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You are a junior associate for a firm brought in to defend the Pop Warner organization in a wrongful 
death suit brought on behalf of a former Pop Warner football player (Randy).  Randy played wide 
receiver and kick returner in the league from the age of 10 through 14 and then continued to play two 
years of (non‐Pop Warner) high school football.  At the age of 17, Randy committed suicide after an 
extended period where he exhibited signs of depression, memory loss, and erratic behavior.  In an 
autopsy performed after his death, Randy’s brain tested positive for chronic traumatic encephalopathy 
(CTE).  There is no history of depression or suicide in Randy’s family. 
 
Pop Warner is the oldest (started in 1929) and largest (approximately 250,000 participants per year) 
youth football program in the United States.  It is organized as a non‐profit headquartered in Langhorne, 
PA.  In terms of safety precautions, Pop Warner has adhered to strict player weight limitations as 
described here http://www.popwarner.com/Default.aspx?tabid=1476162 .  Similar weight restrictions 
are not used in other youth football leagues (e.g., CYO football) or in high school football.  Pop Warner 
also uses state of the art football helmets, continually replacing its equipment any time a new safety 
technology is introduced in the helmet market, and the organization requires its coaches to be trained in 
“heads up” football (https://usafootball.com/programs/heads‐up‐football/youth/), which stresses the 
importance of avoiding head‐to‐head contact while teaching proper tackling and blocking techniques. 
 
You are told to examine the arguments made by Pop Warner’s general counsel, Tony Corleto, in the 
attached National Law Review essay.  You are also directed to examine three articles (also attached) that 
have been offered by the plaintiff’s experts as supporting the wrongful death claim: 1) PET Scanning of 
Brain Tau in Retired National Football League Players: Preliminary Findings [refer to it as the PET study]; 
2) Clinicopathological Evaluation of Chronic Traumatic Encephalopathy in Players of American Football 
[refer to it as the JAMA study]; and 3) Neurodegenerative causes of death among retired National 
Football League players [refer to it as the Neurology study].  The study “High School Football and Risk of 
Neurodegeneration: A Community‐Based Study” [refer to it as the Community study] cited by Corleto is 
also attached.  Corleto also invokes suicide statistics in his argument.  Data on suicide rates (including 
rates by age and race, which may be relevant) are available at https://wonder.cdc.gov/ucd‐icd10.html . 
 
Focusing on just the attached articles, you are asked to draft a memo laying out Pop Warner’s legal risks 
and counter arguments (from an expert evidence standpoint) in Randy’s wrongful death case.  You 
should also specifically address the arguments made by Corleto.  Although the case is brought in 
Pennsylvania state court (and, therefore, Frye applies), you are asked to also discuss whether any of 
your analysis would differ under Daubert, since Pop Warner has reason to believe it will face similar 
claims in other courts.  
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0.44% of NFL Brains
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When The New York Times reports that 110 out of 111 NFL
brains (99.09%) have chronic traumatic encephalopathy
(CTE), everyone pays attention. Mothers worry about their
kids. Some worry about their jobs. Senate subcommittees
investigate. The Times article covers Dr. Ann McKee’s recent
article in the Journal of the American Medical Association,
“Clinicopathological Evaluation of Chronic Traumatic
Encephalopathy in Players of American Football” (JAMA.
2017;318(4):360-370) in dramatic fashion, illustrated with
pathology slides of tissue samples from the brains of former
football players and anecdotal information about them. Such
claims are certain to be fuel for CTE litigation and cries to ban
tackle football.

Let’s put this in perspective. About 25,000 men have played
American professional football. So, 110 is roughly 0.44%. Even if the real number is double, the outcome remains a
statistical nonentity.

In all fairness, the study points out some of its limitations; for example, “Ascertainment bias associated with
participation in this brain donation program.” Inclusion was based entirely on exposure to repetitive head trauma
eliminating any form of “control” group, a necessary element of any scientific study. The authors also disclose
that “public awareness of a possible link” between head trauma and CTE “may have motivated” some
participants. Finally, the authors acknowledge that the study is not representative of the population of all
American football participants, as most play only at the youth or high school level, whereas the majority of the
donors played at the professional level. The study data somewhat illustrates that point: CTE was found in none of
two pre−high school participants and three of 14 high school participants (21%).

Breaking It Down

The 800-pound gorilla in this room is suicide. Suicide among former football players gets major media attention
(Junior Seau and Aaron Hernandez) and has spawned a cottage industry of CTE litigation against every level of
the sport from NFL down to Pop Warner. The study tries to correlate neuropathology with “clinical observations”
− information drawn from “retrospective interviews” with family members of deceased donors. Observations are
grouped as cognitive, behavioral or mood or both, and signs of dementia. Suicide was identified as the cause of
death in 10% of the study group. “Suicidality” (ideation, attempts or completion) is identified among 33% of the
study group. Some might conclude that if you play football you are 33% more likely to