Youth Football Injuries

A Prospective Cohort

Andrew R. Peterson,*† MD, MSPH, Adam J. Kruse,† MS, Scott M. Meester,† BS,
Tyler S. Olson,† BS, Benjamin N. Riedle,† MS, Tyler G. Slayman,‡ MD, Todd J. Domeyer,§ MD,
Joseph E. Cavanaugh,† PhD, and M. Kyle Smoot,|| MD

Investigation performed at University of Iowa, Iowa City, Iowa, USA

Background: There are approximately 2.8 million youth football players between the ages of 7 and 14 years in the United States.
Rates of injury in this population are poorly described. Recent studies have reported injury rates between 2.3% and 30.4% per
season and between 8.5 and 43 per 1000 exposures.

Hypothesis: Youth flag football has a lower injury rate than youth tackle football. The concussion rates in flag football are lower
than in tackle football.

Study Design: Cohort study; Level of evidence, 3.

Methods: Three large youth (grades 2-7) football leagues with a total of 3794 players were enrolled. Research personnel partnered
with the leagues to provide electronic attendance and injury reporting systems. Researchers had access to deidentified player data
and injury information. Injury rates for both the tackle and flag leagues were calculated and compared using Poisson regression
with a log link. The probability an injury was severe and an injury resulted in a concussion were modeled using logistic regression.
For these 2 responses, best subset model selection was performed, and the model with the minimum Akaike information criterion
value was chosen as best. Kaplan-Meier curves were examined to compare time loss due to injury for various subgroups of the
population. Finally, time loss was modeled using Cox proportional hazards regression models.

Results: A total of 46,416 exposures and 128 injuries were reported. The mean age at injury was 10.64 years. The hazard ratio for
tackle football (compared with flag football) was 0.45 (95% CI, 0.25-0.80; P ¼ .0065). The rate of severe injuries per exposure for
tackle football was 1.1 (95% CI, 0.33-3.4; P ¼ .93) times that of the flag league. The rate for concussions in tackle football per
exposure was 0.51 (95% CI, 0.16-1.7; P ¼ .27) times that of the flag league.

Conclusion: Injury is more likely to occur in youth flag football than in youth tackle football. Severe injuries and concussions were
not significantly different between leagues. Concussion was more likely to occur during games than during practice. Players in the
sixth or seventh grade were more likely to suffer a concussion than were younger players.

Keywords: youth football; flag football; concussion; youth sports

Recently, the safety of youth football has been brought
into question in the popular media.2 Flag football has
been proposed to be a safer alternative to tackle football.

However, injury rates in youth football remain poorly
described. Previous studies on youth football injuries have
been conducted on small samples (n < 1000 athletes) or
suffered from methodological limitations. In order to bet-
ter understand the risk of injury in youth football, there is
a need for a larger study to determine the types of injuries
suffered by youth football players, injury incidence, the
risk factors associated with these injuries, and whether
flag football is indeed a safer alternative to tackle football
for young players. A recent American Academy of Pediat-
rics Policy Statement on tackling in youth football recom-
mended nontackling leagues should be expanded.4 We
hypothesize that youth flag football has a lower injury rate
than youth tackle football.

In the United States, approximately 2.8 million youth
between the ages of 6 and 14 years participate in youth
football each year.2 Sport-related injuries are the leading
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cause of injury among children and adolescents.3 Previous
studies of youth football have suffered from inaccurate esti-
mates of athletic exposure and varied definitions of injury.
This is reflected in the large variability in reported injury
epidemiology between studies. Recent studies report injury
rates between 2.3% and 38.2% per season.2,6-8,10,12,18-22

Games resulted in 8.5 to 43 injuries per 1000 exposures, and
practices had 1 to 13.5 injuries per 1000 exposures. Overall
for games and practices combined, these studies showed 2 to
17.8 injuries per 1000 exposures.6,12-16,20,21 Despite these
variations, it is likely that the risk of injury is higher in
youth football than in other popular youth sports, including
basketball, soccer, wrestling, and gymnastics.16,22

The most commonly reported injures in youth football are
fractures, sprains, strains, and contusions. The rates of frac-
turehave been the most consistentbetween studies, with27%
to 35% of reported injuries being fractures. Injuries with
more subjective diagnostic criteria, such as sprains, strains,
and contusions,have suffered frommore variability in report-
ing, with9% to69% of reported injuries being sprains, strains,
and contusions.2,8,10,14,15,18-21 Players in grades 7 and 8
have almost twice the injury risk when compared with
players in grades 4, 5, and 6.12 In studies in which athlete-
exposures were measured, the injury risk in older and more
experienced athletes could be attributed to the more experi-
enced players’ increased playing time. Interestingly, youth
football players with more advanced sexual maturity ratings
have been shown to have a higher risk for injury.10,11,17

Sport-related concussion has gained widespread atten-
tion in the popular media and scientific literature. Previous
studies of youth football have identified remarkably few
concussions compared with other levels of play. However,
Kontos et al9 recently reported on a cohort of 468 youth
football players with rates of concussion comparable to high
school and collegiate football players. USA Football reports
a concussion incidence in youth football of nearly 4%.2 Addi-
tionally, Daniel et al5 recently reported on accelerometer-
instrumented helmet-based measurements of collisions
during youth football. Youth football players experienced
fewer impacts per season. On average, these collisions were
less forceful than those in high school and collegiate athletes.
However, the top 5% of reported collisions were almost as
forceful as the highest-force collisions seen in high school
and collegiate players. Most of the highest-force impacts
occurred during practice rather than during a game. This
is in opposition to previous epidemiologic studies, which
have shown up to a 10-fold greater risk of concussion in
youth football games when compared with practice.

We hypothesize that youth flag football has a lower
injury rate than youth tackle football. We also hypothesize
that concussion rates in flag football will be lower than in
tackle football.

METHODS

Participants

Three youth football leagues (2 tackle leagues and 1 flag
league) with a total of 3794 players (3525 tackle football

players and 269 flag football players) participated in this
prospective cohort study. Tackle league A contained 43
teams, and all 43 teams reported at least 1 data point.
Tackle league B contained 124 teams, and only 72 teams
reported at least 1 data point. The flag football league con-
tained 20 teams, and 18 teams reported at least 1 data
point. Leagues were enrolled and provided with technical
assistance. Individual athletes were not enrolled in the
study. Specifically, the research team provided the leagues
with an online database to monitor player attendance at
practices and games. The database also provided leagues
with an injury reporting system for tracking injuries and
loss of playing time according to their league’s policies and
procedures. Deidentified data elements were extracted
from the online database and used for this analysis.

Tackle and flag football differ in their equipment and in
how they determine the end of a down. In tackle football,
players are allowed to wear pads and helmets, but in flag
football, pads and helmets are not allowed and players
must wear a belt around their waist with 3 flags. In tackle
football, the end of a down is defined when the ball carrier’s
forward progress is halted and not resumed, the ball carrier
is forced to go out of bounds, or when a body part other than
hands or feet touch the ground. In flag football, the end of a
down is defined when a player runs out of bounds or when 1
of 3 flags is pulled off a belt worn around the waist.

Measures and Procedures

Teams within each league documented player attendance
at practices and games and reported any injury that
resulted in the loss of playing time following their league’s
policies and procedures. These records contained person-
ally identifiable information, but no research team mem-
ber was able to access this personal information. Coaches
input their practice and competition attendance into an
online database provided by the research team. All injury
information was deidentified and reported to the research
team through the online database. Participation was mea-
sured with the date of the game or practice and attendance
and participation status. The date of each football game
and practice along with the number of players who partic-
ipated was recorded. These metrics were used to deter-
mine the total number of exposures. An exposure was
defined as a single game or practice where a player had
the potential to be injured (eg, a social gathering where
football was not practiced or played would not count as a
practice). Deidentified exposure information was avail-
able to the research team via the online database. The
research team’s deidentified database did assign injured
players a number in case the player was injured multiple
times. The total number of players per league was pro-
vided to the research team by the leagues based on their
registrations at the beginning of the season.

All injuries that resulted in loss of playing time were
included. The injury report contained information that
could be used to identify the injured player for the league’s
use. However, the online database used by the research
team excluded name, emergency contact, date of birth, tele-
phone number, and team. The leagues also had access to
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other information such as date of injury, type of play or
drill, location of injury, and description of injury, which was
not used by the research team. The deidentified injury
information used by the research team included the follow-
ing items: sex, age, grade, type of league (tackle vs flag),
setting (game vs practice), position on the field (quarter-
back, running back, linebacker, etc), type of injury (contact,
noncontact), number of days missed after injury, return to
play at any point (yes, no), and diagnosis.

Teams were instructed to complete this form after every
practice or competition. One person for each team was des-
ignated to input information into the database after each
practice or game. This person could be a coach, volunteer
parent, or team athletic trainer. The team designees were
provided with a tutorial on how to complete the online form
prior to the start of the season.

Data Analyses

Participation and injury report forms were used to calcu-
late injury rates. For each injury that occurred, we
abstracted the following variables: grade (dichotomized
into second through fifth and sixth through seventh), lea-
gue type (flag and tackle), setting (game or practice), team
(defense or offense), position (lineman or nonlineman), and
injury type (contact and noncontact injuries).

Grade was chosen instead of age because all the leagues
were organized by grade in school and not by age. Nearly all
injured players were age appropriate for their grade.
Injured players were within 1 year of age except 1 injured
fifth grader who was an extra year older than the remain-
ing fifth graders (12 years old instead of 10-11 years old).
Sex was not chosen as an analyzed variable because no
female players were injured. Positions were dichotomized
to lineman or nonlineman due to the limited number of
injuries, which occurred at each position. Tight ends were
considered nonlinemen. Contact injuries were defined as
any injury sustained due to impact with another player,
regardless of whether the injury occurred while playing
flag or tackle football. An injury was considered noncontact
if it occurred without an external force exhibited by another
player, such as those experienced during a running drill.
An injury was considered severe if it resulted in a concus-
sion, fracture, or ligament tear. All other injuries were con-
sidered nonsevere. The leagues encouraged their teams to
use the International Consensus Statement Guidelines for
Sport-Related Concussion.13

Poisson regression with a log link was used to compare
overall injury rates, concussion rates, and severe injury
rates in the tackle and flag leagues. The model for each
league type was log(mi) ¼ log(Ei) þ Li, where mi is the mean
number of injuries for the given league type, Ei is the
number of exposures, and Li is a league type–specific indi-
cator. The numerator of the ratio estimates is the rate in
the flag league and the denominator is the rate in the
tackle league. The 95% CIs and corresponding P values
were also calculated.

Multivariable logistic regression was employed to fit
models for concussion status and whether an injury was
severe. To determine which model was best in predicting

both response variables of interest, all subsets of predictors
were considered and the model with the smallest Akaike
information criterion (AIC) value was used.1 Only the main
effects were considered as possible predictors in this model
selection procedure, but this assumption was verified by
using the deviance statistic to assess whether any interac-
tion terms were needed in the models. Demographic infor-
mation was only available for players who sustained an
injury. The analyses were conditioned such that an injury
had occurred. For instance, we were able to model the prob-
ability that an injury was severe but we were unable to
determine the probability of sustaining a severe injury.

The final analysis involved determining which predictors
were important in characterizing the number of days until
an injured player returned. Only 100 of the 128 injuries
were used in these analyses due to either inconsistent cod-
ing of exposure data (19 players) or the player being injured
on the final day of the season (9 players). Of the 100 injuries
used, the player’s date of return was recorded in 83
instances. For the remaining 17 injuries, the player either
did not return before the end of the season or the coach
stopped reporting before the season ended. In these 17
instances, the variable’s value was considered to be cen-
sored, and we recorded the value of this variable to be the
difference between the last day of recording and the date of
injury. These censored data are taken into account in the
time to event analysis.

For each predictor of interest, Kaplan-Meier curves were
constructed displaying the probability a player’s injury
would still cause the player to be unable to participate a
given number of days after the injury occurred. Cox propor-
tional hazards regression was used to fit models predicting
the amount of time a player would lose to an injury. To
determine which model was best in predicting a player’s
time loss, we used forward and backward model selection
techniques at significance levels of .05 and .10. The follow-
ing were possible predictors in the final model: grade,
league type, setting, team, position, injury type, injury
severity, and concussion status. Note that only included
main effects were included as possible predictors. Finally,
for the predictors chosen in the final model, time-dependent
covariates were tested to assess the validity of the propor-
tional hazards assumption.

RESULTS

All 3 leagues had a total of 46,416 exposures where an
injury could have occurred. Of the 46,416 exposures, there
were a total of 128 injuries, representing 121 different
players. The players who were injured ranged from 8 to
13 years of age, with a mean age of 10.6 years and a median
age of 11 years. The overall injury rate was 2.76 injuries per
1000 exposures. Of the 128 injuries, 65 were considered
severe. Of the 65 severe injuries, 33 were classified as con-
cussions. Table 1 presents the number of exposures, inju-
ries, severe injuries, and concussions by league type.

Of the 128 injuries, 54 happened to players on defense
and 74 on offense. Of the 54 defensive injuries, 44 occurred
in the tackle leagues and 10 in the flag league. Of the 74
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offensive injuries, 71 happened in tackle leagues and 3
occurred in the flag league. Of the 128 injures, 37 happened
to lineman and 91 to nonlineman. All 37 injuries to lineman
happened in the tackle leagues. Of the 91 nonlineman inju-
ries, 78 happened in tackle leagues and 13 were in the flag
league.

Overall injury rates, severe injury rates, and concussion
rates were compared between flag and tackle leagues. The
results are shown in Table 2.

Using both forward and backward model selection
techniques, the best model for predicting whether an
injury was severe included only league type as a predic-
tor. The predicted probability that an injury is severe is
presented in Table 3.

The best model for predicting whether an injury pro-
duced a concussion included the predictors setting and
grade. Note all concussions occurred on contact plays, so
this predictor was excluded from analyses. The estimated
probability an injury resulted in a concussion for each com-
bination of grade and setting is presented in Table 4.

Kaplan-Meier curves displaying time loss for each
predictor of interest were created and are displayed in Fig-
ures 1 through 4. Figure 1 compares the number of days a
player from the tackle league sat out due to their injury
versus a player in the flag league. Figure 2 shows the
difference in the amount of time players who had severe
injuries sat out versus players with minor injuries. Figure 3
splits the severe injuries from Figure 2 into severe noncon-
cussed injuries and severe concussion-related injuries.

Figure 4 combines the minor injuries and severe noncon-
cussed injuries to compare concussion injuries to all
nonconcussion-related injuries.

The final analyses determined which predictors were
important in characterizing how long a player’s injury
forced the player to sit out. The best model for predicting
how long a player’s injury caused the player to sit out
included both league type and injury severity. Neither lea-
gue type nor injury severity showed significant deviations

TABLE 1
Exposures and Injuries by League Type

League Type Exposures Total Injuries Severe Injuries Concussions
Injuries per

1000 Exposures
Severe Injuries per

1000 Exposures
Concussions per
1000 Exposures

Tackle 44,164 115 62 30 2.60 1.40 0.68
Flag 2,252 13 3 3 5.77 1.33 1.33

TABLE 2
Comparison of Injury Rates Between League Types

League Type
Response
Variable

Ratio
Estimate 95% CI P Value

Flag vs tackle Injury rate 2.217 1.249, 3.934 .0065
Flag vs tackle Severe injury

rate
0.9489 0.2979, 3.0229 .9293

Flag vs tackle Concussion
rate

1.961 0.5985, 6.4257 .2660

TABLE 3
Estimated Probability an Injury is Severe by League Type

League Type Predicted Probability an Injury is Severe

Tackle .540
Flag .231

TABLE 4
Estimated Probability an Injury Results in a Concussion by

Setting and Grade

Setting ¼ Game Setting ¼ Practice

Grade � fifth 0.254 0.129
Grade � sixth 0.426 0.245

Figure 1. Kaplan-Meier curve stratified by league type.
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from the proportional hazards assumption. Table 5 pro-
vides an estimate of the imminent probability of return
ratio, the 95% CI for the imminent probability of return
ratio, and a corresponding P value.

DISCUSSION

Our first objective was to determine whether flag football
had lower injury rates than youth tackle football. The
injury rate found in the youth flag league is significantly
higher than the injury rate in youth tackle football (P ¼
.0065). Therefore, we reject our initial hypothesis. The
higher injury rate in flag football could be due to a number
of factors. Flag football players do not wear protective
equipment like tackle football players. There are differ-
ences in the mechanics of play. Tackle football has signifi-
cant contact with blocking, but flag football involves
players running and diving for flags. This may also repre-
sent an intrinsic difference between the participants in
youth flag football and the participants in youth tackle
football.

Injury rates measured similar to what had previously
been reported. Other studies found overall injury rates per
1000 exposures ranged from 2 to 17.8 injuries per 1000
exposures.6,12-16,20,21 These studies were predominantly
looking at youth tackle football. The 2.60 injuries per
1000 exposures described in this study is slightly lower

than has been found in similar studies, but our study had
more players and more exposures than other studies. There
is no comparable literature that has evaluated injury rates
in youth flag football.

In comparing the injuries in tackle and flag football, time
to return to play after an injury was much longer in the
tackle leagues than in the flag leagues. This presents a
paradox in trying to determine which league type is ‘‘safer.’’
Tackle football players suffer fewer injuries, but the inju-
ries that do occur result in more lost playing time. There are
countless reasons why a player might sit out longer or
shorter from an injury. However, there were no rules or
other systematic reasons that would have affected this at
the league level. Individual teams can even have different
policies and procedures.

The imminent probability a player will return from an
injury on any day (given he or she has not returned to play
already) is 9.505 times higher for a player in the flag league
than a player in the tackle league (P < .0001) (Table 5). That
is, for a given practice or game, an injured player in the flag
football league is almost 10 times as likely to return to play
than a player in a tackle football league. The imminent
probability a player will return from their injuries is
1.610 times higher for a player whose injuries are minor.
These data serve as an internal control for our model
because we expect players with minor injuries to return
to play more quickly than players with a severe injuries.

Figure 2. Kaplan-Meier curve stratified by injury severity. Figure 3. Kaplan-Meier curve stratified by injury severity and
concussion status.
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Some research shows older players tend to have an
increased injury rate.4,6-8,10,12,14-15,20,22 Not all studies
agree with this assumption.18 The prominent age-related
finding of this study was a conditional risk of concussion by
grade and type of exposure for injured players (Table 4). For
athletes in fifth grade or lower and athletes in sixth grade
or higher, injuries sustained during games were almost
twice as likely to be a concussion than injuries sustained
during practice. Injuries were also more likely to be concus-
sions in older athletes than in younger athletes. Because of
the nature of the data collected, we are not concluding rates
of concussion were higher in games or in older athletes but
rather that among injured youth football players, being
older and playing in a game increases the chances the
injury is a concussion.

The second main objective was to compare the concussion
rates of tackle football and flag football. There was a trend
toward a higher concussion rate in the flag league than in
the tackle leagues, but this result is based on only 3 con-
cussions in the flag league and is not statistically signifi-
cant. Interestingly, despite the fact that flag football is
supposed to be a noncontact sport, all concussions occurred
during contact with another player.

Concussions were also analyzed by looking at the time
to return to play. Players with concussions and those
with severe nonconcussed injuries had a similar propor-
tion of players return to play within 10 days (Figure 3).
However, all concussed players returned to play within
20 days, while not all of the severely injured noncon-
cussed players returned by 20 days. Severely injured
players who were not concussed tended to be less likely
to quickly return from their injuries than players who
had concussions.

For the first 15 days after an injury occurs, a non-
concussed player is more likely to return from an injury
than a concussed player, but after that time, a concussed
player is more likely to return than a nonconcussed player
(Figure 4). This is logical as the majority of players return-
ing the first 15 days would be the nonconcussed players
with minor injuries. After 15 days, most of the remaining
injuries would be in nonconcussed patients with severe
injuries (like a ligament tear or a fracture) that needed
much more time to heal before returning to play.

Limitations

The biggest limitation of this study is that player-specific
variables were only recorded if the player was injured. This
limits the degree to which injury types and severity can be
described by demographic information such as age, sex,
position, and so on. For this reason, analysis of concussion
by grade and setting (Table 4) is limited to the condition of
injury. That is, only the conditional probability of an injury
being a concussion can be reported given that they are
injured, in a specific age range, and participating in a spe-
cific setting. For example, the specific rates of concussion
among fifth grade linemen during practice cannot be
reported because the denominator is unknown (the pool of
athletes who fit this description and can be injured at a
given event). Only the total number of athletes partici-
pating is known and whether they are in the tackle or flag
league.

A second limitation is that this study is dependent on
semivoluntary attendance and injury reporting. Each lea-
gue requires their coaches to collect attendance and report
any injuries to the league. Our partnership with the lea-
gues has made the process easier for the team personnel
than it was before we provided electronic infrastructure,
but there may still be variability between coaches and team
personnel in attendance and injury reporting. Also, ‘‘non-
medical’’ personnel reported the injuries based on who was
designated by the team. Some teams had athletic trainers
who filled out the injury reports, but other coaches and staff
did not have a way of confirming the diagnosis with physi-
cians or athletic trainers.

Figure 4. Kaplan-Meier curve stratified by concussion status.

TABLE 5
Inferential Results for Time Loss Analysis

Predictor
Level of

Predictor

Imminent
Probability

Ratio 95% CI
P

Value

League
type

Flag vs tackle 9.505 3.940, 22.930 <.0001

Injury
severity

Minor vs severe 1.610 1.037, 2.501 .0339
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Another limitation is players and their parents self-
select what league they participate in. Parents of flag foot-
ball players may be concerned about possible injuries and
selected flag football based on personal safety bias. If that is
the case, they may be more inclined to report injuries when
others may not.

Finally, the number of injuries seen in the flag football
league was relatively small, and the number of partici-
pants in the flag league was much smaller than the num-
ber of participants in the tackle leagues. For these
reasons, the comparisons made between leagues are
somewhat limited.

CONCLUSION

Rates of injury in youth football are relatively low. Youth
flag football has a higher injury rate than tackle football. A
significantly different rate of severe injury or concussion
between tackle and flag football was not identified, but
players did return to play more slowly after an injury in
the tackle leagues than they did in the flag league. Further-
more, we cannot conclude that youth flag football is a safer
alternative to youth tackle football. The higher injury rate
in flag football needs to be considered when determining
the relative safety of flag football and tackle football.
Future safety analyses should include looking at injury
rates, severity, type of injury, lost time, and future conse-
quences of injury.
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Abstract

Background:

A recent study found that an earlier age of first exposure (AFE) to
tackle football was associated with long-term neurocognitive
impairment in retired National Football League (NFL) players.

Purpose:

To assess the association between years of exposure to pre–high
school football (PreYOE) and neuroradiological, neurological, and
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neuropsychological outcome measures in a different sample of
retired NFL players.

Study Design:

Cross-sectional study; Level of evidence, 3.

Methods:

Forty-five former NFL players were included in this study. All
participants prospectively completed extensive history taking, a
neurological examination, brain magnetic resonance imaging, and a
comprehensive battery of neuropsychological tests. To measure the
associations between PreYOE and these outcome measures,
multiple regression models were utilized while controlling for several
covariates.

Results:

After applying a Bonferroni correction for multiple comparisons,
none of the neurological, neuroradiological, or neuropsychological
outcome measures yielded a significant relationship with PreYOE. A
second Bonferroni-corrected analysis of a subset of these athletes
with self-reported learning disability yielded no significant
relationships on paper-and-pencil neurocognitive tests but did result
in a significant association between learning disability and
computerized indices of visual motor speed and reaction time.

Conclusion:

The current study failed to replicate the results of a prior study,
which concluded that an earlier AFE to tackle football might result in
long-term neurocognitive deficits. In 45 retired NFL athletes, there
were no associations between PreYOE and neuroradiological,
neurological, and neuropsychological outcome measures.
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Chronic traumatic encephalopathy in sports: a historical and
narrative review
Gary Solomon

Department of Neurological Surgery, Vanderbilt Sports Concussion Center, Vanderbilt University School of Medicine,
Nashville, Tennessee, USA

ABSTRACT
My objectives are to review: 1) a brief history of sport-related concussion
(SRC) and chronic traumatic encephalopathy (CTE), 2) the evolution of CTE
in American professional football, 3) the data regarding SRC/CTE as they
relate to depression and suicide, 4) the data on the neurocognitive effects
of subconcussion/repetitive head trauma (with emphases on heading the
ball in soccer and early exposure to football), 5) the evidence related to SRC
and neurodegenerative diseases, 6) the published studies of CTE, 7) the
NINDS neuropathological criteria for CTE, 8) public beliefs about SRC/CTE,
and 9) the scientific questions regarding CTE.

A brief history of SRC and CTE

Concern about the long-term effects of SRC has been voiced for >110 years. In 1906, Harvard team
physicians Nichols and Smith (1906) published a paper in the Boston Medical and Surgical Journal
detailing the injuries sustained by the members of the Harvard football team. Regarding cerebral
concussion, the authors concluded “Our own experience with the aftereffects of the cases is not
sufficient for us to draw any definite conclusions, but from conversation with various neurologists,
we have obtained very various opinions in regard to the possibility of serious aftereffects.” Shortly
thereafter, an editorial was published in the Journal of the American Medical Association (1906):
“Perhaps the most serious feature of these accidents is the number of concussions of the brain
reported. . . At the present time no one is ready to say whether concussion of the brain may or may
not have serious consequences in after life.” The concern about head, neck, and spine injuries in
collegiate sports in 1905 led President Theodore Roosevelt to establish what would become the
National Collegiate Athletic Association. These early 20th century events have been termed “The
first concussion crisis” (Harrison, 2014).

In June of 1927, Osnato and Giliberti presented a paper at the Fifty-Second Annual Meeting of
the American Neurological Association on “Postconcussion Neurosis-Traumatic Encephalitis” and
concluded “Anatomic and clinical investigations seem to show definitely that our conception of
concussion of the brain must be modified. It is no longer possible to say that ‘concussion is an
essentially transient state which does not comprise any evidence of structural cerebral injury.’ Not
only is there actual cerebral injury in cases of concussion but in a few instances complete resolution
does not occur, and there is a strong likelihood that secondary degenerative changes develop.” The
next year Harrison Martland (1928) published his now famous paper in the Journal of the American
Medical Association titled “Punch Drunk,” detailing a “list of fighters known by one promotor to be
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punch drunk.” In his paper Martland detailed the neurocognitive and neurobehavioral status of 23
professional boxers.

In the 1940s, Denny-Brown and Russell (1941) began laboratory experimentation with rats using
a percussion device to study concussion. They theorized that the effect of cerebral concussion was
due to effects at the level of the individual neuron. Sir Charles Symonds (1962), a British neurologist,
also theorized that the effect of cerebral concussion was due to stretching or compression of neurons
and/or neural fibers.

In the 1960s in the US, several professional boxers began prolific careers and endured remarkable
amounts of exposure to repetitive brain trauma. Three noted boxers in particular went on to develop
early onset dementias. Jerry Quarry became a professional in May of 1965 and fought in 14 bouts
that year alone, including 3 in the month of June. Quarry ultimately fought in 66 bouts, boxed 419
rounds, and his opponents included Floyd Patterson, Joe Frazier, and Muhammad Ali. Quarry was
diagnosed with dementia at age 47 and died at age 53. Jimmy Young fought in 56 bouts, boxed 447
rounds, was a sparring partner for Ali and George Foreman, and fought Ali, Foreman, and Ken
Norton; Young died at age 56 with dementia. Finally, Jimmy Ellis fought in 53 bouts, boxed 342
rounds, and fought Quarry, Patterson, Frazier, and Ali. Ellis died at 63 with dementia. It is possible
that boxers may be in a category of their own among professional athletes when it comes to head
impacts incurred.

Roberts (1969) published a book detailing the prevalence of traumatic encephalopathy among ex-
professional boxers in Britain. This was the first large study examining the clinical features of CTE in
living subjects. From a list of 16,781 retired boxers, Roberts selected an age-stratified random sample
of 250; he located and clinically examined 224 of these men. He concluded that 17% of the total
sample had the syndrome (11% had a mild form; 6% had a severe form). For boxers over the age of
50 who had 150+ fights, 50% had the syndrome compared to 7% who had fewer than 50 fights. He
wrote that the syndrome typically seemed stable, with some possible gradual age-related worsening.
Clinical worsening of a Parkinsonian-like syndrome was noted in a very small number of subjects.

Corsellis and colleagues (Corsellis, Bruton, & Freeman-Browne, 1973) performed autopsies on 15
boxers and delineated 4 neuropathological features of CTE: 1) Abnormalities of the septum pellu-
cidum (cavum, fenestrations), 2) Cerebellar scarring on the inferior surface of the lateral lobes
(especially the tonsillar regions), 3) Degeneration of the substantia nigra, and 4) Widespread
neurofibrillary tangles in the cerebral cortex and brainstem (comprised of hyperphosphorylated
tau). These 4 criteria were originally determined via consensual validation to be the hallmark
neuropathological criteria for CTE. It should be noted, however, that Roberts, Allsop, and Bruton
(1990) re-examined the brains from the Corsellis series and discovered, using improved immuno-
histochemistry techniques, that nearly all had extensive beta amyloid deposition similar to what is
seen in Alzheimer’s disease (AD).

Further experimental studies of concussion occurred in the 1970s. Neurosurgeons Ommaya and
Gennarelli (1974) subjected primates to concussive forces in controlled experimental settings. This
landmark study identified diffuse axonal injury in the brains of the sacrificed monkeys, and led
ultimately to the legal requirement for automobile seat belt use in the US. Ommaya and Gennarelli
(1974) concluded “Cerebral concussion is a graded set of clinical syndromes following head injury
wherein increasing severity of disturbance in level and content of consciousness is caused by
mechanically induced strains affecting the brain in a centripetal sequence of disruptive effect on
structure and function. The effects of this sequence always begin at the surface of the brain in the
mild cases and extend inwards to affect the diencephalic-mesencephalic core at the most severe levels
of trauma.”

Clinical neuroscientists expanded the interest in concussion beginning in the 1970s. The influence
of clinical neuropsychology in concussion was first championed by the efforts of Harvey Levin
(1979); his efforts continue to this day. Sports neuropsychology became a specialty through the
pioneering efforts of Jeff Barth (with the Sports as Laboratory Assessment Model at the University of
Virginia) in the 1980s and Mark Lovell with the 1993 Pittsburgh Steelers neurocognitive testing
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program. Sports neurology was an early medical contributor to concussion in boxing, highlighted by
Casson and colleagues’ (1984) seminal study of brain damage in boxers (using EEG, head CT, and
neuropsychological testing), and the Jordan and colleagues’ (1997) study of the interactive effects of
boxing exposure and the apolipoprotein E ε4 gene in the manifestation of chronic traumatic brain
injury.

Until the 21st century, all cases of CTE were boxing-related. In (2005), Omalu and associates
published the first case of CTE in a professional football player. In (2005), Guskiewicz and colleague
published the results of a survey study of retired NFL players that indicated a relationship between
recurrent concussion and late-life cognitive impairment. Omalu and colleagues followed with a
second case of CTE in a retired professional football player in (2006). In 2007 Boston University
partnered with the Sports Legacy Institute (now known as the Concussion Legacy Foundation) to
create the Boston University Center for the Study of Traumatic Encephalopathy; their first case series
was published in 2009 (McKee et al., 2009). Omalu’s group published their third and fourth CTE
cases (professional football player and professional wrestler) in 2010 (Omalu, Fitzsimmons,
Hammers, & Bailes, 2010a; Omalu, Hamilton, Kamboh, DeKosky, & Bailes, 2010b).

In 2011, the lawsuits related to SRC began, and defendants have included the National Football
League, National Hockey League, National Collegiate Athletic Association, Canadian Football
League, Pop Warner Football, individual high schools and colleges, and others. Although many
suits have been settled, others remain active.

Since the publication of the study of Harvard football players in 1906, concern about SRC has
been an active and major clinical concern. Since 1928 the long-term effects of SRC have been
discussed. The nomenclature of the adverse long-term effects of SRC are included in Table 1.

We have been concerned about SRC and CTE for over a century. It is safe to conclude that the
beginning of the 21st century heralded the arrival of the second American concussion crisis.

The evolution of CTE in American professional football

In 1993, several events occurred that gained the attention of the NFL. One event was the case of
running back Merril Hoge, who sustained a concussion and later filed suit claiming that his injury
was not treated appropriately. The second event was the case of Al Toon, a wide receiver who
sustained concussions and reportedly cited post-traumatic migraines as the reason for his medical
retirement. The third event was the case of Mike Tomczak, a quarterback for the Steelers. As the
story is told, Tomczak sustained a concussion and was evaluated by Joe Maroon, the Steelers’
neurosurgeon. Maroon diagnosed Tomczak with a concussion and in accordance with the protocol
at the time, informed Steelers’ Coach Chuck Knoll that Tomczak would probably be restricted from
play for a week. Over the next few days Knoll became of the opinion that Tomczak had recovered
from the concussion and had returned to baseline, and questioned Maroon about clearing Tomczak
to play. Maroon, in an effort to obtain data to resolve the clinical question, decided to consult
neuropsychologist Mark Lovell for formal neuropsychological assessment of Tomczak’s cognitive

Table 1. Historical terms used in the description of the long-term adverse effects of repeated sport-related head trauma.

Punch-Drunk Syndrome (Martland, 1928)
Traumatic Encephalopathy (Parker, 1934)
Dementia Pugilistica (Millspaugh, 1937)
Chronic Traumatic Encephalopathy (Bowman & Blau, 1940)
Chronic Traumatic Encephalopathy (Critchley, 1949)
Psychopathic Deterioration of Pugilists (Courville, 1962)
Boxer’s Encephalopathy (Lacava, 1963)
Chronic Traumatic Encephalopathy (Miller, 1966)
Traumatic Encephalopathy (Roberts, 1969)
Chronic Traumatic Brain Injury (Jordan et al., 1997)
Chronic Traumatic Encephalopathy (Omalu et al., 2005)
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status. Thus, it was an NFL head coach who initially spurred the use of neuropsychological tests in
the clinical assessment of neurocognitive functioning in concussed players. This eventually led the
NFL Charities to fund Mark Lovell’s proposal for an experimental baseline neuropsychological
testing program for the Steelers.

Shortly thereafter, NFL Commissioner Paul Tagliabue assembled a multidisciplinary committee to
study concussion. The Mild Traumatic Brain Injury Committee (mTBI) was established, and
consisted of Elliot Pellman (Chair; sports medicine), David Viano (Biomechanical engineering),
Andrew Tucker (Orthopedic sport medicine), Mark Lovell (Neuropsychology), Ira Casson
(Neurology), Joe Waeckerle (Emergency medicine), John Powell (Athletic training), Henry Feuer
(Neurosurgery), and Cynthia Arfken (Biostatistics). The mTBI Committee embarked on a 5-year
voluntary clinical research program (1996–2001) utilizing: 1) a standard definition of concussion, 2)
baseline and post-concussion cognitive testing, and 3) standardized forms to codify injury specifics. I
was involved in collecting data for this study (Tennessee Titans) from 1999–2001.

Based on the data collected during the 5-year study, the mTBI Committee published 16 manu-
scripts from 2003–2009 in the journal Neurosurgery. The studies were introduced in 2003 with
editorials written by Paul Tagliabue (2003) and Elliot Pellman (2003) and the first five articles
reported on biomechanical impact reconstruction, location of hits, epidemiology, repeat injuries, and
injuries requiring 7+ days out. It was the sixth article, which detailed the results of the neuropsy-
chological testing, which became the center of a controversy that remains ongoing. Pellman et al.
(2004a) reported that the neuropsychological test scores of players sustaining three or more
concussions did not differ significantly from either those players who had fewer than three concus-
sions or with the average league-wide scores. The authors concluded that mild traumatic brain injury
resolved quickly in this population, and that irrespective of concussion history, a return to baseline
neurocognitive status was the rule among NFL players. This finding seemed to be at odds with other
studies being published at that time, which suggested otherwise.

This finding became even more controversial the following year, when Omalu and colleagues
(2005) published the first case of chronic traumatic encephalopathy in a retired NFL player (Mike
Webster). Interestingly, this case was published in the same journal as the NFL concussion studies.
Also, at the same time Guskiewicz and associates (2005) published a study on the association
between recurrent concussion and late-life cognitive impairment in retired professional football
players (also in the same journal). This study, which will be detailed critically later in this paper,
found that “. . .the onset of dementia-related syndromes may be initiated by repetitive cerebral
concussions in retired professional football players.”

The following year Omalu and colleagues published the second case of CTE (Omalu et al., 2006),
and Chris Nowinski (2006) published a book titled “Head Games: Football’s Concussion Crisis.”
Nowinski, an ex-Harvard football player, had gone on to a career as a professional wrestler in the
WWE (Chris Harvard) after graduation from college, and it is reported that he had to retire
medically due to symptoms consistent with post-concussion syndrome, sustained either in wrestling
and/or football. He was treated by renowned neurosurgeon Robert Cantu. Finally, in December of
2006, the estate of Mike Webster was awarded disability benefits. In tandem with the Merril Hoge
case, these events set the early precedents for financial compensation due to SRC injury.

In 2007 the NFL introduced “The 88 Plan,” which was designed for retired NFL players who were
diagnosed with dementia. The 88 Plan was named for John Mackey, a retired Baltimore Colts tight
end who was diagnosed with frontotemporal dementia in his 50s and died in 2016. The 88 Plan
offered eligible recipients $50,000 per year for home care and $88,000 per year for institutional care.
The 88 Plan remains in effect.

The following year Bennet Omalu (2008) published a book titled “Play Hard, Die Young.” For the
treatment of concussion, Omalu had recommended “99-days” of rest (and the avoidance of neu-
ropsychological testing during the 99-days post-injury due to the reported risk of brain damage) and
treatment with lithium carbonate. This was followed in 2009 by the state of Washington passing the
“Zachary Lydstedt Law.” Lydstedt was a high school football player who suffered concussions in
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football games and may have had Second Impact Syndrome. Lystedt was treated by Richard
Ellenbogen, a neurosurgeon who would later become co-chair of the NFL Head, Neck and Spine
Committee, the successor in 2010 to the NFL’s mTBI Committee. The Lydstedt law basically
mandated medical evaluation and clearance by a health care professional after a diagnosed SRC,
and also required educational instruction in concussion for coaches, parents, and athletes. Within
the next 6–7 years, all states in the USA had passed a similar law governing the care of SRC in
student-athletes.

Later in 2009, members of the NFL and NFLPA (Players Association) were called to testify before
the House Judiciary Committee. As reported by Alan Schwarz, a writer for the New York Times, the
NFL was “scolded” over the treatment of its players with SRC. Within 6 weeks, the NFL issued the
“Madden Rule,” which prohibited same-day return to play after a concussion in the NFL.

The next year (2010) was pivotal in the evolution of SRC and CTE in American professional
football. The NFL announced the donation of $1 million to the Boston University Center for the
Study of Traumatic Encephalopathy. Omalu and colleagues (Omalu et al., 2010a, 2010b) published
two additional cases of CTE. The first case was Andre Waters, a retired NFL player, who died of a
self-inflicted gunshot wound. The second was David Benoit, a professional wrestler who committed
homicide and then suicide via strangulation and overdose. The high levels of testosterone, alprazo-
lam, and anabolic steroids found in Benoit’s autopsy were deemed inconsequential in his death, and
both Benoit and Waters were diagnosed with CTE. Of note in the second publication (2010a) was
the presence of attorney Robert Fitzsimmons as an author of the paper. This may have been the first
instance of a published paper on CTE with an attorney as an author.

The NFL disbanded the mTBI Committee in 2010 and co-chairpersons Ira Casson and David
Viano resigned, along with Elliot Pellman, the initial chair of the mTBI Committee. The Committee
was reconstituted as the Head, Neck and Spine Committee, with neurosurgeons Rich Ellenbogen and
Hunt Batjer as co-chairpersons. In June of 2010 the NFL held a conference at Johns Hopkins
University titled “Traumatic Brain Injury in Professional Football: An Evidence- Based Perspective.”
Attendance at the meeting was mandatory for all team physicians, athletic trainers, and neuropsy-
chologists. The upshot of the meeting was that the faculty at Johns Hopkins concluded that virtually
none of the research to date (with the exception of the acute

neurocognitive effects of concussion, and the efficacy of neurocognitive testing in its assessment)
met Class 1 evidence-based criteria. In effect, virtually all of the research conducted by the NFL
mTBI Committee became null and void. The slate had been wiped clean, and the NFL distanced
itself from the mTBI Committee, its members, and its research. The next day, Ira Casson published a
paper (Casson, 2010) and wrote “The public has been led to believe that dementia and depression are
frequent and an inevitable consequence of a career in professional football. . . This false fact implies
that retired NFL players are somehow immune to the multiple risk factors and diseases that are
associated with dementia and depression in the general population.” Dr. Casson had to resign from
the mTBI Committee, and many thought that his comments were simply sour grapes.

I was feeling a bit confused at this point. I had done my dissertation on closed head injury
(Solomon, 1983) and had evaluated and treated patients in my clinical practice for over 25 years. My
dissertation advisor, Professor Roger Greene, used to wisely say that when you are feeling confused
about the literature, it is wise to go back and re-read the original papers, as you will often find that
you do not know what you think you knew.

Two colleagues and I (Solomon, Ott, & Lovell, 2011) reviewed the literature and concluded that
based on the literature reviewed that “adverse long-term neurocognitive effects of concussive injury
have been demonstrated empirically in professional boxers only.” Many wondered how we could
have arrived at that conclusion.

We reviewed closely the paper by Guskiewicz and colleagues (2005) regarding long-term adverse
effects in retired NFL players, as this was the paper purporting to demonstrate empirically a
relationship between concussions and later life cognitive impairment. In the Guskiewicz et al.
study, the SF-36 Health Survey, an index of health, well-being, and activities of daily living, was
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sent to 3,683 living members of the National Football League’s Retired Player’s Association. A total
of 2,552 responded, yielding a response rate of 69.3%. 1,513 (60.8%) reported having sustained at
least 1 concussion during their professional playing career, and 597 (24%) reported sustaining 3 or
more concussions. Around 17.6% of those sustaining a concussion believed that the concussion had
a permanent effect on their thinking and memory skills (remember, this was pre-lawsuits).
Guskiewicz et al. (2005) focused on the “mental health” component score (MCS), which includes
scores of vitality, social functioning, role emotional, and mental health. The results indicated that
MCS scores on the SF-36 for the NFL retirees aged 50 years and older were similar to those of the
general population for all age groups. However, when grouped according to the number of reported
concussions, the MCS scores of the retired players with 3 or more concussions were worse than those
with 0, 1, or 2 concussions, p < .001.

It is important to note that the MCS contains 5 items. The mean difference among groups was
2–4 points, with n = 2,552. The standard deviations of the MCS scores ranged from 8.50 to 11.26.
Although the mean group differences were statistically significant, the question arises as to whether
this 2–4 point mean difference is of any clinical, functional, or practical significance. The authors
interpreted this finding as evidence of a “progressive decline in mental health functioning” (p. 722).
This study did not include actual neurocognitive or psychological testing.

Four months later a second survey focusing on memory and issues related to Mild Cognitive
Impairment (MCI) was sent by Guskiewicz et al. (2005) to a subset of 1,754 NFL retirees aged
50 years or older, with a copy sent to the player’s informant, defined as a spouse or close relative.
MCI and memory questionnaire data were available for 758 players and from 641 spouses/infor-
mants. Guskiewicz et al. (2005) reported that retired players with three or more self-reported
concussions had a fivefold prevalence of MCI diagnosis and a threefold prevalence of reported
significant memory problems compared with retirees without a history of concussion.

What is the prevalence of MCI in the general population? According to Petersen (2011), the
estimated prevalence of MCI among patients age 65 and older is 10%–20%. In the Guskiewicz et al.
(2005) study there were 22 cases of physician-diagnosed MCI among the retirees (3 cases involving
CVA) and 77 cases who had significant memory impairment based on informant data. Although
percentages were not reported by Guskiewicz et al. (2005) we calculated a rate of physician diagnosed
MCI at 2.9% among retiree-reported data (22/758), and a rate of 12.01% (77/641) based on the
informant data. Although the average age of the NFL retirees in this study was slightly less than the
Peterson age range, the obtained rates are essentially equal to or less than population prevalence values.

The Guskiewicz study(2005), although landmark in nature and an important initial step, has been
held to be the definitive study (and empirical proof) of the relationship between concussions in
football and cognitive decline later in life. The Guskiewicz conclusion is debatable.

Concussions, psychiatric illness, suicide, and CTE

Psychiatric epidemiology

In 2009 the CDC reported on the average number of “mentally unhealthy days” experienced by
adults during the past month (Decker, 2015). The CDC found that males reported an average of
2.9 days (95% CI = 2.8–3.1) while females reported an average of 4.0 days (95% CI = 3.9–4.1).
Therefore, the base rate of mentally unhealthy days in the adult population is about 10%. The CDC
reported that Olfson, Kroenke, Wang, and Blanco (2014) noted that approximately 10% of insured
adult Americans annually had consulted a psychiatrist, psychologist, clinical social worker, or a
psychiatric nurse practitioner, and in the following year, the CDC reported (Prevention, 2015) that
approximately 30% of all office visits to a primary care physician included a psychiatric diagnosis. So
if we sum the mentally unhealthy days (10%), those receiving dedicated psychiatric treatment (10%),
and those seeing a primary care physician and receiving a psychiatric diagnosis (>30%), we find that
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>50% of the population is struggling. We can safely conclude that psychiatric symptoms are
common in American adults.

Depression in athletes

The evidence related to depression in athletes is limited but expanding. A review by Wolanin and
colleagues (2015) estimated the prevalence of depression in athletes at 15.6%–21%, while Rice et al.
(2016) estimated the rate of depression to be similar to the general population. Gulliver et al.
(Gulliver, Griffiths, Mackinnon, Batterham, & Stanimirovic, 2015) surveyed 244 elite Australian
athletes (about half female and an average age of approximately 25 years), and based on established
psychometric screening measures, reported a rate of 27.2% for depression, 22.8% for eating disorder,
14.7% for social anxiety disorder, 7.1% for generalized anxiety disorder, and 4.5% for panic disorder.
The authors concluded that “The level of symptoms of mental health problems reported by elite
athletes appears similar to that observed in the community.” Junge and Feddermann-Demont
(2016), in a survey study of Swiss First League women’s (n = 10), men’s (n = 9), and Under 21
(n = 4) soccer teams, and using psychometric screening instruments, found “Mild to moderate
depression” in 33 (7.6%) and “Major Depression” in 13 (3.0%), “At least moderate anxiety disorder”
in 6 (1.4%), and concluded that when compared to general population, the prevalence of depression
was similar, and anxiety was significantly less frequent. Beable and colleagues (2017), in a study of
187 High Performance Sport New Zealand program athletes, found that 21% (n = 39) of participants
reported symptoms consistent with depression and two of the 39 were taking prescribed antide-
pressants. Finally, a comparative meta-analysis of 5 studies of 1,545 “High performance,” elite
(competitive, world class, Olympian) international athletes vs. 1,811 non-athletes found no differ-
ence in endorsement of depressive symptoms (Gorczynski, Coyle, & Gibson, 2017). Importantly,
Gorczynski et al. (2017) called for moving beyond the use of psychometric screening instruments
toward clinicallybased diagnoses by mental health professionals.

To date, studies of psychiatric illness in athletes at various levels of competition are limited and
have relied largely on the use of psychometric screening instruments. However, the studies indicate
that the prevalence of depression in athletes is equal to or may be slightly higher than the general
population, but there is no evidence at present to indicate that this is due to concussions or
subconcussive injury. Based on the literature reviewed, it appears safe to conclude that depression
exists in athletes.

Depression in retired NFL athletes

Guskiewicz and colleagues (Guskiewicz et al., 2007), in a survey study of retired NFL players, found
that athletes reporting 1–2 concussions were 1.5x more likely (prevalence ratio = 1.48, 95%
CI = 1.08–2.02) to report a diagnosis of depression than those with no concussion. Retired athletes
reporting ≥3 or more concussions during professional football were 3x more likely (prevalence
ratio = 3.1, 95% CI = 2.3–4.1) to report a diagnosis of depression. In a follow-up study, Kerr et al.
(2012) reported that the 9-year risk of a depression diagnosis increased with an increasing number of
self-reported concussions, ranging from 3.0% in the ‘‘no concussions’’ group to 26.8% in the ‘’10+’’
group (linear trend; p < .001). A strong dose-response relationship was observed even after control-
ling for confounders.

More recent studies of NFL retirees have progressed from survey results to the inclusion of
psychometric testing. Didehbani and associates (2013) compared 30 retired NFL players with a
history of concussion with 29 age- and IQ-matched controls with no history of concussion and
found that 5 of the 29 had BDI scores consistent with depression (17.24%). Further, they found a
significant correlation between the number of lifetime concussions and depression symptom severity
on the BDI-II, which led the authors to conclude that the number of self-reported concussions may
be related to later depressive symptomatology. However, a more detailed analysis of the BDI-II
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scores revealed mean scores of 8.80 (SD = 8.83) and 2.83 (SD = 3.95) in the retiree and control
groups, respectively. According to Beck et al. (1996), these scores are consistent with the “minimal”
range (0–13), and do not approximate the score of 14–19, which would suggest “mild depression.”

Casson and colleagues (2014) conducted a multi-modal (neuroradiological, neurological, and
neuropsychological) assessment of 45 NFL retirees. They reported that 33% of the retirees had a BDI
score of ≥14 (yielding a 33% rate of depression), while a BDI score of ≥20 yielded a 13.33% rate of
depression. Using the Hamilton Depression Rating Scale, Coughlin et al. (2015) found a rate of 18%
of mild depression in 11 NFL retirees.

Vos, Nieuwenhuijsen, and Sluiter (2017), in reviewing studies relating to depression as a con-
sequence of concussion in retired professional football players, concluded that 5 of the 9 studies that
met their inclusion criteria yielded evidence of a positive relationship between concussion and later
life depression. The five studies included the survey studies by Guskiewicz et al. (2007) and Kerr
et al. (2012), and the Didehbani et al. (2013) study, all discussed above. The other two studies with
positive findings included a case report by Omalu et al. (2010b) and a case series report by Amen
et al. (2011). Vos et al. (2017) concluded that these studies revealed “strong evidence” that concus-
sions were associated with late-life depression. This conclusion is debatable, as there appears to be
two matters here: 1) the correlation between number of prior self-reported concussions and scores
on the BDI, which appears to have empirical support, and 2) whether the BDI scores are indicative of
depression. To date, the second notion is not definitively supported by the published data.

I do not doubt that there is depression in retired pro football players. However, the available
empirical data, limited as it may be, suggests that athletes and retired pro football players have the
same prevalence of depression when compared with the general population. And further, the matter
is more complicated. No studies have addressed the prevalence of anxiety and bipolar disorders in
retired football players.

Psychiatric illness in concussed and non-concussed athletes

Over 4 decades ago George Engel (1977) proposed the biopsychosocial model, an enhanced medical
model of illness. Mike McCrea, in a presentation at the Sports Neuropsychology Society (2016)
refined Engel’s concept and introduced the neurobiopsychosocial model for mild TBI. Colloquially,
this model is synonymous with the phrase “What do you bring to the table?”, and in the context of
SRC, I would add the questions: 1) what is the table made of, 2) where does the table live, and 3) who
else sits at the table? I believe that these questions are crucial in appreciating an individual’s response
to a SRC.

Multiple studies have shown that athletes with behavioral health symptoms or psychiatric
disorders differ on baseline neurocognitive indices. Bailey and colleagues (2010) assessed 47
Division I football players, ages 17–19 with the Concussion Resolution Index (CRI; a computerized
neurocognitive test) and the Personality Assessment Inventory (PAI; Morey & Ambani, 2008), a
measure of psychopathology. Bailey et al. reported that 32%–55% of the student-athletes endorsed
symptoms of psychological distress at baseline on the PAI, and that the scores of student-athletes
who endorsed symptoms of anxiety, depression, substance misuse, or suicidal ideas were correlated
with CRI indexes (r2 = 0.23–0.30). Participants acknowledging suicidal thoughts (n = 7; 14.89%) had
significantly lower CRI simple and complex reaction time scores, with a trend also noted for
Processing Speed (p = .10). Covassin, Elbin, Larson, and Kontos (2012) evaluated 1,616 athletes
(837 collegiate and 779 high school) from 3 states who were participating in a variety of sports. At
baseline, student-athletes who had higher scores on the Center for Epidemiological Study-
Depression (CES-D) scale had greater symptom endorsement and poorer ImPACT (a computerized
test developed specifically for the assessment of neurocognitive functions in SRC; Iverson, Lovell, &
Collins, 2005) Visual Memory scores. Yengo-Kahn and Solomon (2015) evaluated the ImPACT
protocols from a deidentified data base of student-athletes ages 13–24, matched with controls based
on sex, age, BMI, & concussion history. Athletes who report being prescribed psychostimulants
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displayed significantly lower visual motor speed scores (32.8 vs. 37.1, p = 0.03) and slower reaction
times (0.65 vs. 0.60, p = 0.04) than matched (1:3 ratio) controls. Athletes who report being prescribed
antidepressants displayed significantly faster reaction times (0.58 vs. 0.61, p = 0.03) than matched
(1:2 ratio) controls. Moreover, athletes with a self-reported history of depression and/or anxiety, not
treated currently with psychotropics, displayed significantly lower visual memory (70.4 vs. 75.2,
p = 0.01) and higher symptom scores (8.83 vs. 4.72, p = 0.005) than matched (1:2 ratio) controls.
Finally, Iverson et al. (2015) reviewed the baseline ImPACT protocols of 31,958 high school athletes
in the state of Maine (2009–2013), and found that 19% of boys and 28% of girls endorsed a baseline
level of symptom burden consistent with an ICD-10 diagnosis of postconcussion syndrome (PCS).
Independent predictors of symptom endorsement for boys included prior psychiatric diagnosis and
migraine headache, while for girls, the predictors included prior psychiatric diagnosis, history of
substance abuse, and ADHD. Remarkably, concussion history was the weakest predictor of symptom
endorsement for both sexes.

Similar findings have been noted after a SRC. Yang, Peek-Asa, Covassin, and Torner (2015)
conducted a prospective cohort study of 67 athletes from 9 sports teams at two Big Ten universities
from the 2007–2008 through 2011–2012 seasons. The CES-D and the State-Trait Anxiety Inventory
(STAI; Spielberger, Gorsuch, Lushene, Vagg, & Jacobs, 1970) were administered at baseline.
Concussed athletes who were positive for symptoms of depression at baseline were: a) 4.59x more
likely (95% CI = 1.25–16.89) to experience depressive symptoms, and b) 3.40x more likely (95%
CI = 1.11–10.49) to experience state anxiety post-injury. Morgan et al. (2015) retrospectively
identified 40 PCS patients (defined as symptoms lasting ≥3 months) and matched them by age at
injury and sex to controls on a 1:2 basis (controls had symptom resolution ≤3 weeks). They found
that PCS was not predicted by race, insurance status, BMI, sport, helmet use, medication use, or
specific symptom endorsement, and that PCS patients were more likely than controls to have a
concussion history, premorbid mood disorder, other psychiatric illness, or significant psychosocial
stress. Other factors related to PCS development were family history of mood disorder, other
psychiatric illness, and migraine headache. Similar findings have been reported in a Canadian
sample; Ellis and colleagues (2015) reported that 20 of 174 (11.5%) of the pediatric patients with a
SRC qualified for a novel psychiatric diagnosis (based on symptom checklist scores and clinical
evaluation by a neurosurgeon). Of these 20 patients, 10 (50%) had a pre-injury psychiatric history, 8
(40%) had a family history of psychiatric illness, and 12 (60%) reported significant psychosocial
stress. Risk factors included female sex, higher baseline total symptom score, higher baseline
emotional symptom score (sadness, irritability, nervousness, more emotional), presence of pre-injury
psychiatric illness, and family history of psychiatric illness. There was one completed suicide, and
that patient had a history of prior suicide attempt and psychiatric hospitalization.

Although the data remain limited, an initial synthesis suggests: 1) athletes differ in the degree of
psychiatric symptoms at baseline, and gender may be relevant, 2) athletes have at least the same rate
of depressive symptoms as the general population, 3) athletes may have biopsychosocially influenced
responses to concussion that may include depressive symptoms, and 4) personal, contextual, and
family genetic factors (including migraine and psychiatric illness) are relevant.

SRC and suicide

Over the past several years, at least 4 professional football players (Dave Duerson, Ray Easterling,
Junior Seau, Jovan Belcher) have committed suicide. Duerson and Seau died via GSW to the chest,
apparently in an attempt to spare their brains for postmortem study. Other collegiate and profes-
sional athletes (football, wrestling, hockey) have committed suicide andhave been diagnosed with
CTE. Suicides have occurred among collegiate and high school athletes, with sport-related concus-
sions/CTE claimed as the cause.

The facts about suicide are quite sobering. Unfortunately, suicide is a very common occur-
rence. According to the CDC (2015), in 2013, 41,149 suicides were reported, making suicide the
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10th leading cause of death for Americans (113 per day). It has been estimated that one physician
dies by suicide each day in the USA (Rockett & Caine, 2015). The rate of suicide has increased in
the USA from 2001–2015 (CDC, 2017), including increased rates among civilians (Sullivan,
Annest, Luo, Simon, & Dahlberg, 2013), members of the military (Trofimovich, Skopp, Luxton,
& Reger, 2012), males and females (Center for Disease Control and Preventions (CDC), 2017),
and middle school children and adolescents (CDC, 2016). People in the USA are now more likely
to die from suicide than motor vehicle collisions (Rockett et al., 2012). Suicide occurs more
frequently than homicide every day of the week, and suicide occurs more frequently than deaths
from motor vehicle collisions every weekday but not on weekends (Center for Disease Control
and Preventions (CDC), 2017).

The triad of risk factors for suicide includes prior attempt, psychiatric illness, and substance
abuse. We know that athletes are not immune from depression or psychiatric illness. Do athletes
abuse drugs? Cottler, Abdallah, Cummings, et al. (2011) reported a telephone survey of 644 retired
NFL players from the 2009 Retired NFLPA directory conducted from March-August, 2010. With a
53.4% completion rate, they found that: a) 52% used opioids during their NFL career, b) 71%
admitted to misuse, and c) that the prevalence of current opioid abuse was 7%, which was reported
by Cottler et al. (2011) to be 3 times the rate of the general population. This is of particular interest,
as we will later discuss the data indicating that opiate abuse is a cause of p-tau deposition. Further, a
survey study by Horn, Gregory, and Guskiewicz (2009) found that 9.1% of NFL retirees reported
using anabolic-androgenic steroids during their professional playing career. This, too is relevant
because animal studies have demonstrated exacerbated axonal injury and microgliosis in mice
treated with anabolic-androgenic steroids, indicating that exposure to such substances can alter
neuronal and innate immune responses to concussion (Namjoshi et al., 2016).

The suicide rate among retired NFL players has been addressed in two studies. Baron, Hein,
Lehman et al. (2012), in a study of cardiovascular-related mortality, found that the rates of death due
to suicide (and violence) in NFL players were 41.3% lower than the general population. In a follow-
up study, Lehman, Hein, and Gersic (2016) assessed 3,439 retired NFL players (with ≥5 credited
playing seasons) and found that the rate of suicide among the retirees was 47% less than expected
when compared with population values.

Among college students, suicide represents the third leading cause of death among college-age
individuals and the second leading cause of death among college students (McIntosh & Drapeau,
2014). What is the rate of suicide among collegiate student-athletes? Rao, Asif, Drezner, Toresdahl,
and Harmon (2015) assessed a 9-year study period of Divisions I, II, and III collegiate student-
athletes and found 35 suicides out of 477 student-athlete deaths (7.3%). The incidence of suicide was
higher in males (82.9%) and in African Americans. The highest suicide rate occurred in men’s
football, with the relative risk of suicide being 2.2 > vs. other male, non-football athletes. After
football, the highest risk sports for suicide were soccer, track/cross-country, baseball, and swimming.
Overall, the suicide rate of NCAA athletes was lower than the general and collegiate populations of
similar age. Concussion history was not assessed in this study.

A study published in the Canadian Medical Association Journal (Fralick, Thiruchelvam, Tien, &
Redelmeier, 2016) reported a longitudinal cohort analysis of adults in Ontario, Canada from
1992–2012. The authors found that the long-term risk of suicide in those with a history of
concussion was three times higher than the population norm, and even higher if the concussion
occurred on a weekend. However, when adjusting for male sex, low SES, history of suicide attempt,
substance abuse, and prior psychiatric diagnoses, the risk dropped considerably from 3x higher to
1.27 (95% CI 1.06–1.53). Thus, it appears critical to account for multiple modifying (host) factors in
assessing the relationship between concussion and suicidality.

Although suicidality has been purported to be a neurobehavioral correlate of CTE, the relation-
ship between CTE and suicidality has been questioned in multiple studies (Iverson, 2014, 2016;
Webner & Iverson, 2016; Wortzel, Shura, & Brenner, 2013). Overall, the empirical data do not
support a direct, causal relationship between concussions/CTE and suicidal behaviors.
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The long-term effects of sports concussions and repetitive head impacts

The notions that subconcussion, variably referred to in the literature as subconcussive impacts,
subconcussive head injury, repetitive brain trauma (RBT), subconcussive brain trauma, and repeated
head impacts (RHI) are cumulative and lead to CTE have become fundamental tenets in CTE
pathogenesis. Subconcussion has been defined as mild brain trauma that does not result in the
readily observable signs and symptoms of a concussion (Baugh et al., 2012). Bailes, Petralgia, Omalu,
et al. (2013) defined “Subconcussion” as a significant emerging concept requiring thorough con-
sideration of the potential role it plays in accruing sufficient anatomical and/or physiological damage
in athletes and military personnel, such that the effects of these injuries are clinically expressed either
contemporaneously or later in life”. Conversely, Sagher (2013) countered with: a) the definitional
difficulty of subconcussive impact, b) the fact that not every incidental blow to the head is
pathological, c) each impact is difficult to quantify and does not have the same significance, d) the
supposition that the mere number is the rate limiting factor is “simplistic,” and e) the role of genetics
must be addressed. The difficulties with defining subconcussion and their presumed cumulative
effects also have been challenged by Erlanger (2015).

A variety of studies, utilizing multimodal assessment strategies, have been reported attesting to
the relationship between subconcussion and deleterious effects on aspects of cerebral function.
For example, Broglio, Eckner, Paulson, and Kutcher (2012) focused on P3 amplitude as a
dependent variable in studying the effects of subconcussion. P3 is elicited when a person attends
to and discriminates between stimuli 300–800 ms after presentation (and is likely a function of
the superior olivary nucleus). P3 amplitude is theorized to represent the processes involved in
attentional resource allocation during cognitive processing. P3 changes have been found in
otherwise healthy people with a history of concussion. Broglio and colleagues (2012) studied
athletes (primarily recreational at the University of Illinois) with a history of concussion (n = 30;
mean number of concussions = 1.7 ± 1.1) vs. those without (n = 36). There were no between
group differences on ImPACT, but significant decrements in P3b amplitude were found in the
concussion group. The authors concluded that there was “Clear evidence that persistent electro-
physiological changes do exist well beyond the acute injury stage” and that “. . .sport concussion
can no longer be thought of as a transient injury resulting in short-lived neurological
impairment.”

Although the study was, in my opinion, well done, I think it is important to ask two questions: a)
what is the clinical significance of this finding? and b) are these electrophysiological changes
reflective of brain injury, brain repair, baseline individual differences, or other factors? I think
these questions can be applied to many of the studies showing these types of statistically significant
differences.

Other studies have failed to reveal any significant effect of subconcussion over intermediate time
intervals. Gysland et al. (2012) studied the relationship between subconcussive impacts and concus-
sion history on measures of neurologic function in 46 NCAA football players assessed over one
season via the Head Injury Telemetry System (HITS). The student-athletes were administered the
Automated Neuropsychological Assessment Metrics, Sensory Organizational Test, Standardized
Assessment of Concussion, BESS, and the Graded Symptom Checklist. Athletes experienced approxi-
mately 1,000 subconcussive hits during the course of the season. The authors concluded that
repetitive subconcussive head impacts over a single season did not appear to result in short-term
neurologic impairment, but raised the question of a dose-response relationship. Similarly, McAllister
et al. (2012) conducted a multi-year study at Brown, Dartmouth, and Virginia Tech from 2007–2010.
HITS were assessed for all practices and games (mean impacts = 469 per athlete per season). The
contact sports cohort included men and women (n = 214) from the sports of football and hockey,
while the non-contact sports cohort (n = 55) included athletes from track, crew, and Nordic skiing.
In a subset of 45 contact sport athletes the authors found no significant pre- to post-differences on
ImPACT or on a paper and pencil neuropsychological test battery.
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Additional studies have failed to find significant effects of subconcussion over 1- to 2-seasons
of contact sport activity. Brett and Solomon (2017) studied 626 high school contact sport athletes
(68.4% male, mean age = 14.55 (±2.42), 78.2% Caucasian) and compared them with 145 non-
contact sport athletes (24% male; mean age = 14.55 (±2.42), 78.2% Caucasian). ImPACT was
repeated over a ~ 2-year interval, and no athlete had an intervening concussion). Only the Visual
Motor Speed score at 2 years was inferior for the contact sport group, but the partial Ƞ2 was .01,
rendering this difference questionable in terms of clinical significance. There were no significant
differences on the other ImPACT composite scores. Other studies have revealed no evidence of
adverse effects of one season of youth football on neurologic function (Jennings et al., 2015;
Munce et al., 2014) or in NCAA Division III collision sports (Meehan et al., 2016). Finally, a
meta-analysis (Belanger, Vanderploeg, & McAllister, 2016) reviewed 5 studies of symptom
reporting/performance, 4 neuroimaging studies, and 9 studies on biomechanics. The authors
found that “Neuropsychological studies of subconcussive blows within a single athletic season
have failed to demonstrate any strong and consistent relations between number and severity of
subconcussive events and cognitive change.” They indicated that neuroimaging studies had
demonstrated a potentially cumulative effect of subconcussive blows, at least in a subset of
individuals. The conclusion was that subconcussive blows, in the short term, have not been
shown to cause significant clinical effect.

Heading the ball in soccer

Heading in soccer can be conceptualized as another form of subconcussion, and has been the focus
of numerous studies. Spiotta, Bartsch, and Benzel (2012) raised the possibility that intentional
heading in soccer represents a form of repetitive subthreshold mild brain injury over time and
“could be a cause of chronic traumatic encephalopathy.” On April 21–22, 2017, Major League
Soccer, USA Soccer, and the National Womens’ Soccer League sponsored “Head Injury in Soccer:
From Science to the Field.” The mission of the conference was to “Identify, present and disseminate
evidence-based medicine, principles, policies and procedures regarding head injury and concussion
in the sport of soccer to enhance the health and safety of all players.” One of my tasks was to
summarize the literature on the “Acute and Chronic Effects of Heading.”

Maher, Hutchison, Cusimano, Comper, and Schweizer (2014) published a summary review of the
literature on the effects of heading in soccer. Maher et al. found 4 studies yielding no effect (Janda,
Bir, & Cheney, 2002; Kaminski, Cousino, & Glutting, 2008; Kontos, Dolese, Elbin, Covassin, &
Warren, 2011; Putukian, Echemendia, & Mackin, 2000) in youth, high school, and collegiate athletes
ranging from time periods of two practices/games to 2 years. Two studies reported some adverse
effect of heading in males (high school, collegiate, and professional), while another study (Stephens,
Rutherford, Potter, & Fernie, 2005) found a slight negative effect in male teens, but the findings did
not survive cross-validation (Stephens, Rutherford, Potter, & Fernie, 2010). Rieder and Jansen (2011)
studied 91 healthy collegiate students at a German University, none with a TBI within the past
3 years and none with a history of psychiatric illness. Twenty-four were club soccer players (26.37%),
and 31 played soccer regularly (34.07%). The authors controlled for age, sex, and IQ. The student-
athletes were assigned to groups: 1) heading training (15” of a 30” session), 2) placebo control (30”
training with no heading), and 3) waiting list control (no training or heading). The student-athletes
completed a pre- and post-paper & pencil neuropsychological test battery and the authors reported
that the Heading group was not different than the other groups on the neurocognitive test scores,
but that the females in the heading group complained more about headache. Forbes, Glutting, and
Kaminski (2016) assessed 210 high school soccer players; 105 with a prior concussion and 105
without. The players were matched on age, height, BMI, position, and year in school, and were
administered a computerized neurocognitive test (ANAM) before and after a competitive season.
Both groups played the same number of games (16) during the season, and headers were counted
during matches and were equal between groups (approximately 1.35 per game). Any athlete
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concussed during the season was excluded from the study. The authors found no significant between
group differences on ANAM post-season.

Kaminski, Wikstrom, Gutierrez, and Glutting (2007) assessed high school and collegiate female
soccer players pre- and post-season with Digit Span, the Hopkins Verbal Learning Test, and the
Balance Error Scoring System. They found no significant correlations between total number of game
headers and balance/neurocognitive test scores. Stephens et al. (2010) evaluated 13–16-year-old
males, including 48 soccer players, 22 rugby players, and 16 non-contact sports athletes. Exclusion
criteria were recent concussion, dyslexia, overlapping sports participation, <2 years sport exposure,
and English as a second language. The student-athletes were administered paper & pencil and a
computerized neurocognitive test. Results indicated that neither soccer nor rugby groups had scores
below the non-contact sports group, which led the authors to conclude that there was no evidence of
neuropsychological decrement based on cumulative heading exposure.

A recent systematic review addressed the effects of heading and subconcussive injury on brain
structure and function in soccer players (Tarnutzer, Straumann, Brugger, & Feddermann-Demont,
2017). The 30 studies covered 1,691 players. The authors found that 8/14 (57%) of case-control
studies reporting persistent impairment had higher odds for inappropriate: 1) control of Type I
error, and 2) selection of controls when compared with studies showing no impairment. Studies
reporting a correlation between heading frequency and neurocognitive deficits (6/17; 35%) had lower
quality of heading assessment than studies reporting no such correlation. In 7 of 13 studies (54%),
the number of head injuries correlated with the degree of neurocognitive impairment. Abnormalities
on neuroimaging (6/8 studies) were associated with subclinical neurocognitive deficits in 3 of 4
studies. The authors concluded “There is weak to non-existent evidence from the medical literature
for football-related persistent functional and structural brain deficits and a putative role of (repeti-
tive) head trauma in the development of neurocognitive impairment.”

O’Kane (2016) reviewed 310 articles assessing the relationship between heading in soccer and
neurocognitive impairment and came to a similar conclusion: “There is no evidence that heading in
youth soccer causes any permanent brain injury and there is limited evidence that heading in youth
soccer can cause concussion.”

Others have studied the possible interaction between heading and concussions to produce
neurocognitive impairment in soccer players. Straume-Naesheim, Andersen, Dvorak, and Bahr
(2005) evaluated players in the Norwegian professional football league (Tippeligaen). The authors
administered a computerized neurocognitive test (CogSport) before the 2004 season with 90.3%
participation, n = 271. Players completed a questionnaire assessing previous concussions, match
heading exposure (self-reported number of heading actions per match, player career, etc.). The
results indicated that neither match nor lifetime heading exposure was associated with neuropsy-
chological test performance. The authors concluded that in this cohort of Norwegian professional
football players there was no evidence of neuropsychological impairment (as determined by
CogSport) due to heading exposure or previous concussions. Guskiewicz et al. (2002) studied 240
NCAA D-1 athletes, and divided them into 3 groups: 1) Soccer (n = 91); 2) non-soccer athletes
(n = 96, women’s’ field hockey, lacrosse, baseball); and 3) controls (n = 53 college students). The
authors administered 6 neuropsychological tests, and assessed student-athlete self-reported concus-
sion history and SAT scores. The soccer players had an average of 15.3 seasons of soccer exposure
and a greater average number of concussions. Results indicated that the soccer players were not
significantly different than non-soccer athletes or controls on neuropsychological test or SAT scores.
Bruce and Echemendia (2009) administered a computerized neuropsychological test to 858 collegiate
male athletes (soccer = 66), with 298 reporting a positive concussion history (grouped into 1, 2 or ≥3
concussions). A paper and pencil neuropsychological test battery was administered to 479 collegiate
athletes (soccer = 59), with 178 reporting a positive concussion history (grouped into 1, 2, or ≥3
concussions). Finally, a computerized and paper & pencil neuropsychological test battery was
administered to 175 collegiate male athletes (soccer = 20), with 57 reporting a positive concussion
history (grouped into 1 or ≥2 concussions). Results indicated no significant association between self-
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reported concussion history and performance on either computerized or paper & pencil neuropsy-
chological tests.

A study assessing the long-term effects of heading the ball in soccer was conducted by Vann
Jones, Breakey, and Evans (2014). The authors assessed 92 of 138 former professional soccer players
from 4 clubs in the UK who met inclusion criteria. The average and playing careers were 67.45 and
13.84 years, respectively. Retirees completed a self-assessed test of cognition, the Test Your Memory
Questionnaire. Results indicated that 10 of the 92 (10.7%) soccer retirees scored positively for Mild
Cognitive Impairment or dementia. Length of career and position played was not associated with
MCI/dementia but age was. The conclusion was that when compared with the prevalence of MCI/
dementia in the UK, no difference was noted in the soccer group.

Finally, Kontos et al. (2017) conducted a meta-analytic review of the effects of heading in soccer
on neurocognitive functions. The authors identified 467 unique studies, with 22 studies meeting
inclusion criteria. Included were 2,228 participants (female = 41.88%), with age ranging from
13–70 years. A random effects model for the effect of heading yielded no overall effect for heading
a football (soccer ball) on adverse outcomes.

Based on the studies reviewed, it was concluded at the 2017 Soccer Summit that at this time, the
preponderance of the available data in adolescents and adults does not indicate intermediate or long-
term adverse effects from heading the ball in soccer. Any adverse short-term effect is likely limited to
transient headache.

Studies of neurocognitive deficits among retired athletes

Rather than relying solely on self- and other-report of neurocognitive impairment from participation
in contact sports, the SRC research has matured and is now focused on formal neuropsychometric
study of retired athletes. McMillan et al. (2017) assessed 52 retired male Scottish international rugby
players and 29 matched controls. Mean age was approximately 54 years, and the controls had slightly
higher years of education. The mean number of self-reported concussions for the rugby retirees and
controls was 13.9 and 0.3, respectively. The study subjects were administered the Montreal Cognitive
Assessment (MOCA), Trail Making Test, Symbol Digit Test, Grooved Pegboard (GP), Judgment of
Line Orientation Test, Rey Auditory Verbal Learning Test (RAVLT), and the Sustained Attention to
Response Task. Controls were significantly better on RAVLT Immediate Recall (56.1 vs. 50.2,
p < .02) and on GP-Dominant Hand only, with no other significant between-group differences
reported on the neurocognitive measures. No group differences were found on measures of mental
or physical health. The authors concluded that despite the high number of concussions in the rugby
retirees, only subtle group differences were noted on the neurocognitive indexes (“the cause of which
is uncertain”), and no differences were noted on measures of physical and mental health.

Deshpande et al. (2017) studied 3,904 males from the Wisconsin Longitudinal Study, all of whom
graduated high school in 1957. They were tested at a mean age of 64.4 years and were divided into
groups of high school football players and 3 control groups: 1) non-collision sports, 2) no sport, 3)
all controls. A composite cognitive measure of verbal fluency and attention/memory plus an index of
depression yielded no statistically significant adverse effect of playing football on either the cognition
or depression score. Further, the authors found no relationship between playing football and anger,
anxiety, hostility, or alcohol use.

Maddocks, Blaine, Inge, McCrory, and Saling (2017) reported the preliminary findings of a
25-year neuropsychological follow up of an Australian Rules football (ARF) cohort studied
originally by Maddocks and Saling (1996). In addition to the originally administered tests
(Digit Symbol Substitution Test, Paced Auditory Serial Addition Test, Four Choice Reaction
Time), the California Verbal Learning Test, Trail Making Test, Controlled Oral Word
Association Test, Victoria Stroop Test, selected self-report functional health and well-being,
and quality-of-life measures were used. Thirty former ARF players, aged from 44–56 years
(mean = 48.8 years) participated. Maddocks et al. (2017) found that concussion history had no
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effect on cognitive or psychosocial functioning in this sample of retired ARF players, and that
there was no evidence of deterioration in cognitive function across time. Age appeared to be an
important contributor to subjective memory complaints, with older participants reporting greater
memory concerns.

Terry and Miller (2017) matched 20 ex-high school football players (ages 40–65, all with ≥2 SRCs)
on age, education, estimated premorbid IQ, and current postconcussive symptoms with 20 never
concussed controls. All subjects Underwent T1-weighted MRI and the Repeatable Battery for the
Assessment of Neuropsychological Status (RBANS). A priori selected regions of interest included
total intracranial volume, total gray matter, total white matter, bilateral anterior cingulate cortex,
bilateral hippocampi, and lateral ventricles. The authors found no statistically significant between-
group differences in MRI parameters or RBANS scores.

Finally, Esopenko et al. (2017) evaluated 33 retired hockey players (mostly NHL), ages 34–71, and
compared them with age-matched controls. All underwent a neurological examination, standard
MRI, EEG, functional MRI, genotyping, neuropsychological tests, and lumbar puncture. Nineteen of
the 33 hockey alumni (59%) qualified for a Structured Clinical Interview for DSM-IV (SCID)
diagnosis as opposed to 3/18 controls (19%). Hockey alumni diagnoses included current or past
substance abuse/dependence, depression, bipolar disorder, PTSD, panic disorder, and obsessive-
compulsive disorder. Diagnoses among controls included major depression (n = 2) and alcohol
abuse (n = 1). Ten hockey retirees qualified for a SCID-based psychiatric diagnosis at the time of
evaluation, and 4 were taking opioids. The results of the paper and pencil neurocognitive tests were
reported as four factors, with no differences in visuospatial functions, verbal memory, or speeded
attention, but a significant difference on executive/intellectual functions (inversely related to con-
cussion history). Also reported was the fact that the educational level of the retirees was lower than
the controls. The results of the computerized neurocognitive tests were reported as 3 factors, with no
between group differences noted. The MRI findings revealed an incidental arachnoid cyst in one
hockey retiree but were otherwise unremarkable. The hockey retirees had poorer scores on all 3
domains of psychosocial functioning. The authors concluded that substance abuse and/or psychiatric
dysfunction could not be excluded as a significant factor in the areas of impairment, independent of
concussion history.

Many studies of the later-life neurocognitive performance of contact sport athletes are negative
for frank deficits. The MRI data are emerging, and the psychosocial data are mixed.

Early exposure to repetitive head trauma

Two days before the 2015 Super Bowl a paper was published online in the journal Neurology by
Stamm and colleagues (2015). The authors hypothesized that age of first exposure (AFE) to repetitive
brain impacts (playing tackle football) was a risk factor for the development of later-life cognitive
deficits. Forty-two retired NFL players participating in the Boston Center for the Study of Chronic
Traumatic Encephalopathy’s NIH-funded DETECT Study (Diagnosing and Evaluating Traumatic
Encephalopathy using Clinical Tests) were studied. Inclusion criteria were: 1) ages 40–69, 2) played
at least 2 years in the NFL and a total of 12 years of football, and 3) had self-reported complaints of
cognitive, mood, and behavioral symptoms for at least the past 6 months. Exclusion criteria were: 1)
history of diagnosed CNS disease, and 2) no contraindications for general MRI or lumbar puncture.
The NFL retirees were divided into 2 groups based on AFE: <12 years vs. ≥12 years. According to
Stamm et al., (Stamm et al., 2015) the age demarcation was based on “the neurodevelopmental
literature and previous work from our center.” The retirees were administered 3 neuropsychological
tests, selected a priori: 1) Wisconsin Card Sort Test (WCST), a measure of executive functioning, 2)
Neuropsychological Assessment Battery List Learning Test (NAB-LL), a measure of verbal learning
& memory, and 3) the Wide Range Achievement Test-4 (WRAT-4) Reading subtest, an estimate of
premorbid Verbal IQ. There were retirees 21 per group with an average age of 52 years and
Education of 16 years. By design, the duration of football play was higher in AFE <12 years
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group. The AFE <12 years group had 3 players with a history of Learning Disability (LD), while the
AFE ≥12 years group had 0 players with LD. This difference was not statistically significant.

The average number of reported concussions in the AFE <12 Group was 392.00 (SD = 145.40),
while the comparable average for the AFE ≥12 group was 370.30 (SD = 234.90). No mention of the
definition of concussion given to the retirees was noted in the paper. No between-group differences
were noted in the use of alcohol, performance-enhancing drugs, illicit substances, hypertension,
hyperlipidemia, diabetes, or history of playing any other contact sport. Results indicated the AFE <12
group had worse scores on: 1) WRAT-4 Reading subtest (8 points lower on average), 2) 4 of 5 WCST
scores, and 3) one of three List Learning indexes (NAB-LL). Based on these results, the authors
concluded there was an association between participation in tackle football prior to age 12 and
greater later-life cognitive impairment. Stamm et al. (Stamm et al., 2015) interpreted that results as
suggesting that incurring repeated head impacts during a critical neurodevelopmental period could
increase the risk of later-life cognitive impairment, and called for replication of these results with
other samples given the potential implication for public safety. Filley and Bernick (2015) published
an editorial in Neurology which accompanied the Stamm et al. (2015) paper. They also called for
study replication and suggested that children’s participation in contact sports such as football may
require careful consideration, given that children might appear to be resilient to the effects of
concussion but could be at risk for cognitive dysfunction decades later in life.

The Stamm et al. (2015) results prompted widespread concern and several Letters to the Editor,
which were published in the journal Neurology. Larrabee, Rohling, and Binder (2015) opined that
AFE ≥12 group had no retirees with LDs, while the AFE< 12 had 3 with LDs, and questioned
whether the differences in neurocognitive tests scores were due to individual, premorbid factors,
including lower WRAT-4 Reading scores, and not football exposure. Andrikopoulos (2015) wrote
that there were nearly 400 concussions reported per player, which seemed extraordinarily high. He
also pointed out that Stamm et al. (2015) reported having a noncontact sport control group but did
not report any results, and also commented that in the context of litigation (mentioned in the Stamm
et al. (2015) paper), the authors failed to test formally for effort, which is considered necessary in
clinical (and particularly forensic) neuropsychological testing. The final letter came from Maroon
et al. (2015) who commented that not all who start playing football <age 12 go on to play in the NFL,
and questioned: 1) the use of age 12 as a point of demarcation, 2) the adequacy of the neuropsy-
chological test battery, and 3) pointed out that the way football was played in the 1980s is not the
same as today’s football (e.g., rule changes, concussion regulations, etc.).

Our group at the Vanderbilt Sports Concussion Center wanted to do a replication study, but
finding a willing group of NFL retirees to complete a neuropsychological test battery can be a
challenging task. We were aware of a recently published paper by Casson et al. (Casson et al., 2014),
which was a neuropsychological, neuroradiological, and neurological examination of 45 NFL retir-
ees. We contacted Drs. Casson and Viano and invited them to collaborate on the replication project.
They sent us the deidentified data of the 45 NFL retirees on an Excel sheet, and we set about
replicating the study with this independent sample.

The Casson et al. (Casson et al., 2014) sample included 45 retired NFL players, average age of
45.6 ± 8.9 years (range, 30–60 years) who had a duration of NFL play of 6.8 ± 3.2 years (max-
imum = 14 years), all of whom underwent a day-long evaluation including extensive history taking,
neurological examination, Mini-Mental State Examination (MMSE), Beck Depression Inventory
(BDI) and Patient Health Questionnaire (PHQ), MRI, apolipoprotein ε4 genotyping, and paper &
pencil and computerized neuropsychological testing. Retirees reported 9.0 ± 6.9 concussions (max-
imum = 25) and 14.9 ± 7.9 “Dings” in their football careers. Concussion was based on the NFL mTBI
Committee’s definition (Pellman, et al., 2004b). Study exclusionary criteria were history of: 1) brain
surgery, (2) brain tumor, stroke, multiple sclerosis, or seizures that began prior to entering the NFL
(except febrile seizures), (3) HIV or AIDS, (4) significant head injury from auto accidents or other
non-athletic trauma to the head, (5) concussion/mTBI resulting in minutes of loss of consciousness
or hospitalization after having finished playing in the NFL, (6) open heart surgery, organ transplant
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surgery, or carotid artery surgery, (7) treatment with chemotherapy or radiation therapy for cancer
affecting the brain or spinal cord, (8) renal failure requiring dialysis or liver failure resulting in
cirrhosis or request for liver transplant, and (9) significant alcohol abuse and/or drug abuse in the
past or present manifested by having been suspended by a league at some time during their career
for one of these problems, having been arrested for a DUI related to alcohol or drugs at some point,
having been treated in a rehabilitation facility for drug or alcohol abuse at some point, and/or a
history during the past 5 years of daily use of an illegal drug, daily intake of more than 4 beers or
more than 2 “hard liquor” drinks per day. The neuropsychological test battery, designed by 5
members of the National Academy of Neuropsychology, included the Test of Memory
Malingering (TOMM; a formal effort test), California Verbal Learning Test (CVLT; verbal memory),
Brief Visuospatial Memory Test – Revised (BVMT; visual memory), Verbal Fluency (executive
functioning), Category Fluency (executive functioning), Trail Making Test Part B (executive func-
tioning), WAIS-III Digit Symbol (fine motor speed) and Letter Number Sequencing (sustained
attention and working memory), the Wechsler Test of Adult Reading (estimated premorbid verbal
IQ), the TOMM, CVLT, and BVMT delayed memory tasks, and ImPACT.

Our analyses of the data (Solomon et al., 2016) revealed: 1) no relationship between years of pre-
high school exposure and LD, and after applying statistical correction for multiple comparisons, 2)
no significant relationship in pre-high school years of exposure and the neuropsychological outcome
measures. A second statistically corrected analysis of a subset of these athletes with self-reported
learning disability yielded no significant relationships on paper-and-pencil neurocognitive tests but
did result in a significant association between learning disability and ImPACT visual motor speed
and reaction time scores. We concluded: “In our sample of 45 former NFL athletes, we were not able
to replicate the prior findings of early football exposure leading to decreased cognitive functioning.
Based on the work of Stamm et al. (2015) and the criticisms offered by several authors
(Andrikopoulos, 2015; Larrabee, Rohling, & Binder, 2015; Maroon, Bailes, Collins, Lovell, &
Mathyssek, 2015), we improved our methodology in using pre-high school years of exposure as a
continuous (vs. dichotomous) variable in all our statistical models, controlling for the LD variable,
using more comprehensive exclusionary criteria, offering a clear definition of concussion, and
utilizing a more robust neuropsychological test battery. We acknowledge that we did not replicate
the Stamm (2015) study identically from a methodological perspective, as we believe that our
methodological improvements enhanced and improved this type of research.”

Though not specific to AFE, we followed up with a second study (Kuhn, Zuckerman, Solomon,
Casson, & Viano, 2017) assessing the interrelationships among the neuroimaging biomarkers, the
neuropsychological test data, and symptom reports from the Casson et al. (2014) study. We reported
that magnetic resonance imaging was performed in 45 retired NFL players. Neuroanatomical
parameters assessed included: 1) the absence or presence of small or large cavum septum pelluci-
dum, 2) a global mean score of Fractional Anisotropy (FA), and 3) the presence or absence of
microhemorrhages, all assessed by board-certified neuroradiologists blinded to the purposes of the
study. The subjects underwent a battery of 9 paper & pencil neuropsychological tests, a computerized
neurocognitive test, and multiple symptom and depression scales (reported above). The results
indicated that there were minimal and statistically non-significant correlations among the 3 neuroi-
maging biomarkers, 21 neurocognitive indices from 9 tests, ImPACT, and symptom and depression
scores examined in this cohort of NFL retirees.

In a more recent study, Alosco et al. (2017) studied 214 former amateur and professional football
players from the Boston CTE LEGEND Study. Inclusion/exclusion criteria were history of playing
football only and no concussion within past year. The football retirees were administered the Brief
Test of Adult Cognition by Telephone (BTACT), the Behavior Rating Inventory of Executive
Function (BRIEF) Metacognition Index (MI) & Behavioral Regulation Index, the CES-D scale, and
the Apathy Evaluation Scale. Groups were divided into AFE <12 (n = 101) and ≥12 (n = 113),
controlling for age, education, and duration of play. Results indicated that AFE <12 had two-fold
increased odds for clinically impaired scores (when compared with the general population) on all
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measures except BTACT. The conclusions were that youth exposure to football may have long-term
neurobehavioral consequences and that younger AFE may be a risk factor or modifier of the clinical
and neuropathological course of CTE.

Alosco et al. (2017) did note several limitations of their study: 1) higher rates of impairment on
self-report tests, particularly in a convenience sample of self-selected participants, 2) the limitations
of the BTACT as a comprehensive assessment of cognition, 3) the findings could only be generalized
to male former football players, 4) the relationship between AFE to other contact sports and clinical
outcomes, including female contact sports, was unknown, 5) causal inference between relationship
between AFE to football and long-term clinical outcomes could not be made due to the cross-
sectional nature of the study, 6) the tests examined assess symptoms that often co-occur, with
bidirectional relationships, and 7) findings from the current study should not be used to inform
safety and/or policy decisions related to youth football.

In addition to these acknowledged limitations, I believe significant others exist. First, the
LEGEND study has a control group of non-contact sport athletes; why not compare the football
players to the controls instead of comparing them to established normative psychometric data?
Second, the study found no effect of AFE on the only objective neurocognitive test, but a positive
effect on the self-report neurocognitive test results. The Stamm (2015) study used 3 objective
neurocognitive measures. Why now use only one objective neuropsychological telephone screening
measure? Third, the only inclusion/exclusion criteria used by Alosco et al. (2017) were male gender,
having played football only, and no concussion within the past year. What comorbid medical and
psychiatric conditions existed in this sample, and could these conditions affect test scores? Fourth,
the frequent constant reference to our 2016 study (G. S. Solomon et al., 2016), which failed to
replicate the Stamm (2015) study), as “NFL funded” tells only a part of the story. The Casson et al.
(2014) study was NFL funded. Our 2016 study, which was an independent analysis of the Casson
et al. (2014) data, received no funding, and the NFL had no part in it. Fifth, the authors report that
“Learning disability had minimal influence when included as a covariate,” yet 2 of the 4 initially
significant differences lost significance once LD was controlled. Does a 50% reduction of significant
findings qualify as “minimal”? Sixth, citing 2 studies by Kerr et al. (Kerr et al., 2012, 2015), Alosco
et al. (2017) did not include self-reported concussions in the analyses because the authors view this
as “lacking in accuracy and reliability.” In fact, Kerr et al. (2012) found “moderate reliability” among
retired pro athletes (weighted Cohen’s kappa = 0.48), and “variable reliability” among former
collegiate athletes (Kerr et al., 2015; ICC = 0.21 overall; 0.13 for males, 0.65 for females).
Noteworthy also was the fact that despite claiming self-report concussion history to be unreliable,
the same author group published a paper describing “the utility of providing a concussion definition
in the assessment of concussion history in former NFL players” (Alosco et al., 2017). Finally, Alosco
et al. (2017) reported that they had addressed all concerns raised by the Solomon et al. (2016); I find
this conclusion debatable.

Sport-related concussion and neurodegenerative diseases: tauopathies

What is tau? Tau is a protein that fortifies microtubules in neurons, and everyone has it. Tau is the
structural support that holds the components of the neuron together. When tau breaks down, so
does the microtubule, and the neuron falls apart and dies, degenerating into hyperphosphorylated
tau, known as p-tau. According to Karantzoulis and Randolph (2013), there are many tauopathies,
including Alzheimer’s disease (AD), frontotemporal dementia (FTD), Parkinson disease (PD),
progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), multiple system atrophy
(MSA), and others. Neuropathologist Rudy Castellani, at the Soccer Summit held in New York in
2017 (Castellani, 2017), commented that p-tau (“tauopathy”) is a secondary accumulation in many
conditions, including. . . “Life on earth. . .life itself it a progressive tauopathy.” The Alzheimer’s
literature offers a valuable insight about abnormal tau development across the lifespan. Braak,
Thal, Ghebremedhin, and Del Tredici (2011) reported on abnormal tau pathology in 2,332

18 G. SOLOMON



consecutive, unselected autopsies, ages 1–100. Braak et al. (2011) reported that only 10 of 2,332
(0.004%) were negative for any abnormal tau, and all were < 30 years of age. By about age 24, there
was some degree of abnormal tau in nearly all patients. It should be mentioned, however, that the
NINDS CTE Neuropathology Consensus group (McKee et al., 2016) identified p-tau in a specific
region and pattern, and stated that the p-tau of CTE was different from the age-related tau
astrogliopathy (ARTAG) or primary age-related tauopathy (PART), presumably noted by Braak
(2011).

The epidemiology of CTE is unknown. McKee et al. (2009) initially estimated that at least 17% of
individuals develop CTE, and referenced Roberts’ (1969) study of boxers as evidence. Gavett, Stern,
and McKee (2011) subsequently estimated a 3.7% lifetime prevalence in NFL players, and Dr.
McKee, in the October, 2013 episode of Frontline, estimated that “ten percent of NFL players get
CTE.” In a presentation on November 19, 2013 at the Vanderbilt Memory and Alzheimer’s Center
Guest Lecture Series, Dr. McKee stated that the prevalence of CTE was unknown.

Several epidemiological studies have been reported assessing the relationship between exposure
to contact sports and the later development of neurodegenerative disease. Savica, Parisi, Wold,
Josephs, and Ahlskog (2012) studied all male students who played football from 1946 to 1956 in
the high schools of Rochester, Minnesota and compared them with a non-football-playing
referent group of male students in the band, glee club, or choir. Using the records-linkage system
of the Rochester Epidemiology Project, they reviewed (from October 31, 2010, to March 30, 2011)
all available medical records to assess later development of dementia, Parkinson disease, or
amyotrophic lateral sclerosis (ALS). They also compared the frequency of dementia, PD, or
ALS with incidence data from the general population of Olmsted County, Minnesota. Savica
et al. (2012) found no increased risk of dementia, PD, or ALS among the 438 football players
compared with the 140 non-football-playing male classmates. When they compared these results
with the expected incidence rates in the general population, only PD was significantly increased;
however, this was true for both groups, with a larger risk ratio in the non-football group (2.4x
greater for the football group and 5x greater for controls). A follow-up study from the Mayo
Clinic (Janssen et al., 2017) presented data from a 40-year follow-up of 296 high school football
players vs. 190 swimmers, wrestlers, and basketball players who participated from 1956–1970 and
assessed for the presence of dementia/MCI, ALS, and PD. The results indicated that varsity high
school football players did not have an increased risk of neurodegenerative diseases compared
with athletes engaged in other varsity sports.

It is clear that the prevalence of CTE is unknown. However, media reports might lead many to
believe otherwise. There have been 8 major studies to date of CTE patients, and it is instructive to
review those findings individually and collectively. The first major study was published by McKee et
al., (2009) who reported on 51 neuropathologically confirmed cases of CTE. Ninety percent (46/51)
were athletes. The 5 non-athletes included 1 patient with epilepsy, 2 with autistic head banging, 1
physical abuse victim, and 1 dwarf alcoholic circus clown who was repeatedly shot out of a canon.
Eighty-five percent (39/46) of the athletes were boxers, both amateurs and professionals. There were
five (11%) professional football players, ages 36–50, one (2%) professional wrestler (age 40), and one
(2%) soccer player (age 23). The authors concluded that CTE is a progressive neurodegeneration
clinically associated with memory disturbances, behavioral and personality changes, parkinsonism,
and speech and gait abnormalities, and that there was “overwhelming evidence” that the condition is
the result of repeated sublethal brain trauma that often occurs well before the development of clinical
manifestations. The second major study from the Boston group was reported several years later, and
incorporated autopsy cases from the 2009 study (McKee et al., 2013). The authors reported on post-
mortem analysis of the brains of 85 individuals with a history of repetitive mild traumatic brain
injury, with 68 (80%) found to be neuropathologically positive for CTE (based largely on the
presence of hyperphosphorylated tau). The brains autopsied included 50 football players (including
34 professional, 1 semi-professional, 9 collegiate, and 6 high school), 5 hockey players (4 profes-
sional), 8 boxers (7 professional), 1 professional wrestler, and 4 individuals without a history of
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contact sports (including three veterans with intracerebral hemorrhage, suicide via overdose, basilar
artery rupture) and one individual who displayed self-injurious head banging behavior.

Omalu et al. (2011) reported that 10 of 14 (71%) of professional male athletes (ages 18–52) were
positive for CTE, including 7 of 8 football players, 2 of 4 wrestlers, and 1 boxer. One of 3 high school
players manifested “incipient” CTE (abnormal tau protein). The fundamental neuropathologic
feature of CTE was the topographic distribution of sparse, moderate, and frequent band-shaped,
flame-shaped, small and large globose neurofibrillary tangles and neuritic threads in the cerebral
cortex, subcortical nuclei/basal ganglia, hippocampus, and brainstem nuclei. Hazarati et al. published
the fourth study in (2013) and reported on the autopsies of 6 retired Canadian Football League
players, all of whom manifest progressive neurodegeneration prior to death. Three of the six were
positive for CTE, while the remaining three were diagnosed with AD, ALS, and PD. The three cases
who were positive for CTE had comorbid pathology indicative of cancer, AD, and vascular disease.
Hazrati et al. (2013) concluded that not athletes with a history of repetitive head trauma devel-
oped CTE.

Gardner, Iverson, and McCrory (2013) published a systematic review of the 85 cases of CTE that
had been published to date. They reported that “pure” CTE was found in 20% of the cases, no
neuropathology found in 23.5% of cases, and more than 50% of the cases had CTE plus other
neuropathology. Their analysis indicates that of the original 85 cases of purported CTE, no CTE was
found in 28.2% of the cases.

The fifth study was published by Bienick et al. (2015) and presented an autopsy analysis of 66
former athletes. Twenty-one of the 66 (32%) had evidence of CTE, which of course means that 68%
did not. Only one (4.8%) had “pure” CTE, while the remaining 20 had mixed neuropathology
(including AD, DLB, ALS, FTD, and other tauopathies). The sixth study was published by Maroon,
Winkleman, Bost, et al. (Maroon et al., 2015) and was a systematic review of all published cases of
CTE in contact sports. The authors reported on 153 cases; 63 of which were football, and concluded
that: 1) the incidence of CTE remains unknown, 2) clinical and neuropathological findings in CTE
cases overlap with many neurodegenerative diseases, 3) there were methodological limitations in
CTE case reporting, and 4) questioned the widespread existence of CTE in contact sports.

The seventh paper appeared in (2017) and was published by Ling et al. The authors reported on
14 retired footballers (soccer) with diagnosed dementia who had been followed longitudinally from
1980–2010. All were “skilled headers of the ball,” and had a mean soccer career of 26 years with an
average age of dementia onset of 63.6 years. Six of the 14 underwent autopsy, and 4/6 cases met
preliminary NINDS consensus criteria for CTE (67%). Of the 4 CTE cases, one had no documented
concussion history (3 had one each), one was an amateur boxer, one had a history of late life
epilepsy, and no mention made of non-sport related TBI in any of the four. Concomitant neuro-
pathology among the six autopsied soccer players included: 6 of 6 with Alzheimer’s (Braak NFT
stage IV-V), 6 of 6 with TDP-43, 5 of 6 with amyloid angiopathy, 2 of 6 with hippocampal sclerosis,
and 1 of 6 each with CBD, DLB, and vascular neuropathology. Interestingly, the article also contains
a reference to a base rate of “12% incidental CTE pathology” in the elderly (Lin, Song, Chen, Lee, &
Chiu, 2013).

Before reviewing the eighth paper, it is important to consider some important questions raised by
neuropathologist Rudy Castellani, who gave an informative presentation at the 2015 Big Sky Athletic
Training Sports Medicine Conference. (Castellani, 2015). 1) whether CTE was an artifact of
hypersensitive staining techniques, 2) what were the neuropathological criteria for CTE? 3) what
were the inter-rater reliabilities for diagnosing tauopathies and CTE among neuropathologists? and
4) was hyperphosphorylated tau (p-tau) alone diagnostic of CTE?

I really do not have any information on the question of whether CTE is an artifact of hypersen-
sitive staining techniques and will defer to neuropathologists on that question. Regarding diagnostic
criteria for CTE, a conference was held in 2016 by the NINDS/NIBIB “TBI/CTE” group and
preliminary consensus diagnostic neuropathological criteria for CTE were proposed (McKee et al.,
2016). One criterion was identified as a necessary and sufficient biomarker for the pathological
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diagnosis of CTE (p-tau aggregates in neurons, astrocytes, and cell processes around small vessels in
an irregular pattern at the depths of the cortical sulci). Also listed were supportive diagnostic
features, including 5 p-tau related pathologies and 2 non-p-tau related pathologies. In general,
however, this reliance on a solitary neuropathological criterion for the diagnosis of CTE effectively
erased the 4 hallmark criteria of CTE posited initially by Corsellis et al. (1973), and led Gardner,
Iverson, and McCrory (2013) to suggest that there were now “Classic” (Corsellis et al., 1973) and
“Modern” (McKee et al., 2016) neuropathologic criteria for CTE.

The TBI/CTE (McKee et al., 2016) Consensus conference reported inter-rater reliability data
for diagnosis. When assessing agreement for a diagnosis of any tauopathy in the 25 cases, the
agreement level was 67%, which of course means that 33% of tauopathy experts disagreed on a
tauopathy diagnosis. When assessing agreement for a diagnosis of CTE specifically, the agreement
level was 78%, which means that 22% of tauopathy experts at a CTE consensus conference
disagreed on a CTE diagnosis. Inter-rater reliability (kappa value) for the neuropathologic
diagnosis of AD has been shown to range from 0.92–0.98 (Paulus, Bancher, & Jellinger, 1992).
I suspect that the public believes that an autopsy diagnosis is always definitive, but these CTE
results certainly indicate otherwise.

The reliance on the presence of p-tau alone is also potentially problematic for the preliminary
consensus criteria, since abnormal p-tau has been reported in cases of epilepsy (Puvenna et al.,
2016), ALS (Fournier, Gearing, Upadhyayula, Klein, & Glass, 2015), multiple system atrophy (Koga
et al., 2016), and normal aging (Ling et al., 2015). Further, findings consistent with CTE have been
reported in a patient with ALS and motor neuron disease but with no history of head trauma,
dementia, or cognitive impairment (Gao et al., 2017).

Noy, Krawitz, and Del Bigio (2016) examined 111 brains prospectively in a routine neuro-
pathology service. Patient ages were 8–60 (to reduce the odds of pre-clinical neurodegenerative
disease findings). Only one subject had a history of sports participation. CTE pathology (3 cases of
Stage I, and 2 cases of Stage II) was found in 4.5% of the brains examined. However, if “tiny”
amounts of pathology characteristic of Stage I were included, an additional 34 cases were identified
(30.6% of the sample). Therefore, of the total sample, 35.1% had some degree of mild CTE
pathology. Factors that were associated with the presence of CTE pathology were age, history of
traumatic brain injury, and substance abuse, but some of the cases had no known history of
traumatic brain injury.

The eighth and most recent study of CTE was published by Mez et al. (2017), and focused
exclusively on football players. The authors reported that 177/202 (87%) ex-football players were
positive for CTE, including 0/2 pre-high school, 3/14 high school (21%), 48/53 college (91%), 9/14
semi-professional (64%), 7/8 CFL (88%), and 110/111 NFL (99%) players. CTE was defined as Mild,
including Stage I = 1 or 2 lesions and Stage II = 3 or more lesions (n = 44), or Severe, including Stage
III = “multiple” lesions and Stage IV = “densely distributed” lesions (n = 133). Mean (SD) duration
of play for the Mild and Severe CTE groups was 13 (4.2) and 15.8 (5.3) years, respectively. Mez et al.
(2017) commented that it was unclear whether symptomatic hits (concussions) were more important
than asymptomatic (subconcussive) hits, and concluded that in this “convenience sample of deceased
football players who donated their brains for research, a high proportion had neuropathological
evidence of CTE, suggesting that CTE may be related to prior participation in football.”

If we drill down deeper, however, another important factor emerges. Substance use disorders were
noted in 67% of the participants with either mild or severe CTE. The relevance of this is that several
studies have indicated that opiate abuse is a cause of abnormal p-tau deposition (Anthony et al.,
2010; Kovacs et al., 2015; Ramage et al., 2005). Given the previously reported high prevalence of
opiate abuse among NFL retirees (Cottler et al., 2011), substance abuse warrants inclusion as a
possible cause of abnormal p-tau deposition.

Mez and colleagues (2017) noted several study limitations, including 1) ascertainment bias, 2)
inability to conclude prevalence estimates from this sample, 3) the VA-BU-CLF brain bank was not
representative of the overall population of former players of American football (especially in the NFL
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sample, where 79% of those autopsied were Caucasian), and 4) the study lacked a comparison group
that was representative of all individuals exposed to American football at the college or professional
level.

I also had other questions about the study. First, as mentioned, there is only one criterion for CTE
based on the NINDS/NIBIB criteria (McKee et al., 2016), which is the presence of p-tau aggregates in
neurons, typically at the depths of the sulci in the cerebral cortex and reportedly distinct from the
lesions of aging-related tau astrogliopathy. Thus, the criterion for Mild CTE is the presence of at
least one p-tau lesion at the depths of a sulcus. As mentioned previously, this has changed the
neuropathological criteria for CTE from the 4 posited by Corsellis et al. (1973) to a solitary criterion.
I wonder if a neuropathologist would identify a solitary area of beta-amyloid and diagnose AD, or a
solitary Lewy body and diagnose dementia with Lewy bodies? Second, in cases with severe CTE
pathology, accumulations of amyloid-ß, a-synuclein, and TDP-43 were common, and diagnoses of
comorbid neurodegenerative diseases, including AD, Lewy body disease, motor neuron disease, and
frontotemporal lobar degeneration, were also common. My question is how can we simply ignore
the comorbid neuropathologies? Are they irrelevant? Does the presence of p-tau and presumptive
CTE, in any magnitude, supersede the effects of the comorbid neuropathologies? Third, the authors
stated that these findings were consistent with previous studies that have shown deposition of
multiple neurodegenerative proteins after exposure to TBI (Uryu et al., 2007) and citing a study
showing that neuritic amyloid-beta plaques were associated with increased CTE neuropathological
stage (Stein et al., 2015). Upon closer inspection, the Uryu et al. (2007) was a study of 18 patients
who died after a TBI, and it is reasonable to presume that it was a severe TBI. Is there any evidence
to show that a solitary deposition of p-tau, thought to be due to a mild TBI or to subconcussive
blows, causes or triggers similar neuropathological changes? The Stein et al. (2015) paper was the
authors’ own work, a study of 114 cases of CTE, where older patients with ApoE e4 positive status
had greater amyloid burden. Nearly all older people have a higher amyloid burden, especially those
developing AD. Based on the studies cited by Mez et al. (2017), I am not certain that we can
conclude that the evidence for p-tau causing a cascade of neuropathological changes, and thus
meeting criteria as a progressive neurodegenerative disorder, has been established.

As early as 2009 the Boston group has maintained that CTE was a progressive disorder (McKee
et al., 2009), and a recent study (Mufson et al., 2016) suggested that the development of neurofi-
brillary tangles within the cholinergic neurons of the nucleus basalis of Meynert (nbM) could
contribute to an axonal disconnection in CTE. This study purported to show the mechanism for
CTE neurodegeneration. Conversely, other studies (Liu, Chang, Pearce, & Gentleman, 2015) have
shown that cholinergic changes in the nbM are well known to occur in both PD and AD. Thus, it
would appear difficult to argue that nbM changes are exclusive or even specific to CTE.

The bottom line is that autopsy studies of collision- and contact-sport athletes are in their infancy,
and that multiple research methodological difficulties exist in the studies to date. The NINDS/NIBIB
neuropathological criteria for CTE also need improved specificity and adjustment for possible
confounders, as at present, it is possible to be asymptomatic clinically yet meet neuropathological
criteria for CTE.

Clinical dimensions of CTE

Recent studies have attempted to delineate a clinical presentation of CTE. Researchers have sug-
gested clinical subtypes of CTE, questioned whether there was a neuropsychological profile specific
to CTE, and have proposed criteria for a Traumatic Encephalopathy Syndrome (TES).

Two of the earlier attempts at establishing a neurobehavioral profile of CTE were provided by
Jordan (2013) and Stern et al. (2013). Jordan delineated behavioral and psychiatric, cognitive, and
motor signs and symptoms reflecting the clinical presentation of CTE, and provided clinical criteria
for the determination of Definite, Probable, Possible, and Improbable classifications. Stern and
colleagues (2013) studied 36 subjects from the Boston University Center for the Study of
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Traumatic Encephalopathy brain bank, 3 of whom were asymptomatic at time of death, resulting in
a final sample of 33. Two distinct phenotypes were identified: 1) younger age onset with mood/
behavioral presentation (n = 22; mean age at death 51.4 ± 18.5 years), and 2) older age onset with
impaired cognition presentation (n = 11, mean age at death 69.2 ± 21.8 years).

Montenegro et al. (2014) posited the existence of clinical subtypes of CTE and proposed research
diagnostic criteria. The 3 Core features included Cognitive, Behavioral, and Mood changes (with one
or more being required), and the 9 Supportive features included impulsivity, anxiety, apathy,
paranoid, suicidal, headaches, motor signs, decline in level of functioning, and delayed onset
(positive or absent), with two or more required. The challenge to these criteria is specificity, as
these criteria would likely be met by nearly all patients suspected of any neurodegenerative disease
process. Research diagnostic criteria for the Traumatic Encephalopathy Syndrome (TES) have been
proposed by Reams et al. (2016) with required and supportive features detailed. Montenigro et al.,
(2014) have further proposed 4 subtypes of TES, including: 1) TES Behavioral/Mood, 2) TES
Cognitive, 3) TES Mixed (Mood/Behavioral & Cognitive), and 4) TES Dementia. All of these
classification systems await empirical verification.

Conversely, other researchers have concluded that it is extremely difficult to establish reliably a
neuropsychiatric profile of CTE or TES (Antonius et al., 2014; Hanlon, McGrew, & Mayer, 2017).
Although a case study by Mez, Solomon, Daneshvar, Stein, and McKee (2016) raised the possibility that a
specific neuropsychological profile (including impairments in learning and executive function with
preserved verbal episodic retrieval) might be characteristic of CTE, the finding has yet to be replicated.

Beliefs about concussion and subconcussion: how did things get this way?

First, I would venture to say that SRC has become the sports injury of the 21st century. In October
2015 the University of Pittsburgh Medical Center sponsored a meeting of the Targeted Evaluation &
Active Management (TEAM) approach to treating sport-related concussion (Collins et al., 2016).
Prior to the meeting, the conveners of the conference commissioned a Harris Poll which found that:
1) 24% of adults believed that a concussion changes your life forever, 2) 72% believed that damage to
the brain from a concussion is permanent, 3) 80% believed that you can only lessen symptoms, but
never recover, and 4) 25% would not allow their children to play contact sports due to fear of
concussion. The inaccuracy of these survey responses is underscored by research showing essentially
full and complete recovery from a single concussion (cf. Belanger, Curtiss, Demery, Lebowitz, &
Vanderploeg, 2005; Rohling et al., 2011).

Further, it is informative to realize that all states in the USA now have laws regulating SRC at the
high school level and below. I wonder how legislators would react to a proposal of a state law related
to medical and surgical management of ACL tears; I suspect such a bill would be met with
skepticism. The reality is that nearly everyone can identify with concussion. Concussions affect
athletes, civilians, and members of the military, without discrimination based on age, gender, race,
disability, religious or sexual orientation, sport, BMI, or insurance status. These beliefs tend to fly in
the face of the scientific facts as we know them. I believe that several forces have intersected to result
in the opinions held by the public. The questions become “Why?” and “How did things get
this way?”

The first force that may have shaped our view of SRC is media coverage. It is difficult to have a
day pass where SRC is not on the media’s radar. I know of only one study that has investigated
empirically the hypothesis of media bias in covering SRC. Jordan Brogley Webb conducted an
undergraduate thesis for the Ohio University Honors Tutorial College for her B.S. degree in
journalism (2014). Her study was titled: Concussions and Other Headaches: An Analysis of the
Journalistic Coverage of the Concussion Crisis and Football-Related Brain Trauma. In reviewing
489 articles from Sports Illustrated and ESPN and analyzing them with a variety of analytical
tools, Brogley Webb found (2014) “ a distinctly negative slant to the reporting” of SRC and its
effects on the brain.
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The second major force has been litigation. Lawsuits related to SRC have been filed at virtually
every level of competition ranging from professional sports to Pop Warner, with nearly all suits
settled out of court. Despite disavowing liability in many of the legal settlements, it is possible that
these settlements have reinforced the belief in the minds of members of the public that the
allegations were, in fact, true.

The third factor is a social psychological concept, and has been termed “the availability cascade”
by Kuran and Sunstein (1999). They defined the availability cascade as “a self-reinforcing process of
collective belief formation by which an expressed perception triggers a chain reaction that gives the
perception of increasing plausibility through its rising availability in public discourse. The driving
mechanism involves a combination of informational and reputational motives: Individuals endorse
the perception partly by learning from the apparent beliefs of others and partly by distorting their
public responses in the interest of maintaining social acceptance.” Essentially, the notion is simply to
repeat something long enough and it becomes “true.” I suspect political organizations have been
aware of this for decades.

These public beliefs about SRC and CTE also have had profound implications for public health.
One very poignant example is that of retired NHL enforcer Todd Ewen, who reportedly believed that
his mood and cognitive difficulties were evidence that he had developed CTE. Given that CTE is not
curable at present, Ewen committed suicide via self-inflicted gunshot wound to the head at age 49.
An autopsy was negative for CTE. It is quite possible that Ewen in fact had a treatable case of major
depressive disorder. Kuhn, Yengo-Kahn, Kerr, and Zuckerman (Kuhn et al., 2016), in an editorial in
the British Journal of Sport Medicine, have addressed the disconnect between the science behind
concussions/CTE and the public beliefs.

Demand evidence and think critically

Multiple scientific sources have raised questions about the relationship between SRC and CTE. It is
important to note that the Concussion in Sport Group (CISG), an international panel of SRC experts
that has met every 4 years since 2000 to issue consensus guidelines on SRC, has maintained that a
cause and effect relationship between concussions and/or contact sport participation and CTE has
not yet been demonstrated (McCrory et al., 2017). For those interested in reading published, peer
reviewed, scientific studies I would recommend Davis, Castellani, and McCrory (2015), Love and
Solomon (2015), Solomon and Sills (2014), Solomon and Zuckerman (2015), Meehan, Mannix,
Zafonte, and Pascual-Leone (2015), Yengo-Kahn, Johnson, Zuckerman, and Solomon (2016),
Iverson, et al. (2014), Ban, Madden, Bailes, Hunt Batjer, and Lonser (2016), Asken, Sullan,
Dekosky, Jaffee, and Bauer (2017), Perrine, Helcer, Tsiouris, Pisapia, and Stieg (2017), McAllister
and McCrea (2017), and Manley et al. (Manley et al., 2017). FAQ sheets related to CTE can be found
on the websites of the Vanderbilt Sports Concussion Center and the Sports Neuropsychology
Society.

Summary

The logic posited by the Boston Group about the etiology of CTE appears to be: 1) mTBI and/or
subconcussion causes p-tau deposition at the depths of the sulci, 2) the p-tau deposition then causes
neurocognitive, mood, and neurobehavioral symptoms, with age-related patterns of symptomatology
reported, 3) p-tau then spreads, causing: a) additional neurocognitive, mood, and neurobehavioral
symptoms, and b) a cascade of other neuropathological changes (e.g., beta amyloid, alpha synuclein,
TDP-43, Lewy body, etc.), and 4) upon autopsy, if p-tau is found in any amount at the depths of the
sulci, then: a) this fulfills the necessary and sufficient criterion for a diagnosis of CTE, b) explains/
causes the presence of comorbid neuropathology and overrides their relevance, and c) is conclusive,
causative proof of the etiology of the neurocognitive, mood, and neurobehavioral symptoms. I would
maintain that at the present time, conclusive scientific evidence is absent for all four tenets.
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Some CTE clinicians and neuroscientists seemed to have adopted Freudian-type thinking. . . “If
you don’t agree with our interpretation of our findings, then you are in denial.” This position can be
dangerous. It does not reflect all the evidence to date, carries significant public health risks, and does
not promote the development of balanced empirical science. The current thinking among some
clinicians and neuroscientists seems to be that sport-related concussions and/or subconcussive
impacts directly cause suicide, psychiatric illness, cognitive disorders, and/or degenerative disease,
and that the detection of postmortem p-tau is causal proof of the ante mortem cognitive, mood,
impulse dyscontrol, and neurobehavioral changes seen in contact/collision sports athletes. However,
it is not certain that p-tau causes these aberrations, nor is it clear that the only reason for the
presence of the p-tau is concussion or subconcussive impacts. For purposes of cause and effect it is
necessary to account for genetic, medical, psychiatric, substance abuse, and biopsychosocial variables
that could be relevant in the short- and long-term neurobehavioral and neurocognitive outcomes.
Psychiatric illness, suicide, cognitive disorders, and dementia are heterogeneous in nature and
multifactorial in etiology. We need controlled, prospective, longitudinal, multi-modal assessment
studies to determine the relationships among these factors.

There is little doubt that some athletes may suffer from long-term adverse effects from multiple
sport-related concussions. At present, despite anecdotal and case series reports, it is my opinion that
there is no compelling empirical evidence to indicate that sport-related concussion or subconcussive
impacts are the sole and direct cause of psychiatric illness, suicide, MCI, or neurodegenerative
disease/CTE. As clinical neuropsychologists and sports medicine clinicians, it is incumbent on us
to focus on the relevant, multivariate factors in the long-term outcome from sport-related concus-
sion, and not to reinforce the linear thinking of concussions or subconcussive impacts as the cause of
all neuropsychiatric ills. Concussions and/or subconcussive impacts are not the only independent
variables in the outcome from life.
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Abstract
Concussion is a serious health concern. Concussion in athletes is of particular interest with

respect to the relationship of concussion exposure to risk of chronic traumatic encephalopa-

thy (CTE), a neurodegenerative condition associated with altered cognitive and psychiatric

functions and profound tauopathy. However, much remains to be learned about factors

other than cumulative exposure that could influence concussion pathogenesis. Approxi-

mately 20% of CTE cases report a history of substance use including androgenic-anabolic

steroids (AAS). How acute, chronic, or historical AAS use may affect the vulnerability of the

brain to concussion is unknown. We therefore tested whether antecedent AAS exposure in

young, male C57Bl/6 mice affects acute behavioral and neuropathological responses to

mild traumatic brain injury (TBI) induced with the CHIMERA (Closed Head Impact Model of

Engineered Rotational Acceleration) platform. Male C57Bl/6 mice received either vehicle or

a cocktail of three AAS (testosterone, nandrolone and 17α-methyltestosterone) from 8–16

weeks of age. At the end of the 7th week of treatment, mice underwent two closed-head TBI

or sham procedures spaced 24 h apart using CHIMERA. Post-repetitive TBI (rTBI) behavior

was assessed for 7 d followed by tissue collection. AAS treatment induced the expected

physiological changes including increased body weight, testicular atrophy, aggression and

downregulation of brain 5-HT1B receptor expression. rTBI induced behavioral deficits,

widespread axonal injury and white matter microgliosis. While AAS treatment did not

worsen post-rTBI behavioral changes, AAS-treated mice exhibited significantly exacer-

bated axonal injury and microgliosis, indicating that AAS exposure can alter neuronal and

innate immune responses to concussive TBI.
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Introduction
Traumatic brain injury (TBI) is a leading worldwide cause of death and disability with a cost to
society of over $76B USD per year. The global annual incidence of TBI is estimated to be
approximately 200 per 100,000 persons [1]. In the United States, the overall incidence of TBI is
estimated to be 538 per 100,000 persons, which represents at least 1.7 million new cases per
year since 2003 [2–4]. Compounding this is the growing awareness that> 75% of TBI are mild
(mTBI, a term synonymous with concussion) [2] that do not necessarily need hospitalization
and therefore are not always reported. The past decade has witnessed a tremendous surge of
interest in concussion in youth and young adults, as this age group represents a major peak of
TBI incidence for whom decreased educational and occupational achievement could have pro-
found long-term consequences. Concussions in youth and young adults are attributed mostly
to falls, motor vehicle accidents, and participation in sports. According to the US Centers for
Disease Control and Prevention estimates, emergency departments in the United States treated
approximately 173,285 sport-related concussion (SRC) cases annually during 2001–2009 and
approximately 71% of the SRC visits were among persons aged 10–19 years [5]. Falls account
for TBI in nearly half of the persons aged 0–14 years followed by struck by/against events [4].
As current diagnosis relies on subjective symptom reporting, there is great of interest in charac-
terizing the cellular and histopathological changes that occur after concussion to aid in the
development of evidence-based objective, sensitive and specific metrics of concussion diagno-
sis, prognosis and recovery in young people.

Post-concussion syndrome (PCS) is a term used to describe a constellation of symptoms
across emotional, somatic and cognitive domains by approximately 50% of patients with mild
TBI [6, 7]. Although PCS typically resolves within 3 months of injury for the majority of
patients, some develop persistent PCS [6, 7]. However, the symptoms of PCS are nonspecific
and also found in patients with traumatic injuries to areas of the body other than the head [8,
9]. The nonspecificity of PCS symptoms led the International Collaboration on Mild Trau-
matic Brain Injury Prognosis to recommend that the term “post-concussion syndrome” be
replaced with “posttraumatic symptoms PTS)” [10]. Factors that influence symptom preva-
lence include concurrent components such as pain, anxiety, depression, post-traumatic stress,
pre-existing psychiatric conditions and litigation [11, 12]. With respect to factors that predict
symptom reporting, a recent investigation of close to 32,000 uninjured high school athletes
(without concussion for 6 months) found that symptom reporting was more common in girls,
especially those with prior treatment of a psychiatric condition or substance abuse and atten-
tion deficit-hyperactivity disorder [13]. For boys, prior treatment of a psychiatric condition
was the strongest independent predictor for symptom reporting, followed by a history of
migraines [13]. Intriguingly, the weakest independent predictor of symptom reporting for both
sexes was history of prior concussion [13].

Given the challenges associated with monitoring concussion recovery using subjective and
nonspecific symptoms, objective and quantifiable biomarkers are highly desirable. Diffuse axo-
nal injury (DAI) and white matter neuroinflammation are commonly found upon histopatho-
logical examination of TBI brain tissue. Deformation of white matter at the moment of
traumatic injury is believed to lead to mechanical failure and calcium dependent proteolysis of
the axonal cytoskeleton, leading to several markers of axonal damage that can include silver
uptake as well as accumulation of amyloid precursor protein (APP), neurofilament and proteo-
lytic fragments of alpha II spectrin [14]. Neuroinflammation is another well-recognized
response to TBI in both humans and experimental models. As the activation of immune and
non-immune cells that occurs in the days to weeks after injury can influence many post injury
symptoms, the term Post-Inflammatory Brain Syndrome has recently been suggested [15].

Steroid Exposure Exacerbates TBI Neuropathology

PLOS ONE | DOI:10.1371/journal.pone.0146540 January 19, 2016 2 / 21

Graduados Macao. The funders had no role in study
design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

Abbreviations: AAS, androgenic-anabolic steroid;
APP, amyloid precursor protein; CHIMERA, closed-
head impact model of rotational engineered
acceleration; CTE, chronic traumatic encephalopathy;
DAI, diffuse axonal injury; LRR, loss of righting reflex;
mTBI, mild traumatic brain injury; NSS, neurological
severity score; PCS, post-concussion syndrome;
PTS, posttraumatic symptoms; RIT, resident-intruder
test; rTBI, repetitive traumatic brain injury; SRC, sport
related concussion; TBI, traumatic brain injury; VH,
sesame oil vehicle.



Neuroinflammation is also a major component of many neurodegenerative diseases of aging,
and a dysregulated neuroinflammatory response after TBI could contribute to the increased
risk of chronic consequences of TBI.

One such consequence of interest to those who participate in high contact sports is chronic
traumatic encephalopathy (CTE), a progressive neurodegenerative disease clinically character-
ized by alterations in mood and behavior, motor disturbances and, in severe cases, progressive
dementia [16, 17]. Originally described as dementia pugilistica [18], recent studies have
revealed that similar clinical symptoms and neuropathology are also observed in other contact
sports such as American football, boxing, hockey, and association football (soccer) [19–21].
CTE cannot yet be confirmed without post mortem analyses [22] although emerging brain
imaging data using [F-18]FDDNP PET may hold promise detecting tauopathy in living per-
sons with susceptibility for CTE [23]. The primary neuropathological feature of CTE is exten-
sive deposition of hyperphosphorylated tau [20, 24].

A recent systematic review revealed that approximately 20% of all reported pathologically
confirmed CTE cases have a documented history of exposure to illicit substances including
androgenic-anabolic steroids (AAS), alcohol, methamphetamine and marijuana prior to or
concurrent with CTE [25]. Given that 90% of confirmed cases of CTE have been in athletes,
[22] determining the effects of substances that are used by athletes on TBI outcome may pro-
vide useful information on TBI pathogenesis.

AAS are synthetic derivatives of testosterone used by both elite and recreational athletes
[26, 27] for their ergogenic effects including increased muscle strength, endurance and power,
increased lean body mass, and enhanced recovery between workouts and from injury [28]. A
recent meta-analysis of 271 studies found the global prevalence rate of AAS use among elite
and recreational athletes to be 13.4% and 18.4%, respectively, although this may be an underes-
timate due to the illegal nature of ASS use [29]. Further, athletes younger than 19 years have a
higher prevalence of AAS (2.5%) compared to athletes aged older than 19 years (1.9%) [29].
AAS use in athletes is driven by perceived benefits to both athletic performance and appear-
ance. While AAS may enhance sports performance, chronic AAS use is associated with several
adverse psychiatric effects including increased aggression, depression, mood and anxiety disor-
ders, irritability and suicidal tendencies [27, 30]. Chronic AAS use also induces widespread
adverse physiological alterations involving multiple organ systems, particularly of the hypotha-
lamic-pituitary-gonadal axis [31]. Moreover, preclinical and clinical studies indicate altered
structural remodeling and neurotransmitter physiology in adolescent brains following AAS
exposure, which also may affect behavior [32].

As several of the psychiatric effects associated with AAS use overlap with clinical symptoms
of PTS, it is possible that AAS exposure may alter the brain’s response to impact. AAS-related
aggressive behaviors may also increase the probability of experiencing head trauma both on
and off the field. Ethical constraints clearly pose considerable challenges for controlled clinical
studies of how AAS exposure affects both TBI risk and pathogenesis in athletes. To our knowl-
edge, only one preclinical study to date has investigated the effects of a 12-week exposure to a
single AAS, nandrolone, on axonal injury in rats subjected to a single weight drop TBI [33]. In
this study, axonal injury as assessed with amyloid precursor protein (APP) immunohistochem-
istry was the sole TBI outcome examined. No alteration in axonal damage was observed after
TBI in AAS-treated compared to control rats when assessed 30 d post-injury.

Given that a significant proportion of both professional and recreational athletes in high
contact sports are at risk for concussion and that AAS exposure in sport may be underreported,
we aimed to test whether antecedent AAS exposure affects behavior, DAI and neuroinflamma-
tion in our recently described mouse model of repetitive TBI (rTBI) called CHIMERA (Closed
Head Impact Model of Engineered Rotational Acceleration). CHIMERA is designed to reliably
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replicate the biomechanical conditions encountered in human mTBI, namely, impact to a
closed skull with free head movement after impact [34]. Here we report that chronic exposure
to AAS in young, wild-type male mice exacerbates rTBI-induced DAI and microgliosis in
white matter without further worsening of rTBI-induced behavioral deficits.

Results

AAS Treatment Increases Body and Seminal Vesicle Weights along with
Testicular Atrophy
We first assessed the physiological effects of chronic AAS treatment by recording body weight
weekly for 6 weeks during an 8-week total treatment period. Compared to the vehicle (VH)
group, mice in the AAS treatment group showed the expected persistent and significant
increase in body weight starting from the 2nd week following initiation of treatment through
week 6 (Fig 1A, p< 0.0001). The body weight increase in the AAS group showed both time
(p< 0.0001) and treatment (p< 0.0001) effects. Post-mortem morphological analyses of
androgen-responsive tissues including the seminal vesicles and testes revealed that AAS-
treated mice exhibited significantly increased seminal vesicle weight (Fig 1B, p< 0.0001) as
well as size (Fig 1C) compared to VH controls. In addition, AAS-treated mice also showed tes-
ticular atrophy (Fig 1B and 1C) compared to VH controls. AAS treatment did not affect brain
weight or size (Fig 1B and 1C).

Chronic AAS Treatment Does Not Exacerbate Acute rTBI-Induced
Behavioral Deficits
Mice subjected to rTBI exhibited significantly prolonged loss of righting reflex (LRR) regardless
of VH or AAS treatment compared to their respective sham controls (Fig 2A, rTBI effect:
p< 0.001). LRR duration remained stable over two impacts (time effect: p = 0.850) and did not
show any significant treatment effect (p = 0.704). Injured mice in both VH and AAS groups
showed significant neurological deficits as observed by higher composite neurological severity
score (NSS) values compared to their respective sham controls (Fig 2B, rTBI effect: p< 0.001).

Fig 1. Chronic AAS treatment in mice induces physiological changes. Prior to rTBI, mice were treated 5 d per week for 7 weeks with a cocktail of
androgenic-anabolic steroids (AAS) or sesame oil vehicle (VH). Cohort size: VH: N = 22, AAS: N = 23. (A) Percent increase in body weight in AAS and VH-
treated mice over time. (B) Comparison of weights of seminal vesicles (SV), testes (TT), and brain (BR) collected at 7 d post-rTBI. (C) Macroscopic size
comparison of seminal vesicle, testes and brain. Scale bar = 1cm. In all graphs, data are presented as mean ± SEM values. Body weight data are analyzed
by two-way repeated measures ANOVA followed by a Bonferroni post hoc test, tissue weight data were analyzed by two-tailed unpaired t test. For all graphs,
*: p < 0.05, ***: p < 0.001, ****: p < 0.0001.

doi:10.1371/journal.pone.0146540.g001
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NSS values in both injured groups were highest at 1 h post-TBI and declined over 7 d showing
a significant time effect (p< 0.001). NSS values also showed a significant time X rTBI interac-
tion (p< 0.001), indicating that NSS values of injured mice improved over time while sham
animals had stable NSS scores. AAS treatment did not significantly exacerbate NSS scores in
injured mice (Treatment effect: p = 0.352), although we noted that AAS-treated injured mice
showed a trend toward higher NSS values over VH controls from 1 h to 2 d post-rTBI. A
detailed analysis of individual NSS tasks revealed that 25% of mice in the AAS-rTBI group
failed on the 3 cm wide beam walk test (the easiest among 1 cm, 2 cm, and 3 cm wide beam
walk tasks) at 1 h post-rTBI, whereas all mice in the VH-rTBI group successfully completed
the same task, albeit this finding did not reach statistical significance (S1 Fig, Fisher’s exact test,
p = 0.217). Similarly, rTBI significantly impaired motor performance in VH-rTBI and AAS-
rTBI groups as indicated by reduced fall latencies on an accelerating rotarod compared to their
respective sham controls (Fig 2C, rTBI effect: p< 0.001). Post-rTBI motor dysfunction in both

Fig 2. Chronic AAS treatment does not exacerbate acute post-rTBI behavioral deficits. (A) Duration of loss of righting reflex (LRR) was assessed
immediately following the sham or TBI procedure. (B) Composite neurological severity score (NSS) was assessed at 1 h and at 1, 2 and 7 d post-rTBI. (C)
Motor performance was assessed on an accelerating rotarod at 1, 2, and 7 d post-rTBI. The graph depicts fall latency in seconds at baseline before rTBI and
at three post-rTBI time points. (D) Thigmotaxis was quantified at 1 and 6 d post-rTBI and is represented as thigmotaxis index. (E) Aggressive behavior was
assessed with the RIT at the 5th (RIT # 1) and 6th (RIT # 2) week following initiation of AAS treatment (pre-rTBI) as well as at 5 d (RIT # 3) post-rTBI. Graphs
represent latency to initiate fighting by the resident mouse. Data in all graphs are presented as mean ± SEM. Data are analyzed by repeated measures
general linear model. Legends and cohort sizes are consistent across all graphs.

doi:10.1371/journal.pone.0146540.g002
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injured groups was maximal at 1 d post-rTBI. Fall latencies showed both a significant time
effect (p< 0.001) and a significant rTBI X time interaction (p< 0.001), indicating that the
motor performance of sham animals was stable over time but deteriorated in the rTBI groups.
Although AAS treatment did not significantly affect rTBI-induced motor deficits (p = 0.765),
mice in the AAS-rTBI group exhibited a trend toward ~ 8–16% shorter fall latencies compared
to the VH-rTBI group. Injured mice showed anxiety-like behavior as indicated by significantly
increased thigmotaxis in an open field test performed 6 d post-rTBI (Fig 2D, TBI effect:
p< 0.001). Thigmotaxis showed a significant time effect (p< 0.001) as well as a time X rTBI
interaction (p = 0.035). AAS treatment did not significantly alter thigmotactic behavior. Open
field thigmotaxis was not affected by gross motor activity as no significant differences in total
distance traveled (Injury effect: p = 0.619) or time immobile (Injury effect: p = 0.357) were
observed between injured and sham-operated mice (S2 Fig). Finally, aggressive behavior was
exacerbated in AAS-treated resident mice prior to injury as indicated by significantly decreased
latency to fight with intruder mice as assessed by RIT at the 5th and 6th week of AAS treatment
(Fig 2E, treatment effect: p< 0.05). Aggressive behavior was diminished when measured at 5 d
post-rTBI (Fig 2E).

To test whether the extensive handling of the mice during the injection regimen was suffi-
cient to alter post-rTBI behavior, we also compared the two VH treatment groups with naïve
controls that were neither handled nor subjected to injections prior to sham or rTBI proce-
dures. For all but one behavior, no differences between the VH-treated and naïve groups swere
observed, indicating that the handling involved in the treatment schedule had minimal behav-
ioral effects (S3A–S3D Fig). The single exception was that mice in the VH group exhibited
hyperactivity in the open field task as shown by a significant treatment effect in the distance
traveled (S3E Fig, p = 0.02) and immobile time (S3F Fig, p< 0.001).

Neither rTBI nor Chronic AAS Treatment Affects Endogenous Murine
Tau Phosphorylation 7 D Post-Injury
Using the same experimental conditions as in this study, we previously showed that endoge-
nous murine tau shows a transient increase in phosphorylation that resolves to baseline 7 days
after CHIMERA rTBI [34]. To determine the effect of AAS exposure, we assessed the phos-
phorylation levels of endogenous murine tau in half-brain homogenates collected at 7 d post-
rTBI using two antibodies directed against different tau phosphorylation sites, namely CP13
(pSer202) and RZ3 (pThr231). Total murine tau levels were determined by the antibody DA9.
Simple Western analysis showed that, as expected from our previous study, tau phosphoryla-
tion levels were not significantly different in the rTBI group compared to sham controls at 7 d
post injury (Fig 3). AAS treatment also had no significant effect on tau phosphorylation levels
at this time point (Fig 3).

Chronic AAS Treatment Downregulates 5-HT1B Receptor Expression in
the Substantia Nigra Irrespective of rTBI
Chronic AAS treatment has been reported to alter neurotransmitter systems, particularly
monoamine neurotransmitters including serotonin (5-hydroxytryptmaine /5-HT) and dopa-
mine, which are associated with mood, reward, anxiety and aggressive behavior [32]. To con-
firm the neurochemical effects of AAS treatment in the present study, we assessed serotonin
receptor (5-HT1B) expression in brain tissues by immunohistochemistry and found signifi-
cantly decreased staining intensity selectively in the substantia nigra (Fig 4, treatment effect:
p = 0.0007). The decrease in 5-HT1B expression was independent of injury status (Fig 4B, rTBI
effect: p = 0.3293).
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Chronic AAS Treatment Significantly Exacerbates Silver Uptake in
rTBI-Damaged Axons without Affecting APP Immunostaining
Silver staining was used to assess post-rTBI axonal damage at 7 d post rTBI. As we have previ-
ously reported [34], CHIMERA-injured brains revealed widespread multifocal axonal injury,
as indicated by intense punctate and fiber-associated argyrophilic structures in several white
matter tracts including the corpus callosum, external capsule, septal-fimbrial area, and optic
tract (Fig 5). Axonal injury was observed at both coup (corpus callosum) and contrecoup
(optic tract) regions, indicating a diffuse injury pattern. With the exception of septal-fimbrial
area in the VH-rTBI group, quantitative analysis of silver stained images revealed significantly
increased silver uptake in all of the above-mentioned white matter regions for both rTBI

Fig 3. CHIMERA rTBI and AAS treatment do not affect endogenous tau phosphorylation at 7 days post injury. Tau phosphorylation was assessed
using the SimpleWestern system (Protein Simple). Graphs in the left column (A and B) show fold change in endogenous phosphorylated tau levels in half-
brain homogenates collected at 7 d rTBI compared to sham brains using antibodies CP13 (pSer202 and pThr205, Panel A) and RZ3 (pThr231, Panel B),
respectively. Graphs in the middle column (C and D) depict quantitation of phosphorylated tau as a proportion of total tau (DA9). Representative digital
immunoblots of phosphorylated and corresponding total tau are depicted in the right column (E and F).

doi:10.1371/journal.pone.0146540.g003
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groups (Fig 6). AAS treatment further exacerbated rTBI-induced axonal damage as indicated
by a significant treatment X rTBI interaction in the corpus callosum (p = 0.026), external cap-
sule (p = 0.005), septal-fimbrial area (p = 0.033) and optic tract (p = 0.029) (Fig 5). By contrast,
neither rTBI nor AAS led to altered APP immunoreactivity under the conditions used here (S4
Fig), consistent with previous reports of increased sensitivity of silver compared with APP
immunostaining in wild-type rodents with experimental TBI [35–37].

Chronic AAS Treatment Exacerbates rTBI-Induced Microgliosis
Using Iba1 immunohistochemistry, we observed significant microglial activation throughout
several white matter regions including the olfactory nerve layer, corpus callosum, brachium of
superior colliculus and optic tract of injured brains compared to sham controls (Fig 7). Micro-
glia in sham brains displayed high fractal dimensions consisting of highly complex, extensively
branched and ramified morphology indicative of the resting state (Fig 8A–8D). By contrast,
microglia in injured brains from both VH and AAS-treated groups showed significantly
reduced fractal dimensions in the above white matter regions indicative of an activated state

Fig 4. Chronic AAS treatment downregulates 5-HT1B receptor expression in the substantia nigra. Immunohistochemistry was used to assess 5-HT1B
receptor expression levels. Representative images of whole-mount sections for AAS-treated and control brains are depicted in Panel A. 5-HT1B receptor
expression in the substantia nigra (dashed circles) was quantified by measuring the mean grey intensity of the selected brain area on an 8-bit grayscale
image. Graph in Panel B depicts mean staining intensity in arbitrary units.

doi:10.1371/journal.pone.0146540.g004
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(Fig 8A–8D). AAS treatment did not alter microglial morphology in the absence of injury
(Fig 8A–8D). In addition to the changes in microglial morphology, VH-rTBI and AAS-rTBI
groups showed significant increases in the number of Iba-1 stained microglia in the same white
matter regions (Fig 8E–8H) including the olfactory nerve layer (Fig 8E), corpus callosum (Fig
8F), brachium of superior colliculus (Fig 8G) and optic tract (Fig 8H) (rTBI effect for all
regions: p< 0.0001), indicating that injury induced proliferation and/or recruitment of
immune cells. Intriguingly, except for the optic tract, brains in the AAS-rTBI group showed
significantly higher numbers of Iba1-positive microglia in the olfactory nerve layer (Fig 8E,
Treatment X rTBI interaction: p = 0.014), corpus callosum (Fig 8F, Treatment X rTBI

Fig 5. Chronic AAS treatment in mice exacerbates post-rTBI axonal injury. Post-rTBI axonal damage was assessed with silver staining. Representative
40X-magnified images of corpus callosum, external capsule, septal-fimbrial area and optic tract of sham (left column) and VH- (middle column) and AAS-
treated (right column) rTBI brains are depicted.

doi:10.1371/journal.pone.0146540.g005
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interaction: p = 0.012), brachium of superior colliculus (Fig 8G, Treatment X rTBI interaction:
p = 0.006) compared to the injured brains in the VH treatment group, demonstrating an exac-
erbated inflammatory reaction in AAS-treated injured mice.

Discussion
The main objective of this study was to determine whether antecedent chronic AAS exposure
at supra-physiological doses alters behavioral deficits and/or neuropathology during the acute
period following rTBI. We treated wild-type mice with a cocktail of three commonly used
AAS, representative of a high-dose regimen in humans, for seven weeks prior to inducing two

Fig 6. Quantitative assessment of silver stained images. Silver stained images were quantified by
calculating the percent of region of interest (ROI) in the white matter tract area that was stained with silver.
Graphs indicate percent of the ROI showing positive signal in the respective white matter regions. For all
graphs, * indicates a significant rTBI effect compared to the respective sham values and # indicates a
significant treatment effect between rTBI groups. Data are analyzed by two-way ANOVA followed by a Tukey
post-hoc test. For all graphs **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, #: p < 0.05, ##: p < 0.01,
###: p < 0.001.

doi:10.1371/journal.pone.0146540.g006
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consecutive mild TBIs spaced 24 h apart using our CHIMERA model of closed-head impact-
acceleration TBI. Mice were followed behaviorally for 7 d after rTBI during which AAS treat-
ment was continued. Prior to rTBI, AAS-treated mice exhibited the expected morphological
changes in body, seminal vesicle and testicular weights, as well as the expected increase in
aggressive behavior. In the acute period of 7 d after rTBI, AAS-treated mice displayed more
severe axonal injury and significantly increased microgliosis in several white matter tracts, but
did not exhibit significantly worsened behavioral deficits or sustained phosphorylation of
murine tau under the experimental conditions used here. Future studies will be needed to
determine if more severe injury, a greater cumulative number of injuries, or additional time
points of analyses unveil significant behavioral outcomes between AAS-treated and control

Fig 7. Chronic AAS treatment in mice augments post-rTBI microgliosis. Post-rTBI microglial activation was assessed with Iba1 immunohistochemistry
at 7 d. Representative 40X-magnified images of white matter regions show resting microglia in sham brains (left column) and activated microglia in injured
brains (second and third columns).

doi:10.1371/journal.pone.0146540.g007
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mice after rTBI. In addition, studies using transgenic mice will be needed to investigate whether
AAS exposure influences additional neuropathological changes including tau-containing neu-
rofibrillary tangles.

To our knowledge, only one other preclinical study on chronic AAS effects after TBI has
been reported. Using the Marmarou method of dropping a weight onto a metal disk affixed to
the exposed skull of rats, Mills et al reported no difference in axonal injury as measured by
APP immunohistochemistry when analyzed at 30 d after TBI [33]. No other outcome was
reported. Our study has several important differences compared to Mills et al that could
explain why we observed exacerbated axonal pathology and inflammation whereas Mills et al
did not. Compared to the Marmarou weight drop model, CHIMERA is nonsurgical and allows
completely free and reliable head motion after impact, thus recapitulating the biomechanical
responses of the head after impact in humans [34]. Head motion has previously been shown to
be an important parameter of injury in blast TBI [38] and is believed to be a major contributor
to the biomechanical strain that underlies DAI [39]. That CHIMERA uses only isoflurane anes-
thesia for a short duration (~ 4 min) may also allow neuropathological pathways to be initiated
that could be suppressed by a combination of anesthetic and analgesic agents required for sur-
gical TBI models. Additionally, many weight-drop TBI models are susceptible to large experi-
mental variability [40]. The post-rTBI behavioral and neuropathological assessments data
from the present study are in close agreement with our previously-reported observation [34]
indicating excellent reproducibility of CHIMERA model. We treated animals with a cocktail of
three most-commonly used AAS to simulate a “stacking” regimen typically used by athletes to
increase the potency of each drug [28], whereas Mills et al used nandrolone only. We assessed
animals after 8 weeks of AAS exposure and 7 d post rTBI, whereas Mills et al used a 12 week
nandrolone treatment duration and assessed animals at 30 d post-TBI. Our study was specifi-
cally designed to correspond roughly to adolescence/young adulthood in mice at the time of
rTBI, whereas Mills et al used adult rats. We confirmed that AAS treatment produced the
expected physiological effects and also demonstrated decreased 5-HT1B receptor expression in
the substantia nigra. Serotonin (5-HT) is well-studied neurotransmitter that is consistently
shown as an inhibitor of aggression [41, 42]. A lower level of 5-HT or its metabolites, or
impaired 5-HT receptor (5-HT1A and 5-HT1B) functions is linked to aggressive behavior in
clinical and animal studies [43–45]. On the other hand, 5-HT receptor agonists reduce aggres-
sion in experimental settings [46, 47]. Several studies have shown that chronic AAS exposure
reduces the levels of serotonin and its metabolites [48, 49], 5-HT-immunoreactive neuronal
fibers [50] as well as receptor expression [51, 52]. Regionally, the substantia nigra has the high-
est 5-HT1B receptor expression [53, 54].

We previously reported that CHIMERA rTBI alters LRR, NSS, as well as motor and cogni-
tive performance [34]. While AAS treatment did not significantly exacerbate LRR, NSS or
motor deficits in injured mice, we did observe a trend towards increased motor deficits in
AAS-rTBI mice compared to VH-rTBI controls upon component analysis of the NSS. These
observations suggest that AAS exposure may cause subtle changes in post-rTBI motor deficits
during the acute phase of TBI that may or may not resolve over a further period of recovery.
We did not evaluate the effect of AAS exposure on cognitive outcomes, which are not feasible

Fig 8. Quantitative analysis of the microglial response to rTBI.Microglial morphology was quantitatively assessed using fractal analysis. Graphs in the
left column represent fractal dimension for microglial morphology in (A) olfactory nerve layer, (B) corpus callosum, (C) brachium of superior colliculus and (D)
optic tract. Graphs in the right column (E-H) show number of Iba1-positive cells per mm2 in the same white matter regions. For all graphs, * indicates a
significant rTBI effect compared to the respective sham values and # indicates a significant treatment effect between rTBI groups. Data are analyzed by two-
way ANOVA followed by a Tukey post-hoc test. For all graphs *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001, #: p < 0.05, ##: p < 0.01.

doi:10.1371/journal.pone.0146540.g008
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to examine during this very acute phase post rTBI. Future studies will be needed to understand
how AAS exposure may affect the trajectory of post-TBI behavioral deficits over the long term.

Using silver staining, we observed increased argyrophilic fibers and punctate structures in
several white matter tracts throughout the brain that were significantly exacerbated by chronic
AAS exposure when assessed at 7 d post-rTBI. By contrast, Mills et al examined axonal injury
only in the corticospinal tract using APP immunohistochemistry 30 d after TBI. Additional
studies designed to characterize dynamic changes in multiple markers of axonal damage during
the days and weeks post-TBI will be an important avenue of future investigation.

We did not observe changes in the levels of phosphorylated murine tau in either the AAS-
rTBI or VH-rTBI groups levels at 7 days post-rTBI, consistent with our previous observation
that murine tau hyperphosphorylation levels peak between 6 h to 2 days and return to baseline
levels by 7 days using the same CHIMERA injury settings used here [34]. Importantly, the ana-
tomical differences between the human and murine brain [55], as well as species differences in
tau expression [56–59], poses challenges toward replicating classical CTE tau neuropathology
in wild-type mice [60].

In agreement with our previous observations [34], we observed significant widespread
microgliosis in several white matter regions of injured brains. While AAS treatment alone in
sham brains did not alter the microglial response, AAS treatment in combination with TBI fur-
ther augmented microgliosis, which is contrary to the immunosuppressive effects of AAS in
the periphery when administered at supraphysiological doses [61]. Further studies will be
needed to characterize the contributions of central compared to peripheral effects of AAS on
neuroinflammation, which can be affected by resident microglia as well as infiltrating macro-
phages [62].

An increased recognition of the potentially deleterious consequences of youth concussions
has grown steadily over the past decade. Importantly, our understanding of concussion patho-
genesis and resolution is yet at its infancy. Our results suggest that exposure to AAS exacerbates
axonal pathology as well as microgliosis even after two relatively mild TBIs. These results could
have significant implications for clinical TBI studies in athletes, as surveys indicate that 4–12%
of adolescent and young adult athletes take AAS even when the established risks of these drugs
are presented to them [63].

As we saw a detrimental outcome following both AAS and TBI, our work opens up addi-
tional lines of investigation. For example, we assessed post-rTBI outcomes only at a single
acute post-TBI time point and under specific experimental conditions of two consecutive TBIs
spaced 24 apart induced with a defined impact energy that mimics mild TBI. Future studies
could explore the dynamics of behavioral and neuropathological outcomes over a longer post-
rTBI period, and also investigate how injury severity and cumulative exposure may each affect
outcomes in both untreated and AAS-treated animals. Since we performed TBI in week 7 of an
8 week AAS treatment regimen, our conclusions are limited to concurrent AAS use. Further
studies will be needed to determine if the adverse effects of AAS on axonal integrity and neu-
roinflammation persist after AAS discontinuation. Additional studies will also be needed to
determine the effect of AAS on deposition of tau, amyloid, and TDP-43, as the wild-type mice
used in our study do not develop these neuropathologies. The present study was conducted in
males only. Epidemiological data suggest that female athletes may be at greater risk for sustain-
ing a concussion compared to males [64]. As the global prevalence rate of AAS use by female
athletes is ~ 2% [29], how AAS exposure alters concussion risk in female athletes will need fur-
ther investigation.

In conclusion, our study shows that AAS exposure exacerbates axonal damage and neuroin-
flammation after concussion, adding to the list of disincentives that could be used to reduce
AAS use.

Steroid Exposure Exacerbates TBI Neuropathology

PLOS ONE | DOI:10.1371/journal.pone.0146540 January 19, 2016 14 / 21



Materials and Methods

Animals
Gonadally-intact, 8-week old male C57BL/6 mice were randomly assigned to one of two
groups, resident and intruder, prior to the start of AAS treatment. All mice were housed under
a reversed 12 h light-12 h dark cycle for at least 10 d before the initiation of AAS treatment. For
the duration of the study, resident mice were singly housed to facilitate inter-male aggression
testing. Intruder mice were group-housed with 2–4 animals per cage and only used for resi-
dent-intruder testing (RIT, described below) at weeks 5, 6, and 7 following initiation of treat-
ment. All animal procedures were approved by the University of British Columbia Committee
on Animal Care and were performed in strict accordance with the Canadian Council on Ani-
mal Care guidelines.

Drugs
Testosterone cypionate, 17α-methyltestosterone, and nandrolone decanoate were purchased
from Steraloids (Newport, RI). Sesame oil vehicle was purchased from Sigma. A fresh cocktail
of all the three AAS in sesame oil vehicle was made every week.

Pre-rTBI AAS Administration
Resident mice were randomized into one of four treatment arms: 1) Seven-week sesame oil
vehicle treatment followed by sham injury [VH-Sham, N = 9], 2) seven-week AAS cocktail
treatment followed by sham injury [AAS-Sham, N = 9], 3) seven-week sesame oil vehicle treat-
ment followed by rTBI [VH-rTBI, N = 12], and 4) seven-week AAS treatment followed by
rTBI [AAS-rTBI, N = 12]. Mice in the two AAS treatment arms received a cocktail of three
AAS (2.5 mg/kg/day each of testosterone cypionate, 17α-methyltestosterone, and nandrolone
decanoate) for a total dose of 7.5 mg/kg/day via subcutaneous injection starting from 8 week of
age [65, 66]. This daily dose of AAS is equivalent to typical high-dose AAS regimens reported
to be used by athletes [65]. Mice in the two VH treatment arms received an equivalent volume
of sesame oil vehicle (~ 150 μl/day) via subcutaneous injection. The drugs were administered
as a single daily dose for 5 d/week from 8–16 weeks of age (S5A Fig). To avoid excessive fluctu-
ations in plasma drug concentration, as well as to simulate the “cycling” pattern of AAS admin-
istration by athletes, we designed a typical weekly injection schedule as follows: Day 1–3
injections, Day 4 no injection, Day 5–6 injections, Day 7 no injection (S5B Fig). Drug treatment
was maintained throughout the entire experiment until tissues were harvested 7 d following
rTBI. In addition, for behavioral comparisons, we included two age-matched naïve treatment
groups that underwent either sham (N = 6) or rTBI (N = 10) procedure but received neither
vehicle/AAS treatment nor the handling associated with the weekly injections.

CHIMERA rTBI
At the end of the 7th week of AAS treatment, mice underwent rTBI and sham procedures using
CHIMERA as described [34]. Briefly, animals received two successive closed-head impacts
spaced 24 h apart under isoflurane anesthesia using a pneumatically-driven 50 g steel piston
calibrated to deliver 0.5 J of kinetic energy at the point of impact. Sham animals underwent all
procedures except for impact. Animals were followed for 7 d after the second TBI with behav-
ioral tests followed by tissue collection on day 7 as described below.
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Behavioral Analyses
Duration of loss of righting reflex (LRR) following each of the two closed-head impacts was
recorded as described [34]. Neurological impairment was assessed using the neurological sever-
ity score (NSS) at 1 h and at 1, 2, and 7 d post-rTBI as described.[34] Motor function was
assessed using the accelerating rotarod test at 1, 2, and 6 d post-rTBI as described [34, 67].
Open field activity and thigmotactic behavior were assessed at 1 and 6 d after the second TBI as
described previously [34].

AAS-induced aggressive behavior in resident mice was assessed using the RIT [66] in weeks
5 and 6 (pre-rTBI) of treatment and on the 5th day after the second TBI. In each week, a single
RIT session was conducted starting at the beginning of the dark phase of the12 h-12 h dark-
light cycle in the home cage of resident mice. All bedding material in the resident mice cages
was kept unchanged for 7 d prior to each RIT to maintain scents associated with territorializa-
tion. Immediately prior to each test, nesting material from the resident’s home cage was
removed to prevent visual obstruction during videotaping. Following a 5 min acclimation
period, a weight-matched male intruder mouse was introduced to the resident’s home cage and
a timer was started. Resident-intruder interactions were videotaped for a maximum duration
of 10 min. Upon the first evidence of a fight between the pair within 10 min, the timer was
stopped and the mice were immediately separated. At the end of each RIT session, resident
mice were transferred to a new cage and intruder mice were returned to their home cage.
Intruder mice were identified with distinctive tail marks made with a non-toxic marker. Resi-
dent-intruder pairs were kept constant between tests. Recorded sessions were later evaluated
by an observer blinded to the treatment and injury status for recording latency to fight.

Tissue Collection
Tissues were collected at 7 d post-rTBI as described previously [34, 67]. Briefly, ketamine-xyla-
zine-anesthetized animals were perfused with ice-cold heparinized phosphate-buffered saline
(PBS). Brain, seminal vesicles and testes were collected, weighed and photographed for mor-
phological analysis. The brain was longitudinally bisected and hemisections were processed for
histology and biochemistry as described [34, 67].

Quantitative Assessment of Phosphorylated Tau, 5-HT1B Receptor
Expression, Axonal Damage and Microglial Activation
Phosphorylated and total tau in half-brain RIPA lysates were assessed using the Protein Simple
Wes apparatus as described [34].

Expression of serotonin receptor 1 subtype B (5-HT1B) was assessed with immunohis-
tochemistry. Briefly, 3–4 coronal brain sections (40 μm thick) coronal brain sections were
treated with 0.3% hydrogen peroxide for 10 min and blocked with 3% normal goat serum
(NGS) in PBS for 1 h. Sections were incubated overnight with rabbit anti-mouse 5-HT1B
receptor antibody (Abcam, Ab13896, 1:300) in 3% NGS. After washing in PBS the sections
were incubated with a biotinylated goat anti-rabbit secondary antibody (1:1000 in PBS) for 1 h.
Sections were visualized with horseradish peroxidase (Vectastain Elite ABC Kit PK-6120, Vec-
tor Laboratories (Canada) Inc, Burlington, ON) and DAB substrate. From each section, 5X-
magnified images were captured with a Zeiss microscope (Axio Observer Z1) using Axiocam
150 color camera and stitched together with Zen Pro imaging software (version 2). For quanti-
fication of 5-HT1B expression in the substantia nigra, images were first converted to 8-bit gray-
scale image (Min:0, Max: 256) and the mean grey intensity of the region of interest was
quantified using ImageJ (version 1.48, NIH).

Steroid Exposure Exacerbates TBI Neuropathology

PLOS ONE | DOI:10.1371/journal.pone.0146540 January 19, 2016 16 / 21



Post-rTBI axonal pathology was assessed with silver staining and APP immunohistochemis-
try. Silver staining was performed using FD Neurosilver kit (PK301A, FD NeuroTechnologies,
Inc, Columbia, MD) as described [34]. For APP immunohistochemistry, 3–4 coronal sections
were washed with PBS and treated with 1% hydrogen peroxide. Antigen retrieval was carried
out for 8 min in a microwave pressure cooker using 100mM Tris and 50 mM EDTA buffer (pH
8.0) followed by blocking with mouse IgG blocking reagent (M.O.M. Basic Immunodetection
Kit, BMK-2202, Vector Laboratories, Burlingame, CA) according to the manufacturer’s
instructions. The sections were incubated for 45 min at room temperature with murine APP
antibody (clone 22C11, 1:5000, EMDMillipore Corporation). After washing with PBS, the sec-
tions were incubated for 10 min at room temperature with biotinylated anti-mouse secondary
antibody (M.O.M. Basic Immunodetection Kit, BMK-2202, Vector Laboratories, Burlingame,
CA) according to the manufacturer’s instructions. Sections were visualized with horseradish
peroxidase (Vectastain Elite ABC Kit PK-6120, Vector Laboratories (Canada) Inc, Burlington,
ON) and DAB substrate and counterstained with hematoxylin. From each section 20X-magni-
fied white matter regions of interest were imaged with a Zeiss microscope (Axio Observer Z1)
using Axiocam 150 color camera.

Microglial activation was assessed with Iba1 immunohistochemistry as described [34, 67].
Microglial morphology was quantified using fractal analysis and cell counting whereas silver
staining was assessed by quantifying percent stained area of the region of interest of white mat-
ter using ImageJ (version 1.48, NIH) as described [34].

Statistical Analyses
Body weight data were analyzed with repeated measures two-way ANOVA with followed by a
Bonferroni post hoc test. Tissue weight data were analyzed using two-tailed unpaired t test. All
behavioral data were analyzed for rTBI, time and treatment effects as well as rTBI X time, rTBI
X treatment and rTBI X time X treatment interactions using a repeated measures general linear
model using SPSS (v 20). Histology and biochemistry data were analyzed for rTBI, treatment
and rTBI X treatment effects using two-way ANOVA with a Tukey post-hoc test using Graph-
Pad Prism (v 6.05). For all the above statistical analyses, a p value of< 0.05 was considered
significant.

Supporting Information
S1 Fig. Percent of mice failing on beam walk tests. Beam walk tests are an integral compo-
nent of NSS testing where mice are assessed for their ability to successfully walk on 3 cm, 2 cm
and 1 cm-wide beams representing increasing task difficulty. Graphs represent the percentage
of mice in each of the four study arms failing on each of the three beams.
(TIF)

S2 Fig. CHIMERA rTBI does not significantly affect general mobility. General mobility was
tested by the open field test at 1 and 6 d post-injury. There was no rTBI effect at any time point
for the total distance travelled (A) and time spent immobile (B). Data are presented as the
mean ± SEM and analyzed by repeated measures general linear model. Legends are consistent
across all graphs.
(TIF)

S3 Fig. Vehicle treatment does not significantly affect post-rTBI behavior. To test whether
the handing and injections associate with VH treatment itself altered post-rTBI behavior, we
compared naïve mice with the respected VH-treatment groups. Data in the graphs are
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presented as mean ± SEM values. Legends are consistent across all graphs.
(TIF)

S4 Fig. Neither rTBI nor AAS induces APP accumulation in damaged axons. Post-rTBI
axonal injury was assessed with APP immunohistochemistry. Representative 20X-magnified
images of corpus callosum, external capsule, and optic tract of sham (left column) and VH-
(middle column) and AAS-treated (right column) rTBI brains are depicted.
(TIF)

S5 Fig. Experimental design. (A) Schematic details of AAS treatment, rTBI and post-rTBI
assessment. AAS: androgenic-anabolic steroid cocktail, LRR: loss of righting reflex, NSS: neu-
rological severity score, OF: open field behavior, RIT: resident-intruder test, RR: rotarod, VH:
sesame oil vehicle. (B) Example of a weekly AAS or VH injection schedule used in the present
study.
(TIF)

S1 Raw Data. The raw data captured during the present study are compiled into a single
Excel spreadsheet. Individual assay data are presented under individual tabs.
(XLSX)
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Abstract

BACKGROUND—Repeated head trauma has been associated with risk of neurodegenerative 

diseases. Few studies have evaluated the long-term risk of neurodegenerative diseases in collision 

sports like football.

OBJECTIVE—To assess whether athletes who played American varsity high-school football 

between 1956 and 1970 have an increased risk of neurodegenerative diseases later in life.

PATIENTS AND METHODS—We identified all male varsity football players between 1956 and 

1970 in the public high schools of Rochester, Minnesota, compared to non-football-playing male 

varsity swimmers, wrestlers or basketball players. Using the records-linkage system of the 

Rochester Epidemiology Project, we ascertained the incidence of late-life neurodegenerative 

diseases: dementia, parkinsonism, or amyotrophic lateral sclerosis. We also recorded medical 

record-documented head trauma during high school years.

RESULTS—We identified 296 varsity football players and 190 athletes engaging in other sports. 

Football players had an increased risk of medically documented head trauma, especially if they 

played football for more than one year. Compared to non-football athletes, football players did not 

have an increased risk of neurodegenerative disease overall, nor the individual conditions of 

dementia, parkinsonism, or amyotrophic lateral sclerosis.

CONCLUSION—In this community based study, varsity high school football players from 1956 

to 1970 did not have an increased risk of developing neurodegenerative diseases compared with 
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athletes engaged in other varsity sports. This was from an era where there was a generally 

nihilistic view of concussion dangers, less protective equipment and without prohibition of 

spearing (head-first tackling). However, size and strength of players from prior eras may not be 

comparable to current high-school athletes.

Keywords

high-school football; concussions; degeneration

INTRODUCTION

For more than a century, head trauma has been linked to subsequent risks of 

neurodegenerative disease later in life1 and, specifically, dementia/Alzheimer’s disease,1 

Parkinson’s disease (PD)2 and amyotrophic lateral sclerosis (ALS).3 These conditions have 

been reported to be substantial among those engaged in contact sports.4 Recent publicity has 

focused on the dangers of American football, especially as played at the professional and 

college levels, with later risk of the dementia of chronic traumatic encephalopathy.5

Football is arguably America’s most popular sport and is played in nearly every high school. 

Football is a “collision” sport, where concussions commonly occur and where sub-

concussions may be routine, at least at college and professional levels.6 This may have 

implications for brain health later in life with theoretical risks for dementia or other 

neurodegenerative disorders. The importance of the topic has societal implications, with 

some authorities questioning the wisdom of youth football.7 On the other hand, high school 

sports have certain redeeming features, most notably the benefits of fitness training, which 

not only favors cardiovascular health but may also have a neuroprotective effect against later 

neurodegenerative diseases including dementia and Parkinson’s disease.8,9

We previously investigated long-term neurologic outcomes of a cohort of high school 

football players from 1946 to 1956 and found no increased risks of dementia, PD, or ALS, 

compared to non-football playing high school classmates or to the general population.10 The 

goal of the current study is to extend the investigations to another cohort of varsity high 

school football players from the next era, 1956 to 1970. This was a time when rules, 

regulations, and the physical ability of the football players were evolving to mirror more 

closely the present era. Still in this era, football-related concussions were often minimized or 

dismissed as “getting your bell rung.” In the current study, a cohort of high-school football 

players was compared to a cohort of non-football-playing, male high-school athletes 

(swimmers, basketball players, wrestlers) to assess the long-term neurologic outcomes of 

dementia, parkinsonism and ALS.

METHODS

Study design

This study design mirrored our previous investigation of a varsity high-school football 

cohort who played between 1946–1956.10 In the present study, we utilized the same 

methodology and reviewed all yearbooks of the two public high schools in the city of 
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Rochester, Minnesota, between 1956 and 1970: Mayo High School and Rochester High 

School (now called John Marshall High School). All information contained in the yearbooks 

is in the public domain and was freely accessible at The History Center of Olmsted County, 

MN. We used these yearbooks to document the rosters of varsity football players plus the 

comparison-cohort of male high-school classmates playing varsity basketball, swimming or 

wrestling. The yearbooks contained relevant demographic information including sport and 

activity engagement. Soccer, tennis, boxing, and hockey were not consistently available 

sports during these study years, and female sports programs were not consistently offered in 

these schools.

We identified two different groups of male high-school athletes in the yearbooks: 1) 

Students who played varsity football; 2) Student-athletes who never played football but were 

varsity swimmers, basketball players or wrestlers. Athletes who played other sports in 

addition to football were included in the football group (Figure 1).

We utilized the records-linkage system of the Rochester Epidemiology Project (REP), which 

provided access to the medical records of each included individual. The REP is a unique 

medical records-linkage system that encompasses the care delivered to all the residents of 

Olmsted County, Minnesota. Individuals visiting any of the county care providers generate 

records in the system. This is an active records-linkage system that spans from the early 

1900s to the present. Further details on the REP have been reported elsewhere.11,12,13 The 

REP includes a tool that allows searching for individuals on the basis of their names and the 

year of birth. We searched for each person on our compiled lists, using his full name and the 

approximate year of birth (assuming that students graduated at age 18+/−2 years) as in the 

previous study.10 The Institutional Review Boards of Mayo Clinic and Olmsted Medical 

Center approved the study.

We limited our cohort of subjects to individuals who had a constant and prolonged medical 

presence in the REP and received their medical care at the Mayo Clinic, Olmsted Medical 

Center or other Olmsted County facilities. We only included students with updated medical 

records to 2005 or later. We excluded students who had left the county or who did not have 

continuous evidence of medical records up to at least 2005 in the REP.

Neurological outcomes—We reviewed the entire medical record of each student and 

compared the long-term neurological outcomes of the football players with the non-football 

groups. We focused on the development of neurological diseases: parkinsonism; dementias 

of all types; ALS. We also abstracted medically documented head trauma.

We used a two-step process to abstract the medical records. First, we screened the electronic 

medical indexes of the records-linkage system using the REP tools. We reviewed each 

individual medical record, identifying dementia of any type, parkinsonism of any type, and 

ALS as well as medically-documented head trauma occurred in the athletes during the study 

period. Second, one of the researchers (PJ), unaware of the athletic group of the students 

(football players vs non–football players), reviewed the complete available medical charts of 

all those who ever received one of the diagnoses in order to confirm the electronic-based 

diagnosis.
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To determine the reliability of the clinical diagnosis of the abstractor, we compared his 

diagnoses with the diagnoses made by a senior neurologist (RS). There were no statistical 

differences between the diagnoses made by the neurologist and the diagnoses by the first 

abstractor.

Data analysis

Descriptive summaries were reported as frequencies and percentages for categorical 

variables. Our primary analysis compared whether any exposure to playing football (yes, no) 

was a predictor for developing neurodegenerative disorders. Secondary analysis examined 

football played more than one year versus no football, as well as students engaged only in 

football (primary sport) and students engaged in football plus other sports, (yes, no). 

Between-group comparisons were performed using Fisher’s exact test as appropriate. The 

association between the exposure to playing football and the development of 

neurodegenerative diseases later in life was reported as an incidence rate ratio (IRR). IRR is 

a ratio of incidence rate among exposed to unexposed, where incidence rate is calculated as 

the number of events divided by person years of follow-up. Incidence rates were calculated 

using Poisson distribution due to rare events (i.e., fewer number of patients with 

neurodegenerative disease). All tests were two-sided, and p-values less than 0.05 were 

considered statistically significant. Analyses were performed by a statistician (JM) using 

SAS version 9.3 (SAS Institute Inc, Cary, NC).

RESULTS

We identified 1,665 men from high-school yearbooks meeting criteria (1290, Rochester 

High School; 375, Mayo High School). Of this initial group, 1,253 were identified in the 

REP-browser (the others had no medical records or lack of correspondence with names). We 

excluded 752 students whom we could not match with certainty in the REP (common 

names, lack of first name, same year of age, etc.). The excluded students were equally 

distributed among all the sports considered (football, swimming, basketball, and wrestling). 

Another fifteen students were deceased before the age of 40 (n=15) and were excluded from 

the neurological outcome analyses. (None of the fifteen deceased had a diagnosis consistent 

with neurodegenerative diseases.)

Ultimately, we were able to successfully identify 486 high school athletes with sufficient 

medical documentation. This study cohort consisted of men aged 62 through 78 years at the 

time of the outcome analysis. Of these 486 high school athletes, 296 (61%) played football 

and most of these 296 football players played only football (253; 85%). Approximately half 

of this group, 153 students, played more than one year of football whereas 143 played only 

one year (Figure 1). The comparison group consisted of 190 varsity swimmers, basketball 

players or wrestlers.

Head trauma was documented in 48 athletes. This included 34 cases in the football group 

and 14 in the non-footballers. The median length of followup in our study (birth to death or 

last follow-up was 64.64 years IQR: 62.25, 68.73); thus each student was observed for about 

40 years after the participation in high school sports. Among all the high school athletes, we 

identified 14 cases of dementia/MCI (3 dementia and 11 MCI), 7 cases of parkinsonism, and 
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no cases of ALS. Among students who had played football for one or more years there were 

2 cases of dementia, 5 cases of MCI, 3 of parkinsonism, and 0 cases of ALS. Among the 

non-football players (swimmers, basketball players, wrestlers) there was 1 case of dementia, 

4 cases of MCI, 3 of parkinsonism, and 0 cases of ALS (Table 1). In total, 10 of 296 varsity 

football players developed a neurodegenerative outcome (3%) whereas 8 of 190 non-football 

varsity athletes (4%) developed a neurodegenerative outcome.

When we compared the frequency of individual neurological disorders, we found no 

significant differences between varsity football players (ever-played) versus non-football 

athletes in any of the three neurodegenerative outcomes: dementia/MCI (IRR: 1.29; 95% 

Confidence Interval (CI): 0.45–2.32, p = .69); parkinsonism (IRR: 0.86; 95% CI: 0.23–2.19, 

p= 1); ALS (no cases observed). Medically documented head trauma was significantly more 

frequent in the football players compared to the other athletes (IRR: 1.62; 95% CI: 1.12–

2.26, p=.008).

In order to study more substantial, prolonged exposure to possible head trauma, we excluded 

all the students that played football for only one year and compared the football players with 

more than one year of football to the non-football athletes. Despite the presence of an 

increase in head trauma in the football group (IRR: 2.27; 95% CI: 1.45–3.38, p= <.001), we 

did not observe any significant differences in neurodegenerative disorders between the two 

groups (Table 1–2).

DISCUSSION

Our cohort of high-school varsity football athletes playing between 1956 and 1970 did not 

have an overall increased risk of neurodegenerative outcomes, nor individual risks of 

dementia/MCI, parkinsonism, or ALS compared with non-football playing classmates. This 

was despite significantly more medically documented head trauma among the football 

players.

It should be noted that in this prior era, concussions tended to be overlooked; medical 

documentation of head trauma likely captured only the most severe cases. The potential 

implications of concussions were unrecognized and likely, many footballers played after 

having their “bell rung”. The concept of subconcussions6 had not yet surfaced.

The rationale for this investigation was based on a growing literature indicating that repeated 

head trauma/concussions may cause subsequent irreversible neurological conditions.14,15 

Early concerns were raised in the context of “dementia pugilistica”16 (or parkinsonism) as 

an outcome of boxing. Epidemiological studies have documented that a history of head 

trauma is associated with an increased later risk of dementia,1 Parkinson’s disease,8 and 

possibly ALS.17 Professional football players in the United States are at an increased risk of 

neurodegenerative diseases,18 and selected cases of dementia in the context of chronic 

traumatic encephalopathy have recently been publicized.5 Apparently, mortality due to 

neurodegenerative diseases among National Football League players is three times higher 

than that of the US general population; mortality from Alzheimer’s disease (AD) and ALS is 

4 times higher.12

Janssen et al. Page 5

Mayo Clin Proc. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The present study confirms previous findings among high-school football players from the 

same community in the prior decade (1946–1956): dementia, parkinsonism and ALS 

incidences were similar in the football versus the control group.10 Note, however, that high 

school football from the period between 1956 and 1970 was likely more similar to the 

present era, including body weight, athletic performance and equipment. Nonetheless, the 

helmets and football rules from 1956–1970 were not optimally designed to protect the 

athletes; only in 1980 did the National Operating Committee on Standards for Athletic 

Equipment (NOCSAE) implement the first football-helmet standards.20 Moreover, spearing 

(leading with the head when blocking or tackling) was not prohibited until 1976. The major 

causes of football-related death between 1945 and 1999 was brain injury (69%), and most 

fatalities occurred from 1965 to 1969.21 With the adoption of NOCSAE standards, fatalities 

decreased by 74%.12

In comparison to the high school football players analyzed in the prior decade (1946–

1956)10, high-school football players from 1956 to 1970 no longer used dog-ear or 

“leatherhead” helmets but rather more protective polyester helmets (Figure 2). However, 

helmets certainly do not eliminate concussions and may provide players with a false sense of 

protection, The 1956–1970 athletes were presumably bigger and generally more muscular 

than their 1946–1956 counterparts, whereas spearing was still allowed (i.e., striking with the 

head). Thus, better head protection could have had unintended consequences, making it 

ostensibly safer and less painful to strike opponents with the head.

This study should not be interpreted as evidence that football-related head trauma is benign. 

The literature on chronic traumatic encephalopathy among college and professional football 

players seems irrefutable, with reports of devastating outcomes. However, there may be a 

gradient of risk, with low potential among high school football players.

It should be noted that despite the mounting literature on the long-term consequences of 

head trauma in athletes, there are clear benefits of physical fitness on cardiovascular health 

and mortality.19 Indeed, studies have suggested a possible neuroprotective effect against 

neurodegenerative diseases, in particular dementia and Parkinson’s disease.8,9

Despite the merits of the study, there are a number of limitations. Unfortunately we were 

able to identify only 75% of students in our cohort using the REP, and in addition, we 

limited the definitive study population to the 30% for whom we have a prolonged medical 

record up to 2005. This could have led to selection bias; however, our method of case 

ascertainment was the same as we used in the previous study.10 In addition, we were unable 

to include information regarding the positions and the time spent on the field of the football 

players. Thus, we considered all players to be of equal likelihood to have been exposed to 

head trauma. We do not know whether any of the athletes continued to participate in contact 

sports after high school. A major limitation is the lack of power to detect the difference in 

neurodegenerative diseases between football players and non-football players (swimmers, 

basketball players or wrestlers). In fact, in order to obtain 809% of power we should need 

about 9000 students: our study is underpowered. Therefore, our findings should be 

interpreted cautiously.
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The goal of this investigation was to study high-school athletes, not college or professional 

football players. The intensity of the game and the size and speed of college and professional 

football players is not at all comparable to football at the high-school level. Current evidence 

clearly attests to chronic traumatic encephalopathy risk among at least some college and 

professional football players.5

Conclusions

Our study does not support an association between playing high school football between 

1956 and 1970 and risk of PD, dementia, and ALS. Additional studies are needed to explore 

more recent eras as well as involve players who participate at the collegiate and professional 

levels.
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Figure 1. Flowchart of the study
Footnote: ¶ deceseased students. §: all students that ever participated in football °swimmers, 

basketball players, and wrestlers.
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Figure 2. 
John Marshall High School players, circa 1968–69, wearing a more modern helmet. (John 

Marshall High School Yearbook, 1969; Courtesy of Rochester Public Schools and The 

History Center of Olmsted County)
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Hits to the Head May Result in Immediate
Brain Damage
By GRETCHEN REYNOLDS - JAN. 31, 2018

When a teenager is hit in the head, his brain can begin to show signs, within days, of the
kind of damage associated with degenerative brain disease, according to an unsettling
new study of young men and head injuries.

The findings, which also involve tests with animals, indicate that this damage can occur
even if the hit does not result in a full-blown concussion.

With the Super Bowl taking place on Sunday, the issue of head impacts is on many of
our minds. It is well known, of course, that some deceased football players’ brains have
shown tissue damage and spreading clumps of a protein called tau that can strangle and
kill brain cells.



This brain condition, called chronic traumatic encephalopathy, or C.T.E., is thought to
be caused by blows to the head, including the kind of impacts that occur frequently
during tackle football and other contact sports.

These impacts often lead to a concussion, a brain injury characterized by a multitude of
symptoms, such as headaches, dizziness, wobbly balance and changes in attention and
memory. For many of us who watch, play or are the parents of young athletes in contact
sports, concussions are a great and growing concern.

But surprisingly little is conclusively known about the relationships between head
impacts, concussions and C.T.E., or about how quickly or slowly a head injury might
begin to shade into early signs of disease.

Those precise questions have gripped a large and distinguished group of scientists at
Boston University School of Medicine and many other institutions around the world.
These researchers were among the first to identify C.T.E. in the brains of football players
and later in soldiers who had experienced blast injuries to their heads.

Their work has established strong links between such hits to the head and later C.T.E.

But for the small new study, which was published recently in Brain, they hoped to learn
more about how and how quickly such injuries might contribute to the disease.

So they turned to what were, frankly, a series of tragedies. The brain bank at Boston
University had come into possession of brains from four teenage athletes, each of whom
had died within days or weeks of a head injury experienced during play.

Two of the young men had killed themselves. The scientists do not know if their head
injuries had contributed to their suicides. The other two had died of brain swelling that
most likely was related to “second-impact syndrome,” which can occur if someone
experiences two head injuries within a short period of time.

“None of the individual impacts was serious enough, in and of itself, to have caused
death,” says Dr. Lee Goldstein, an associate professor of psychiatry at Boston University
School of Medicine and the study’s senior author.

But when the researchers closely examined the young men’s brains, they found more
harm than they had expected. The teenagers’ blood-brain barriers, a natural defense
system that keeps harmful substances from entering the brain, appeared to have been
damaged, and many of the small blood vessels throughout their brains had sprung tiny
leaks. Two of the brains showed disquieting accumulations of tau proteins near these
broken blood vessels, and one brain had diagnosable Stage I C.T.E.

This was the first time that scientists had found signs of incipient or actual C.T.E. so
soon after a brain injury and in people so young.



But since so many other factors might have contributed to the brain conditions, from
genetics to earlier hits to the head, the researchers next decided to look at similar head
impacts in animals and track precisely what happened inside their skulls.

Using young male mice, they applied relatively mild jolts, designed to result in a sudden,
strong jerking of their heads, much as occurs during head-to-head tackles and other
impacts. Afterward, some animals showed symptoms of a rodent version of a
concussion, stumbling and performing poorly on memory tests.

The scientists then injected some animals with a dye that cannot cross a healthy blood-
brain barrier and scanned the living animals’ brains. In about half of the mice, they saw
signs of the dye in their brains, indicated that their blood-brain barriers had become
permeable. Many of the mice also showed signs of leaky blood vessels and other
damage, including inflammation and disruptions in the electrical activity within their
brains. Some had early signs of tau accumulation.

All of this had occurred within days of the head impacts.

But, interestingly, the damage was not closely associated with concussions. The animals
that had developed concussion symptoms were rarely those that showed damage during
the brain scans. So some animals had developed concussions despite having little
discernible brain damage, while others had experienced damage typical of C.T.E.
without showing any symptoms of a concussion.

The upshot is that “we probably have raised more questions than we’ve answered,” Dr.
Goldstein admits.

Principally, those questions center on whether the current focus on concussions in
athletes (and the rest of us) might be too narrow, Dr. Goldstein says.

“It looks like it’s the head impacts that matter,” he says, whether or not they result in a
concussion.

But mice are not men (or women, who were not part of this study because, blessedly, no
brains from deceased, young female athletes were available). So whether the effects
observed within the animals’ skulls exactly replicate those in people is unknown.

The study also cannot determine whether older or younger brains respond the same way
to injuries, or why some brains, in both mice and men, seem especially susceptible to
mild trauma, while others, after the same hit, remain healthy. Perhaps most important,
this short-term experiment cannot tell us whether brains that show incipient signs of
C.T.E. will necessarily go on to develop the disease.
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Does CTE call for an end
to youth tackle football?
Despite press about a recent study, a link between hits to the head and
CTE isn't clear-cut. More data and a risk-benefit analysis are needed.

By Jason Chung , Peter Cummings and Uzma Samadani FEBRUARY 10, 2018

On Jan. 18, an article by Dr. Lee Goldstein of Boston University and colleagues in
Brain, a leading neurological journal, was released and touted as proving the link
between subconcussive hits to the head and chronic traumatic encephalopathy (CTE)
(“Real risk of CTE comes from repeated hits to the head, study shows,” Feb. 4). That
same day the CTE advocacy group — the Concussion Legacy Foundation —
announced a national campaign called F14G Football to convert all under-14 football
into flag football, thereby eliminating tackle football.

The message sent to assembled media and onlookers was that eliminating tackle
football for youth is the key to safeguarding the brains and futures of America’s
youth.
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The truth is not so simple.

The scientific evidence linking youth casual sports play to brain injury, brain injury to
CTE, and CTE to dementia is not strong. We believe that further scientific research
and data are necessary for accurate risk-benefit analysis among policymakers for
two reasons.

First, evidence-based science calls for research to be conducted under generally
accepted principles. The case series presented by the Boston University group,
primarily due to its ascertainment bias, is weaker than the evidentiary standard
sufficient to demonstrate an association or causation and conflicts with pathologic
findings in other studies.

CTE pathology in the brain has been shown by British pathologists to be present in
approximately 12 percent of normal healthy aged people who died at an average age
of 81 years (Ling et al. Acta Neuropathologica). The presence of CTE pathology in the
brain on autopsy has not been shown to correlate with neurologic symptoms before
death.

To be clear, CTE pathology could be present in a normal person.

Indeed, even Dr. Goldstein’s article was more measured than his press. His article
speaks in terms of likelihoods and qualifiers in noting that “the causal mechanisms,
temporal relationships, and contextual circumstances that link specific brain
pathology to a particular antemortem insult are impossible to ascertain with certainty
based solely on post-mortem neuropathology.”

There is a disconnect between the categorical rhetoric in media and news releases
describing “concussion” research on the one hand, and the muddled and contentious
scientific reality on the other. As noted by Dr. Goldstein’s own research, the
pathology and link between head impacts and long-term neurological conditions such
as CTE is still unclear, with questions of causation yet to be settled.

This is not to say that head impacts or injuries are desirable — far from it. But there
is scientific ambiguity about the prevalence of CTE in the general population in
comparison to professional athletes and also about the significance of its presence.
In fact, after reviewing all available evidence, the consensus statement from the
international conference on concussion in sports states:

“A cause-and-effect relationship has not yet been demonstrated between [CTE] and
sport-related concussions or exposure to contact sports. As such, the notion that
repeated concussion or subconcussive impacts cause CTE remains unknown.”
Nothing in Dr. Goldstein’s recent study changes this ambiguity, which brings us to
our second point. Before enacting sweeping legislation or policy spurred by fears of
CTE, policymakers must conduct a risk-benefit analysis based on a holistic survey of
public health concerns.

American youth are currently more sedentary than ever before. Compelling evidence
from multiple sources shows that organized sports offer youth a way off the couch
and promote the adoption of an active lifestyle, thereby mitigating the risks of,
among other conditions, obesity, high blood pressure, diabetes, depression,
osteoporosis, cardiovascular disease, stroke, drug use, teen pregnancy and,
ironically, dementia.
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The uncomfortable truth is that tackle football is the number one participation sport
among high schoolers in America; it is accessible to children with diverse physiology
in ways that other sports are not, and greater public consultation should take place
to see if participation rates would remain as high for alternatives to tackle football.
Three recently published major studies found no increased risk for later-in-life brain
diseases in men who played high school football (Jannsen et al., Mayo Clinic
Proceedings; Savica et al., Mayo Clinic Proceedings, Deshpande et al., Jama
Neurology). One might also speculate that children who engage in football would
seek other less organized risk-taking behaviors if football were not an option.

Setting legislation and public policy is already a tricky process and overstating the
degree to which scientific consensus exists may lead to pyrrhic victories. What we
seek to establish are meaningful and durable standards based on validated and
replicated diagnostic criteria so that the public health response to head impacts and
CTE are not emotive or political, but data-driven. The political winds being as fickle
as they are, laws and policies enacted without such scientific support will be
vulnerable to backlash from those with deep economic and cultural ties to contact
sports such as tackle football, to rejection by the scientific community, and to
general confusion and misunderstanding by the public.

In the drive to protect young brains, there are not just two sides. Not everyone is a
moral crusader or an NFL stooge. No reasonable person, least of all the professionals
signing this letter, want to see youth injured. But when arguing for intervention
based on public health or scientific principles, the data must inform the
recommendation.

Additional data is required to make a truly informed decision regarding banning of
sports. What is desperately needed are 1) funding from federal and private sources
to launch longitudinal, multicenter statistically sound studies, 2) consistent
coordinated measures and standards, and 3) facilitation from either government or a
consortia of concussion research centers.

Only then will we know whether the perceived neurological risks of tackle football
outweigh the benefits. And only then can we more confidently say that we are acting
in the public interest.

Jason Chung is senior researcher and attorney at New York University Sports and
Society.

Peter Cummings is a forensic pathologist and neuropathologist and assistant
professor of anatomy and neurobiology at the Boston University School of Medicine.

Uzma Samadani is an associate professor in neurosurgery at the University of
Minnesota and Rockswold Kaplan endowed chair for traumatic brain injury at
Hennepin County Medical Center.

This article is submitted on behalf of 26 brain injury experts in neurosurgery,
neuropsychology, neurology, neuropathology and public policy at 23 universities and
hospitals in the United States and Canada.

The additional signatories are:
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Vanderbilt Sports Concussion Center at the Vanderbilt University School of Medicine.
Mark E. Halstead, associate professor of pediatrics and orthopedics at Washington
University in St Louis and director of the Sports Concussion Clinic at St Louis
Children’s Hospital.

Francis X. Shen, associate professor of law at the University of Minnesota and senior
fellow in law and neuroscience at the Harvard Massachusetts General Hospital Center
for Law, Brain and Behavior and the Harvard Law School Petrie-Flom Center.

Mark Herceg, director of the Center for Brain Health and the Center for Concussion at
Gaylord Specialty Healthcare in Wallingford, Conn.

William B. Barr, director of the neuropsychology division, Department of Neurology,
at New York University Langone Health.



http://www.startribune.com/does-cte-call-for-an-end-to-youth-tackle-football/473655913/

Arthur Maerlender, associate research professor and director of clinical research,
Center for Brain, Biology and Behavior at the University of Nebraska-Lincoln;
research director for the Big Ten-Ivy League Traumatic Brain Injury Research
Collaboration.

Mayumi Prins, professor, UCLA Department of Neurosurgery and Brain Injury
Research Center and associate director of the UCLA Steve Tisch BrainSPORT
program.

Gregory Murad, associate professor and residency program director at the University
of Florida Lillian S. Wells Department of Neurosurgery.

Peter Le Roux, neurosurgeon at the Brain and Spine Center at the Lankenau Medical
Center in Pennsylvania.

Vernon B. Williams, director, Center for Sports Neurology and Pain Medicine at the
Kerlan-Jobe Orthopaedic Clinic, an affiliate of Cedars-Sinai.

Michael G. Fehlings, professor of neurosurgery and vice chair of research,
Department of Surgery, Halbert Chair in Neural Repair and Regeneration, co-
chairman of spinal program, University of Toronto, Head Spinal Program; senior
scientist, McEwen Centre for Regenerative Medicine, Toronto Western Hospital,
University Health Network.

P. David Adelson, director, Barrow Neurological Institute at Phoenix Children’s
Hospital, Diane and Bruce Halle Endowed Chair in Pediatric Neurosciences; chief,
pediatric neurosurgery.

Shelly Timmons, neurosurgeon and professor, Department of Neurosurgery; vice
chair, administration, and director of neurotrauma at the Pennsylvania State
University Milton S. Hershey Medical Center; president, American Association of
Neurological Surgeons.



Copyright © 2018, The San Diego Union-Tribune

No scientific link between youth football
and CTE

California lawmakers are considering a bill that would ban youth tackle football. (K.C. Alfred / San Diego Union-Tribune)

Pro Football Doc - Contact Reporter
Sports Medical Analyst

February 19. 2018, 6:00 AM

A bill proposed in the California Assembly would ban children from playing tackle
football until high school.

Regardless of what stance one takes on this issue – and we obviously want to do all we
can to protect children – any decisions should be made based on medical facts and not
the perpetuation of misperceptions.

This article will deal with what are facts and what are not facts.

I never played football, but a large portion of my career as an orthopedic surgeon and
former NFL head team physician has involved the sport. I have also had the misfortune
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of having four friends who were professional athletes (not all football players) kill
themselves with some potential link to CTE (chronic traumatic encephalopathy).

As a parent, I have concerns about my son playing tackle football. But I don’t have to
make that decision yet, as he is only five-years-old, and there will be much new
information by the time I need to decide. However, my wife is dead set against him
playing.

But this is not a political or emotional argument. This is simply an attempt to mitigate the
hysteria.

One pathologist pushing for the ban has said, “The research is clear – when children
participate in high-impact, high-contact sports, there is a 100 percent risk of exposure to
brain damage.”

This does not hold up as a factual statement.

For one thing, multiple position statements coming out of national and international
medical conferences on concussions have been issued to the contrary.

An assembly member co-authoring the bill said, “Numerous studies have shown that
Chronic Traumatic Encephalopathy (CTE) is caused by repetitive impacts to the head
sustained over a period of time and cite sub-concussive impacts as an important factor
leading to brain injury.”

At least 26 prominent neuroscientists would disagree. (www.startribune.com/ does-cte-
call-for-an-end-to-youth-tackle-football/473655913/)

This is not a one-sided argument, scientifically.

In fact, the general consensus of the medical community is there is not a proven cause
and effect of concussions and CTE. There is no definitive proof that multiple sub-
concussive blows lead to CTE. Of course, that is the fear. But a link has by no means
been proved.

This is not to say we should or shouldn’t ban football. This is saying we should know the
reality.

And the reality regarding football’s scientific link to CTE is that there is way more we
don’t know than what we do know.

Our understanding of brain trauma right now is tantamount to the medical profession’s
knowledge regarding knee injuries in the 1950s.
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In the pre-MRI and arthroscopy era, an ACL tear was thought of as a “trick knee,” and
careers were commonly ended due to the injury. Everything from a ligament tear to a
cartilage injury to a bone bruise was called a “knee sprain.”

Think about how far we have come — to the point that it is possible a football player can
be on the field playing at a high level in games eight months after ACL reconstruction.

Certainly, some feel even the suspicion of a link to brain trauma is enough to ban tackle
football at young ages. That is not an unreasonable opinion. But that should be stated.
People should not present the link of concussion to CTE as a scientific fact.

And why high school as the cutoff? Medically, this is not supported and seems arbitrary.
Science may ultimately determine high school shouldn’t be the line of demarcation but
that the age may be 16 or 18.

Or perhaps pee wee football is actually safer than high school football. Certainly the
forces involved at the younger levels are less.

We don’t know if it is more or less dangerous for pre-high school kids to play football
versus those in high school. An argument can be made that high schoolers hit harder
and their fully developed brains are more susceptible to injury and have less recovery
potential.

Although we don’t know the effects of concussions, we know in most other systems in
the body, recovery is greater and permanent damage is less frequent in the developing
body as there is still ability to grow and adapt.

I am not speaking out for or against banning tackle football in youth. I am just pointing
out the argument to do so is not based in proven science. If lawmakers feel the potential
risk is enough to eliminate tackle football in youth, they should say that. They should not
state the link as fact.

People should not cloak the proposed ban in statements that are not medically agreed
upon and accepted.

Regardless of any law, parents should be active in making their decisions based on
available facts. And lawmakers should know the facts before they vote and not just buy
into a false or incomplete narrative.
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UNC's Kevin Guskiewicz,
concussion expert, would ban
boxing, and maybe, punt returns
BY CHIP ALEXANDER
calexander@newsobserver.com
March 09, 2018 10:27 AM

RALEIGH

As one of the nation’s leading experts on sport-related concussions, Kevin Guskiewicz
has a strong opinion on the sport of boxing.



“There’s no other sport where the purpose is to knock your opponent unconscious,” he
said.

Guskiewicz said during a 12-round bout, a boxer can average between seven and 12
concussions.

“To me, boxing should be banned,” he said this week in speaking to the Raleigh Sports
Club.

But football? That’s another subject.

Guskiewicz, dean of UNC’s College of Arts & Sciences, is co-director of the Matthew
Gfeller Sport-Related Traumatic Brain Injury Research Center. He also serves as
research director of the Center for the Study of Retired Athletes at UNC.

Guskiewicz believes there still will be football played in 10 or 15 years despite the
increasing fear that repeated concussions and head trauma from playing the sport can
lead to chronic traumatic encephalopathy, the degenerative brain disease commonly
called CTE.

The headlines in recent years have been dire and foreboding: 110 of 111 deceased NFL
players showed evidence of CTE when their brains were analyzed. Another was Aaron
Hernandez, the former New England Patriots tight end who hanged himself in a
Massachusetts prison in 2017 while serving a life sentence for murder.

Guskiewicz is among those researchers who believe there are multiple causes of later-
life dementia, mood changes and depression, which at times has resulted in suicides
among football and hockey players. CTE certainly can be a factor, but is it the only
cause? Are there enough extensive case studies? Those questions still need to be
answered.

Guskiewicz has spent much time in developing and proposing safety measures that can
reduce concussions.

Guskiewicz has served on the NFL’s head, neck and spine committee, and one of the
recommendations was moving the kickoffs from the 30 to the 35-yard line to reduce the
number of kickoff returns — the most dangerous play in football, he said.

The rule was put in place in 2011 and Guskiewicz said there were 30 percent more
touchbacks and thus no returns, and a 50-percent decrease in concussions on kickoffs.

The NCAA followed suit, he said, starting possessions at the 25-yard line rather than the
20 after touchbacks. Again, there was a 50 percent reduction in concussions.

But Guskiewicz has another idea, one to alleviate what he calls the “next-most
dangerous play” in football: the punt return.



Only four players would be on the field — the long snapper and punter on the kicking
team, and two players on the receiving team. There would be a punt but no return.

Guskiewicz said he has made his punting pitch to ACC commissioner John Swofford,
smiling and saying, “I’m not sure he’s actually been brave enough to take it to the NCAA
yet.”

Guskiewcz has three sons and said all played football, his oldest through the high school
level. He also has had three concussions of his own, including one playing high-school
football.

Guskiewicz, in most speaking appearances, stresses there is no “concussion crisis”
affecting U.S. sports.

“That is absolutely not true,” he said. “There’s probably no better time to play sports,
including contact sports, than right now because of how much more we know today
about concussions.

“We have better tools in the tool box and can better identity that (athletes) has had a
concussion. We get them to the emergency room, we get them treated. They show up in
the data base.”

Guskiewicz said the 40-percent increase in the number of concussions the past five
years was a reflection of an increase in better diagnosing a concussion, combined with
better treatment for it. In the past, he said, many concussions were not correctly
diagnosed and treated.

“There are no more concussions occurring on our playing fields today than there was
10, 15, 20 years ago,” he said.

While protective equipment such as football helmets have improved, while they have
prevented a lot of skull fractures, brain leaks or catastrophic brain injuries, they’re not
fool-proof or concussion-proof, he said.

“We have to be careful of misleading our young athletes or coaches or parents to believe
that this great helmet they buy for $350 is going to prevent concussions and Johnny
goes out there and plays and has this false sense of security,” he said. “I tell people to
really prevent concussions it needs to come through rules changes and teaching proper
techniques.”
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Balancing the Concussion Hype
Posted By John M. Sadler

Looking at both sides of the sensationalism

Over the past few years, the media has kept concussions, particularly with respect to
football, in the headlines – some would argue ad nauseum. But the truth is, the press
attention and research into causes, long-term effects and prevention is provoking both
good and bad outcomes.

The best outcome is the awareness being brought to the general public about
diagnosis, second-impact syndrome, removal, and return-to-play policies. Players who
have been clocked are no longer being told to “just suck it up.” There are
now concussion laws on the books in all 50 states and the District of Columbia and
required concussion training for youth coaches and athletic trainers.

However, there is definitely a downside to the hysteria, according to Rance A. Boren, a
Texas neurologist. “The notion that everyone who plays football going to be mentally
unstable in 15 years is just not true,” he said.

Boren points out that the majority of sports concussion research has focused on
professional and college level athletes, not high school athletes. This generally points to
the number of hits a player sustains over a period of time, as opposed to the force of a
few hits. A player with a decade-long professional career preceded by four years of
college ball who likely also played youth football is an example of someone at risk for
the long-term injuries frequently seen in the media. The kid who started playing football
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at 12 and stopped after three or four years of high school ball is hardly ever in that risk
category.

It’s important to understand that CTE is not a risk associated with young football
athletes –  only a small fraction of NFL and college players exhibit its effects.  CTE is
not caused by a single or even multiple concussions that have been properly treated.
The word chronic in CTE means the trauma resulted from multiple sub-concussive brain
injuries sustained over a long period of time. CTE is usually something boxers or NFL
linemen might experience after sustaining thousands of blows to the head over the
course of their careers.

However, second-impact syndrome and unreported concussions resulting in
subsequent injuries are more common at the high school level. Susceptibility to second-
impact syndrome is biological. Boren explains that “metabolic buffering syntheses”
haven’t been able to reset. So if you are hit again during that short period between an
initial hit and recovery, then you are going to do more damage. If you are then hit again,
then you do even more damage.”

It’s for this reason that the University Interscholastic League instituted a 10-day return-
to-play rule. The 10-day period begins after all symptoms of concussion have subsided.
Returning to play too soon can affect reaction time and vision, which leaves players
vulnerable to other injuries.

We invite you to read our many articles on concussions and concussions relating to
football.

Source: Travis M. Smith, “Concussions: A headache of a problem,” brownwoodbulletin.com. 23
June, 2015.
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Age of first exposure to American football and long-term
neuropsychiatric and cognitive outcomes
ML Alosco1,2, AB Kasimis1, JM Stamm1,3, AS Chua4, CM Baugh1,2,5, DH Daneshvar1, CA Robbins1,6, M Mariani1, J Hayden1, S Conneely1,
R Au2,7,8,9, A Torres10,11, MD McClean12, AC McKee1,2,13,14,15, RC Cantu1,2,6,16,17, J Mez1,2, CJ Nowinski1,6, BM Martin1,18, CE Chaisson1,18,
Y Tripodis1,4,19 and RA Stern1,2,9,16,19

Previous research suggests that age of first exposure (AFE) to football before age 12 may have long-term clinical implications;
however, this relationship has only been examined in small samples of former professional football players. We examined the
association between AFE to football and behavior, mood and cognition in a large cohort of former amateur and professional
football players. The sample included 214 former football players without other contact sport history. Participants completed the
Brief Test of Adult Cognition by Telephone (BTACT), and self-reported measures of executive function and behavioral regulation
(Behavior Rating Inventory of Executive Function-Adult Version Metacognition Index (MI), Behavioral Regulation Index (BRI)),
depression (Center for Epidemiologic Studies Depression Scale (CES-D)) and apathy (Apathy Evaluation Scale (AES)). Outcomes were
continuous and dichotomized as clinically impaired. AFE was dichotomized into o12 and ⩾ 12, and examined continuously.
Multivariate mixed-effect regressions controlling for age, education and duration of play showed AFE to football before age 12
corresponded with42 × increased odds for clinically impaired scores on all measures but BTACT: (odds ratio (OR), 95% confidence
interval (CI): BRI, 2.16,1.19–3.91; MI, 2.10,1.17–3.76; CES-D, 3.08,1.65–5.76; AES, 2.39,1.32–4.32). Younger AFE predicted increased
odds for clinical impairment on the AES (OR, 95% CI: 0.86, 0.76–0.97) and CES-D (OR, 95% CI: 0.85, 0.74–0.97). There was no
interaction between AFE and highest level of play. Younger AFE to football, before age 12 in particular, was associated with
increased odds for impairment in self-reported neuropsychiatric and executive function in 214 former American football players.
Longitudinal studies will inform youth football policy and safety decisions.

Translational Psychiatry (2017) 7, e1236; doi:10.1038/tp.2017.197; published online 19 September 2017

INTRODUCTION
Exposure to repetitive head impacts (RHI) during American
football has become a significant concern to clinicians, researchers
and the general community because of their association with
long-term neurological consequences.1 RHI exposure, with or
without symptomatic concussions, can alter the structure and
function of the brain to potentially underpin cognitive, behavior
and mood deficits observed in some former amateur and
professional football players.1–22 An additional growing concern
is chronic traumatic encephalopathy (CTE). CTE is a neurodegen-
erative disease that can only be diagnosed postmortem23 and has
been found in individuals exposed to RHI, particularly former
American football players and boxers.24–26 Long-term clinical and
neurological consequences related to RHI exposure (including
those in CTE), however, are quite heterogeneous and have not
been observed in all former American football players.25–29 It is
hypothesized that RHI exposure interacts with other risk factors

(for example,, genetic and environmental) to alter vulnerability to
long-term neurological dysfunction.
Age of first exposure (AFE) to football may be one modifier of

later-life neurological and clinical outcomes. Youth football is
played between ages of 5 and 14, a period when the brain
undergoes substantial maturation in males.30–42 Exposure to RHI
over a single season of youth football (without diagnosed
concussions) has been associated with white matter alterations
in 8–13 year olds.43 RHI exposure during peak neurodevelopment
may disrupt normal brain maturation to increase vulnerability to
long-term clinical impairments, especially in the context of
continued football participation.44,45 In a study of former National
Football League (NFL) players, subjects who began playing
football before age 12 exhibited greater verbal memory and
executive dysfunction,44 and reduced microstructural integrity of
the anterior corpus callosum45 in middle age, compared with
those who began playing football at 12 or older. These findings
were not replicated in a recent NFL-funded study that examined
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years of youth football play and clinical outcomes in a sample of
45 former NFL players.46

The few studies that have reported on AFE to football and long-
term clinical function are limited by small sample size, inclusion of
only former professional football players and lack of assessment of
neuropsychiatric features, including behavioral and mood func-
tioning—clinical domains affected by RHI exposure and CTE.27,47,48

Here, we examined the relationship between AFE to football and
behavior, mood and cognitive outcomes in a large cohort of both
amateur (that is, those who played only through high school or
college) and professional American football players.

MATERIALS AND METHODS
Participants
The sample included 214 former American football players from the
ongoing Longitudinal Examination to Gather Evidence of Neurodegenera-
tive Disease (LEGEND) study at the Boston University Alzheimer’s Disease
(AD) and CTE Center. A description of LEGEND has been provided
previously.1,5,49 LEGEND is a longitudinal research registry of living active
and former contact and non-contact sport athletes across the country. An
objective of LEGEND is to identify risk factors for the short- and long-term
consequences of RHI exposure. Participants for LEGEND are recruited
through website postings and word of mouth. Inclusion criteria are broad
to optimize generalizability and include ⩾ 18 years of age and history of
participation in an organized sport. The present sample included only male
former American football players who played high school, college or
professional football, and did not participate in any other organized
contact sports. Participants with a self-reported history of concussion
within 1 year of their initial LEGEND interview were excluded. These
inclusion/exclusion criteria were applied to facilitate internal and external
validity between AFE to football and clinical outcomes. In addition,
previous work from our team examined AFE to football and cognition in
former NFL players44 who were part of the recently concluded study,
‘Diagnosing and Evaluating Traumatic Encephalopathy using Clinical Tests’
(DETECT). Three DETECT participants who enrolled into LEGEND were
excluded to derive an entirely distinct sample of former American football
players.
LEGEND study procedures involve annual completion of online self-

reported measures of executive function, behavior, mood and a telephone-
based objective cognitive assessment. Telephone-administered structured
questionnaires ascertain demographic (for example, age, race and
education), athletic history (for example, AFE to football and seasons of
football play), and military, substance use and medical history. The BU
Medical Campus Institutional Review Board approved all study procedures,
and all participants provided written informed consent.

Measures
The measures administered for LEGEND1 assess clinical domains affected
by RHI exposure1–6,8,9–11 and CTE,27,47 and include the Brief Test of Adult
Cognition by Telephone (BTACT), Behavior Rating Inventory of Executive
Function-Adult Version (BRIEF-A), Center for Epidemiologic Studies
Depression Scale (CES-D) and the Apathy Evaluation Scale (AES). The
BRIEF-A, CES-D and AES are all completed by subjects online, whereas the
BTACT is an objective measure of cognitive function administered by
telephone. This study reports on initial LEGEND evaluations. Each measure
was examined as a continuous variable, and dichotomized to classify
participants as clinically impaired using empirically derived cutoff scores.
The measures and cutoffs that reflect clinically meaningful impairment
include the following.

Brief Test of Adult Cognition by Telephone. The BTACT is a 20-min
telephone-based objective assessment of cognition.50,51 Telephone admi-
nistration of cognitive tests is convenient, inexpensive and validated.50,52

The BTACT evaluates episodic verbal memory, working memory, semantic
fluency, task switching, inductive reasoning and processing speed. A global
composite score is derived using a bi-factor analytic approach.50 Bi-factor
global scores are then adjusted for age and gender utilizing a regression-
based approach that makes use of data from a healthy normative
sample.53 Lower scores reflect worse cognition, and impairment was
defined as ⩾ 1.5 s.d.'s below the normative mean.

Behavior Rating Inventory of Executive Function-Adult Version. Participants
completed an online version of the BRIEF-A,54,55 a validated 75-item self-
report instrument that measures executive function behaviors. Participants
rate how often executive-related behaviors are problematic using a three-
point Likert scale, with higher scores representing worse dysfunction. Two
summary indices are derived from the BRIEF-A, the Behavioral Regulation
Index (BRI) and the Metacognition Index (MI). Raw scores were converted
to T-scores using age-adjusted normative data. A higher T-score reflects
greater dysfunction, with ⩾ 65 (1.5 s.d. above the normative mean) being
clinically impaired.54,55 A BRI T-score was not calculated for one participant
because of missing raw data.

Center for Epidemiologic Studies Depression Scale. The CES-D is a 20-item
self-report checklist of depressive symptoms,56 and was completed online.
The CES-D asks participants to use a four-point Likert scale to rate the
presence and severity of depressive symptoms in the past week. Higher
scores reflect worse depressive symptomatology, and ⩾ 16 suggests
clinical depression.57

Apathy Evaluation Scale. The AES is an 18-item self-reported measure of
cognitive, behavioral and emotional symptoms of apathy.58 The AES was
completed online, and participants rated the presence and severity of
apathy symptoms in the past 4 weeks using a four-point Likert scale.
Higher scores represent greater symptoms of apathy, and ⩾ 34 defined
clinically meaningful apathy.59

Statistical analysis
Analyses were performed with SAS version 9.4 (SAS Institute, Cary, NC,
USA). Two-tailed significance tests adjusted for multiple comparisons using
the false discovery rate method were conducted with significance set at
Po0.05. AFE was examined as a dichotomized variable (o12 and ⩾ 12),
and as a continuous variable. Age 12 was targeted based on our previous
research,44,45 and the neurodevelopmental literature.30–42 Univariate
regressions in this sample further showed that age 12 had superior model
fit with clinical measures relative to ages 11 and 13. Multivariate linear
mixed-effect models examined the relationship between AFE to football
(independent variable) and the clinical measures (BRIEF-A (BRI, MI), BTACT,
CES-D and AES) as continuous outcome variables. Mixed-effect models
reduce type I error by accounting for correlations between groups,
outcomes from the same participant and between same tests. Multivariate
logistic regression models estimated by generalized estimating equations
(GEE) examined the relationship between AFE and each of the clinical
measures dichotomized into clinically impaired or not; GEE was used due
to the dichotomous outcomes. All analyses controlled for age, years of
education and seasons of football play. Self-reported number of total
concussions was not included in the models because this variable is prone
to measurement error, as athletes' (including former professional American
football players) retrospective recall of concussion history can lack
accuracy and reliability.60,61 Seasons of football play is a more reliable
estimate and encompass cumulative exposure to both concussion and
subconcussive injuries. The sample size for analyses examining the BRIEF-A
BRI and the BTACT as dependent variables was reduced to 213 because of
missing data on these indices. Because symptoms of depression, apathy,
behavioral dysregulation and apathy often co-occur and are related, an
important component of the mixed-effect and GEE models is that they
account for the intercorrelations among the clinical outcome measures.
Thus, the relationship between AFE and each clinical measure is not
influenced by its association with the other clinical measures. Because of
the use of mixed-effect and GEE models, inclusion of any of the specific
clinical tests as a covariate is not necessary, and would also be problematic
because of reverse causality, given the bidirectional relationships among
the clinical measures.
Two sensitivity analyses were performed. A history of learning disability

has been suggested to be a confound of AFE to football and clinical
function,46 and all models were repeated with history of learning disability
included as a covariate. For these sensitivity analyses, the sample size was
reduced to 206 because of missing data for history of learning disability;
sample size for analyses examining the BRIEF-A BRI and the BTACT as
dependent variables was reduced to 205 because of missing data on these
indices. We examined whether there was an AFE by level of play
interaction on the clinical measures to confirm that findings were not
cohort-dependent. Linear mixed-effect and logistic regression models
tested whether the cross-product between AFE (both as a dichotomized
and continuous variable) and level of play (amateur versus professional)

Age of exposure to football and clinical function
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predicted the clinical measures independent of the main effects of AFE
and level of play.

RESULTS
Tables 1 and 2 present sample characteristics. Tables 3 and 4
provide a summary of the mixed-effect and multivariate logistic
regression results, including 95% confidence intervals and odds
ratios. Among the 214 former football players, compared with
those who began playing football ⩾ 12 years of age, those who
started playing o12 exhibited higher (that is, worse) scores on
the BRIEF-A (BRI: P= 0.001; MI: P= 0.016), CES-D (P= 0.001) and the
AES (P= 0.002), but not the BTACT (P= 0.35). See Figures 1–3. For
these measures, those with an AFE to football o12 had 42 ×
(43 × for the CES-D) increased odds for clinically meaningful
impaired scores, relative to AFE ⩾ 12: BRIEF-A (BRI: P= 0.016; MI:
P= 0.016), CES-D (P= 0.002) and the AES (P= 0.010). There were no
significant effects with BTACT (P= 0.54). Results remained
unchanged when learning disability history was included as a
covariate. The AFE by level of play interaction term was not
associated with the clinical measures.
When AFE to football was treated as a continuous variable,

younger AFE to football was associated with higher (that is, worse)
scores on the BRIEF-A (BRI: P= 0.008; MI: P= 0.035), CES-D
(P= 0.008) and the AES (P= 0.008), but not the BTACT (P= 0.46).
Younger AFE corresponded to increased odds for clinically
meaningful impaired scores on the CES-D (P= 0.046) and AES
(P= 0.046). AFE was not significantly associated with clinically
elevated scores on the BRIEF-A (BRI: P= 0.10; MI: P= 0.09) or the
BTACT (P= 0.62). Learning disability history had minimal influence
when included as a covariate; however, there was loss of

significance for the BRIEF-A MI (continuous; P= 0.12) and odds
for clinically impaired scores on the CES-D (P= 0.07). There were
no significant associations between the AFE (continuous) by
highest level of play interaction term and clinical measures.

DISCUSSION
In this sample of 214 former American football players, those who
began playing football before age 12 had 42 × increased odds
for clinically meaningful impairments in reported behavioral
regulation, apathy and executive function, and 43 × increased
odds for clinically elevated depression scores, compared with
those who began playing at 12 or older. Effects were independent
of age, education and duration of football play. Younger AFE to
football, in general, corresponded with worse behavioral regula-
tion, depression, apathy and executive function, as well as
increased odds for clinical depression and apathy. To our
knowledge, this study is the first to show a relationship between
younger AFE to football and reported clinical dysfunction in a
cohort that included both former amateur and professional
football players. There was no difference in the effect of AFE by
highest level of play. These findings validate and expand upon our
previous work in a small, entirely distinct sample of former NFL
players,44 and extend the influence of AFE to football on clinical
function to former football players who only played through high
school or college. Overall, this study provides further evidence
that playing youth American football may have long-term clinical
implications, including behavioral and mood impairments.
A recent study funded by the NFL examined the relationship

between years of youth football participation and neuropsycho-
logical, neurological and neuroradiological outcomes in 45 former

Table 1. Sample characteristics

Total sample (N=214) AFE o12 (n= 101) AFE ⩾ 12 (n=113) P

Age, mean (s.d.) years 50.68 (13.33) 48.22 (10.87) 52.87 (14.91) 0.009
Race, n (%) white 192 (89.7) 92 (91.1) 100 (88.5) 0.53
Education, mean (s.d.) years 17.07 (2.27) 17.09 (2.38) 17.04 (2.19) 0.89
Learning disability (N= 206 due to missing data), n (%) yes 19 (9.2) 10 (10.6) 9 (8.0) 0.52
Reported psychotropic medication, n (%) yes 77 (36.0) 39 (38.6) 38 (33.6) 0.45
Reported psychiatric diagnosis, n (%) yes (N= 167 due to missing data)a 100 (59.9) 52 (65.8) 48 (54.5) 0.14
Seasons of football play, median (IQR) 12.25 (9) 14.00 (10) 10.00 (8) o0.001
AFE to football, mean (s.d.) 11.12 (2.47) 8.98 (1.65) 13.04 (1.14) o0.001
Total number of concussions (N= 210 due to missing data), median (IQR)b 17.75 (37) 25.00 (88) 15.00 (23) o0.001
Total number of concussions outside of sport/military (N= 208 due to
missing data), median (IQR)c

1.00 (2) 1.00 (2) 1.00 (2) 0.17

Highest level of football play, n (%) 0.54
High school 43 (20.1) 20 (19.8) 23 (20.4)
College 103 (48.1) 51 (50.5) 52 (46.0)
Professional 68 (31.8) 30 (29.7) 38 (33.6)

Primary position, n (%)d —

Offensive linemen 69 (32.7) 26 (26.3) 43 (38.4)
Running back 64 (30.3) 35 (35.4) 29 (25.9)
Tight end 27 (12.8) 15 (15.2) 12 (10.7)
Offensive skill 51 (24.2) 23 (23.2) 28 (25.0)
Defensive line 72 (34.8) 30 (30.3) 42 (38.9)
Linebacker 58 (28.0) 31 (31.3) 27 (25.0)
Defensive back 77 (37.2) 38 (38.4) 39 (36.1)

Abbreviations: AFE, age of first exposure; IQR, interquartile range. Independent sample t-tests and Χ2-analyses were used to compare differences between the
AFE groups, except for seasons of football play, total number of concussions and total number of concussions outside of sport/military for which Mann–
Whitney U-test was conducted due to a non-normal distribution. Proportion of white versus other was tested and the highest level of football play was
transformed to amateur versus professional. aIncludes reported history of depression, anxiety, bipolar disorder, schizophrenia and/or other psychiatric
difficulties. bSelf-reported number of concussions after being provided with a modern definition of concussion.62 cOnly 39 (18.2%) subjects reported a military
history, and the median number of head injuries experienced during the military was 0 (IQR= 1). dPlayers could indicate both a primary offensive and
defensive position and therefore could be represented more than once. The bold is used for those P values that are significant.

Age of exposure to football and clinical function
ML Alosco et al

3

Translational Psychiatry (2017), 1 – 8



NFL players,46 and the authors concluded there were no relation-
ships. That study was limited because a sizable subset of the
participants did not play youth football, or only played 1 year. The
authors argued that the study by Stamm et al. finding significant
effects between AFE to football and cognition in former NFL

players44 was limited by small sample size, decreased general-
izability to all football players, arbitrary dichotomization of AFE
before and after age 12 and lack of control for a history of learning
disability. The present study addresses all of these concerns by
examining AFE to football as a continuous variable in 214 former

Table 2. Clinical test performance

Test Total sample (N=214) AFE o12 (n= 101) AFE ⩾ 12 (n=113)

Mean (s.d.) n (%), Impaired Mean (s.d.) n (%), Impaired Mean (s.d.) n (%), Impaired

BRIEF-A BRIa 64.11 (15.16) 94 (44.1) 67.01 (14.79) 51 (50.5) 61.50 (15.07) 43 (38.4)
BRIEF-A MI 64.71 (15.54) 103 (48.1) 66.66 (14.73) 55 (54.5) 62.97 (16.09) 48 (42.5)
BTACTa − 0.20 (0.90) 15 (7.0) − 0.31 (0.87) 8 (7.9) − 0.11 (0.92) 7 (6.3)
AES 34.15 (11.05) 97 (45.3) 36.42 (10.85) 56 (55.4) 32.12 (10.88) 41 (36.3)
CES-D 20.24 (14.48) 117 (54.7) 23.25 (13.85) 67 (66.3) 17.55 (14.57) 50 (44.2)

Abbreviations: AES, Apathy Evaluation Scale; AFE, age of first exposure; BRI, Behavioral Regulation Index; BRIEF-A, Behavior Rating Inventory of Executive
Function-Adult Version; BTACT, Brief Test of Adult Cognition by Telephone; CES-D, Center for Epidemiologic Studies Depression Scale; MI, Metacognition Index.
% impaired includes those who scored above empirically derived cutoff scores that reflect clinical impairment, which includes: CES-D⩾ 16, AES⩾ 34, BRIEF-A
BRI and MI⩾ 65, and BTACT⩽− 1.5. BRIEF-A subtests are T-scores and BTACT are age- and gender-adjusted bi-factor scores. aN= 213 in the overall sample
because of missing data.

Table 3. Summary of linear mixed-effects models examining AFE to football and behavior, mood and cognitive function

214 Former American football players

Clinical tests AFE dichotomized (1, o12; 0, ⩾ 12) AFE continuous

Est 95% CI P Adj. Pa Est 95% CI P Adj. Pa

BRIEF-A BRI 7.65 3.54, 11.76 o0.001 0.001 − 1.35 − 2.20, − 0.50 0.002 0.008
BRIEF-A MI 5.50 1.19, 9.80 0.013 0.016 − 0.99 − 1.88, − 0.11 0.028 0.035
BTACT − 12.26 − 38.18, 13.65 0.35 0.35 2.00 − 3.33, 7.34 0.46 0.46
AES 5.10 2.04, 8.15 0.001 0.002 − 0.93 − 1.56, − 0.30 0.004 0.008
CES-D 7.29 3.38, 11.21 o0.001 0.001 − 1.17 − 1.98, −0.36 0.005 0.008

Abbreviations: Adj, adjusted; AES, Apathy Evaluation Scale; AFE, age of first exposure; BRI, Behavioral Regulation Index; BRIEF-A, Behavior Rating Inventory of
Executive Function-Adult Version; BTACT, Brief Test of Adult Cognition by Telephone; CES-D, Center for Epidemiologic Studies Depression Scale; CI, confidence
interval; Est, estimate; MI, Metacognition Index. All clinical tests were examined as continuous variables. Lower scores on the BTACT and higher scores on the
BRIEF-A subtests, AES and CES-D reflect worse clinical function. Analyses adjusted for age, years of education and seasons of football play. A factor of 100 was
applied to the BTACT to facilitate model fit. aP-values are adjusted for multiple comparisons via the false discovery rate method. The bold is used for those
P values that are significant.

Table 4. Summary of multivariate logistic regression models examining AFE to football and clinically meaningful scores on measures of behavior,
mood and cognitive function

214 Former American football players

AFE dichotomized (1, o12; 0, ⩾ 12) Continuous AFE

Clinical tests OR 95% CI P Adj. Pa OR 95% CI P Adj. Pa

BRIEF-A BRI 2.16 1.19, 3.91 0.011 0.016 0.89 0.79, 1.01 0.08 0.10
BRIEF-A MI 2.10 1.17, 3.76 0.013 0.016 0.89 0.78, 1.00 0.05 0.09
BTACT 1.43 0.46, 4.41 0.54 0.54 0.94 0.75, 1.18 0.62 0.62
AES 2.39 1.32, 4.32 0.004 0.010 0.86 0.76, 0.97 0.014 0.046
CES-D 3.08 1.65, 5.76 o0.001 0.002 0.85 0.74, 0.97 0.018 0.046

Abbreviations: Adj, adjusted; AES, Apathy Evaluation Scale; AFE, age of first exposure; BRI, Behavioral Regulation Index; BRIEF-A, Behavior Rating Inventory of
Executive Function-Adult Version; BTACT, Brief Test of Adult Cognition by Telephone; CES-D, Center for Epidemiologic Studies Depression Scale; CI, confidence
interval; MI, Metacognition Index; OR, odds ratio. Clinical tests were dichotomized into impaired or not impaired using established cutoffs; higher scores reflect
clinical impairment. Analyses adjusted for age, years of education and seasons of football play. A factor of 100 was applied to the BTACT to facilitate model fit.
aP-values are adjusted for multiple comparisons via the false discovery rate method. The bold is used for those P values that are significant.
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American football players, and continues to find a robust
relationship between AFE and long-term clinical dysfunction.
Inclusion of history of learning disability status as a covariate in
the models had minimal influence on the results. Notably, effects
were diminished for odds of clinical impairment when AFE was
treated as a continuous variable. This could be because the
continuous scale assumes a constant effect across all ages;
however, there may be a critical age (that is, age 12) where the
effects are most robust. Age 12 (an empirically based cutoff)

indeed had superior model fit with clinical measures relative to
surrounding age cutoffs (that is, ages 11 and 13).
The specific mechanisms underlying the present findings are

unknown. Between ages 9 and 12 is a time of peak maturation of
gray and white matter volume, synaptic and neurotransmitter
densities and glucose utilization, among other neurodevelop-
mental milestones.30–42 These changes are occurring to structures
such as the hippocampus and amygdala,30,41 where the neural
circuitry modulates clinical functions, such as emotion regulation
and behavior.63–65 Structures like the amygdala have robust
connectivity with the ventromedial prefrontal cortex, a region
associated with depression in children and young adults.66 During
this time of peak neurodevelopment, current youth American
football players have been estimated, using helmet accelerometry,
to experience a median of 252 head impacts per season in one
study67 and a mean of 240 in another.68 RHI exposure over a
single season of youth football can result in alterations of the left
inferior fronto-occipital fasciculus and right superior longitudinal
fasciculus white matter tracts.43 Exposure to RHI, in general, is
associated with acute and long-term structural, functional and
molecular brain changes based on research in active12,69–72 and
former3,7,13–22 amateur and/or professional football players. The
effects of RHI exposure on the brain at a young age may disrupt
neurodevelopment and increase vulnerability to the long-term
neuropsychiatric and cognitive impairments associated with
prolonged exposure to RHI,1–6,8,9–12,48 aging or likely both. AFE
to football may contribute to why some former American football
players develop long-term clinical impairments, whereas others
appear more resistant. Some support for this claim can be found
in the setting of acute concussion, where children and adolescents
are more vulnerable (compared with adults) to prolonged
symptoms,73–80 disruptions in educational and social develop-
ment76,81 and lower intellect and academic achievement.73,76

This is not a study of risk for CTE or of other neurodegenerative
disease. CTE currently cannot be diagnosed during life and the
presence of CTE in this sample is unknown. Neuropathological
evidence of CTE has been documented in former American
football players. The current study found that AFE to football was

Figure 1. Age of first exposure to American football and reported
symptoms of behavioral dysregulation and executive dysfunction in
214 former American football players. Figure presents the results of
the linear mixed-effect analyses that showed that those who began
playing American football before age 12 exhibited worse (on
average) scores on the Behavior Rating Inventory of Executive
Function-Adult Version (BRIEF-A) Behavioral Regulation Index (BRI;
P= 0.001) and BRIEF-A Metacognition Index (MI; P= 0.016). Higher
scores represent worse reported clinical function. The circle
represents the mean and the horizontal line is the median. The
mean group differences were significant after controlling for age,
education and total seasons of football play.

Figure 2. Age of first exposure to American football and reported
symptoms of apathy in 214 former American football players. Figure
presents the results of the linear mixed-effect analyses that showed
that those who began playing American football before age 12
exhibited worse (on average) scores on the Apathy Evaluation Scale
(AES), P= 0.002. Higher scores represent greater reported symptoms
of apathy. The circle represents the mean and the horizontal line is
the median. The mean group differences were significant after
controlling for age, education and total seasons of football play.

Figure 3. Age of first exposure to American football and reported
symptoms of depression in 214 former American football players.
Figure presents the results of the linear mixed-effect analyses that
showed that those who began playing American football before age
12 exhibited worse (on average) scores on the Center for
Epidemiologic Studies Depression Scale (CES-D), P= 0.001. Higher
scores represent greater reported symptoms of depression. The
circle represents the mean and the horizontal line is the median. The
mean group differences were significant after controlling for age,
education and total seasons of football play.
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associated with increased odds for impairments in domains
described in the literature as being part of the clinical manifesta-
tion of CTE,47 that is, executive dysfunction, behavioral dysregula-
tion, depression and apathy. These clinical features are not specific
to CTE. Young AFE to football may be a risk factor or modifier of
the clinical and neuropathological course of CTE, and we are
currently conducting clinicopathological investigations in autopsy-
confirmed cases of CTE to examine this possibility.82

We found no association between AFE to football and cognition
as measured by the BTACT. This finding was unexpected, given
previous work from our group showed that former NFL players
who began playing football before age 12 exhibited worse
neuropsychological test performance on measures of episodic
memory and executive function at mid-life, compared with those
who began playing football at 12 or older.44 In the current sample,
only 15 (7.0%) participants were clinically impaired on the BTACT,
whereas rates of impairments were 440% across all other clinical
measures. Higher rates of impairment on non-BTACT measures
may be due to their self-report nature, particularly as this
convenience sample of self-selected participants may have been
more likely to participate because of perceived clinical symptoms.
Alternatively, although the BTACT is valid, convenient and cost-
effective, telephone assessment of cognition is not ideal and the
BTACT is not a comprehensive assessment of cognition. The
BTACT may not be sensitive to cognitive impairment in this
relatively young sample, and the global score that was used in the
present study may not capture the diverse and, at times, subtle
deficits associated with RHI exposure. Furthermore, evaluation of
neuropsychological and neuropsychiatric function through tele-
phone and online instruments precludes the ability to behaviorally
observe the participant, limiting opportunity for the evaluator to
monitor concentration and engagement in testing, particularly in
the context of symptoms of depression and apathy. That said, the
largely normal BTACT scores in the present sample argue against
potential confounding from lapses in attention or lack of
engagement in testing. Future work should further investigate
the relationship between AFE to football and cognition using
comprehensive neuropsychological testing.
There are several additional limitations to the present findings.

As previously mentioned, this is a convenience sample of self-
selected participants and randomization of individuals to groups
based on their AFE to football is not possible. A convenience
sample could potentially lead to bias effects, especially if AFE plays
a role in selection. The findings can only be generalized to male
former football players, and the relationship between AFE to other
contact sports (for example, soccer) and clinical outcomes,
including female contact sports, is unknown and should be the
target of future research. There was a wide age range in the
sample and older subjects may have had fewer opportunities to
participate in organized youth football because it was not widely
available until the 1960s. The style of youth football play could
have differed across the age groups of the sample, including
differences in type and use of protective headgear. We addressed
the concern for confound of differences in era of play by including
age as a covariate. The causal relationship between AFE to football
and long-term clinical outcomes remains unclear, partially
because this study was cross-sectional. The cross-sectional study
design also limits interpretation of the associations among the
clinical outcome measures. The tests examined assess symptoms
that often co-occur, with bidirectional relationships (for example,
depressive symptoms can affect performance on cognitive tests,
cognitive impairment can also lead to symptoms of depression,
depressive symptoms and impaired cognition can both be clinical
manifestations of a single underlying disorder). Although the
mixed-effect and GEE models used accounted for intercorrelations
among the clinical measures, it remains challenging to disen-
tangle their exact interactions and subsequent influence on the
current findings. In particular, it is unclear whether the reported

symptoms are part of a single clinical syndrome, or reflect distinct
pathophysiological processes, possibly from the effects of
exposure to RHI on strategic brain regions that modulate each
of the clinical functions examined. Importantly, although we found
significant mean group differences in reported clinical function
between the AFE groups, our results underscore that there is
significant individual variability in this relationship (Figure 1).
Findings from the current study should not be used to inform
safety and/or policy decisions in regards to youth football. Any
decisions regarding reducing or eliminating youth football must
be made with the understanding of the important health and
psychosocial benefits of participating in athletics and team sports
during pre-adolescence. Future longitudinal studies that objec-
tively monitor the clinical function of youth football players
throughout life, including those who do not go on to play football
at the high school, college or professional level, are ultimately
needed to understand the long-term neurological safety implica-
tions of youth tackle football.

CONCLUSIONS
Youth exposure to football may have long-term neurobehavioral
consequences. Additional research studies, especially large cohort
longitudinal studies, are needed to better understand the
potential long-term clinical implications of youth American
football to inform policy and safety decision-making.
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http://www.bu.edu/cte/about/frequently-asked-questions/

Frequently Asked
Questions about CTE
What is CTE?
Chronic Traumatic Encephalopathy (CTE) is a progressive degenerative
disease of the brain found in people with a history of repetitive brain
trauma (often athletes), including symptomatic concussions as well
as asymptomatic subconcussive hits to the head that do not cause
symptoms. CTE has been known to affect boxers since the 1920’s
(when it was initially termed punch drunk syndrome or dementia
pugilistica).

In recent years, reports have been published of neuropathologically
confirmed CTE found in other athletes, including football and hockey
players (playing and retired), as well as in military veterans who have a
history of repetitive brain trauma. CTE is not limited to current
professional athletes; it has also been found in athletes who did not play
sports after high school or college.

The repeated brain trauma triggers progressive degeneration of the
brain tissue, including the build-up of an abnormal protein called
tau. These changes in the brain can begin months, years, or even
decades after the last brain trauma or end of active athletic involvement.
The brain degeneration is associated with common symptoms of CTE
including memory loss, confusion, impaired judgment, impulse control
problems, aggression, depression, suicidality, parkinsonism, and
eventually progressive dementia.

In both sets of photographs below, the brain tissue has been
immunostained for tau protein, which appears as a dark brown color.
Tau immunostained sections of medial temporal lobe from 3 individuals:



http://www.bu.edu/cte/about/frequently-asked-questions/

How do you get CTE? Can I get CTE from one concussion/hit to
the head?

We believe CTE is caused by repetitive brain trauma. This trauma includes both
concussions that cause symptoms and subconcussive hits to the head that
cause no symptoms. At this time the number or type of hits to the head needed
to trigger degenerative changes of the brain is unknown. In addition, it is likely
that other factors, such as genetics, may play a role in the development of CTE,
as not everyone with a history of repeated brain trauma develops this disease.
However, these other factors are not yet understood.
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Good afternoon Chairperson Conroy and members of the House Mental Health
Committee. Thank you for the opportunity to provide this written testimony with regard
to House Bill 4341 and this important subject.

My name is Doctor Cynthia LaBella.  I am the Medical Director for the Institute of Sports
Medicine at Ann & Robert H. Lurie Children’s Hospital of Chicago, Professor of Pediatrics
at Northwestern University’s Feinberg School of Medicine and current chairperson of
the American Academy of Pediatrics Council on Sports Medicine and Fitness.   I am here
today on behalf of children’s hospital which is a freestanding pediatric acute facility
located in downtown Chicago and the Illinois Chapter of the American of Pediatrics
which is a membership organization representing 2,200 pediatricians throughout the
state.  Through my work at Lurie, we have the privilege of serving children from every
legislative district in the State because of the depth and breadth of services we offer.

The  purpose  of  my  written  testimony  is  to  explain  why  Lurie  Children’s  Hospital  of
Chicago and the Illinois Chapter of the American Academy of Pediatrics are neutral and
not taking a position in support of House Bill 4341.  As I will explain, while the intentions
behind the legislation are well-meaning, there is no data to show that eliminating
tackling in youth football will reduce the risk of neuropsychiatric symptoms or disorders
in adolescence and adulthood and/or prevent CTE.  Until such data exist, we are unable
to take a position in support of legislation of this kind.

As a pediatrician who is board-certified in primary care sports medicine, my practice is
exclusively dedicated to the diagnosis, treatment and prevention of sports-related
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injuries, including concussions, in young athletes aged 6-21 years.  I am a nationally-
recognized expert in pediatric sports medicine and sports-related concussion. I have
served as a member of the Illinois High School Association sports medicine advisory
committee since 2002, and was actively involved in the creation of their concussion
protocol in 2010.

In 2015 and 2017,  I  worked closely  with Senator Kwame Raoul  and other members of
the General Assembly on crafting Illinois’ existing statute requiring schools to have
return to learn and return to sports protocols for students with concussions.  I have
served as chairperson of the American Academy of Pediatrics’ Council on Sports
Medicine and Fitness since 2015, and in this role I contributed to researching and
authoring the AAP’s policy statements on pediatric concussions, as well as the 2015 AAP
policy statement entitled, “Tackling in Youth Football.”

We acknowledge that the intentions of House Bill 4341 are well-meaning (i.e. to protect
young children from brain injury and its potential long-term effects).  However, there is
no data to show that eliminating tackling in youth football will reduce the risk of
neuropsychiatric symptoms or disorders in adolescence and adulthood and/or prevent
CTE.

Thus, first and foremost, the title (“CTE Prevention Act”) is unsound.  CTE is not a
disease or a medical condition that can be diagnosed while a person is alive.  Rather,
CTE is a specific pattern of protein deposition found on microscopic examination of the
brain at autopsy.  The significance of CTE and whether it is the cause of any symptoms
while a person is still alive are as yet undetermined.  Thus far there is no scientific
evidence that conclusively links post-mortem findings of CTE in the brain with
neuropsychological symptoms during life.

Studies show CTE is found on autopsy in approximately 12 percent of normal healthy
people who died at an average of 81 years, none of whom had any neuropsychological
conditions prior to death.1  In fact, after reviewing all available evidence, the consensus
statement from the 2016 international conference on concussion sports states:  “A
cause-and-effect relationship has not yet been demonstrated between [CTE] and sport-
related concussions or exposure to contact sports. As such, the notion that repeated
concussion or subconcussive impacts cause CTE remains unknown.”2

1 McCrory P, Meeuwisse W, Dvorak J, et al. Consensus statement on concussion in sport-the 5th

international conference on concussion in sport held in Berlin, October 2016.Br J Sports Med. 2017; 51:
838-847.
2 Ling H, Holton JL, Shaw K, et al.  Histological evidence of chronic traumatic encephalopathy in a large
series of neurodegenerative diseases. Acta Neuropathol. 2015; 130(6):891-893.
3 Meehan W, Landry G, and the Council on Sports Medicine and Fitness. Tackling in Youth Football.
Pediatrics. 2015;136(5):e1419-1430.



3

As leaders within the sports medicine community and the American Academy of
Pediatrics, my colleagues and I are staunch advocates for the health and safety of
children and adolescents.  In 2015 the American Academy of Pediatrics’ Council on
Sports Medicine and Fitness published a comprehensive, data-driven, clinical report on
youth tackle football.3  Important points from this report are summarized as follows:

· Most injuries sustained during participation in youth tackle football are minor,
including injuries to the head and neck. Injuries are more likely to occur when
improper and illegal technique, such as spear tackling, is used. As such, efforts
should be made to improve the teaching of proper tackling technique and
enforce existing rules prohibiting the use of improper technique.

· There is no study to date showing the effect of delaying the age at which tackling
is  introduced  to  football  on  risk  of  injury.  Delaying  the  age  at  which  tackling  is
introduced to the game may decrease injury risk for the age levels at which
tackling would be prohibited. However, once tackling is introduced, athletes who
have no previous experience with tackling would be exposed to collisions for the
first  time at  an age at  which speeds are faster,  collision forces are greater,  and
injury risk is higher. Lack of experience with tackling and being tackled may lead
to a substantial increase in the number and severity of injuries once tackling is
introduced.

·  The expansion of non-tackling leagues for young athletes who enjoy the game of
football and want to be physically active, but do not want to be exposed to the
collisions currently associated with the game should be considered by football
leagues and organizations.  However, it is important to note recent data showing
that injury rates in youth flag football are the same as injury rates in youth tackle
football based on recent studies.4

These recommendations and guidance from the American Academy of Pediatrics should
be included in any legislative action on this issue.  Finally, it is important for the
committee to know that for the overwhelming majority of children and adolescents, the
benefits of organized sports (e.g. lower rates of diabetes, heart disease, and
depression), far outweigh the risks, even for tackle football.

As a result, Lurie Children’s and ICAAP are unable to take a position in support of House
Bill 4341.  We encourage Illinois legislators to consider alternative policies for making
organized sports safer for children.

I thank you for the opportunity to share our clinical perspective with you today.

4 Peterson AR, Kruse AJ, Meester SM, et al. Youth Football Injuries: A Prospective Cohort.
2017;5(2):2325967116686784. doi: 10.1177/2325967116686784
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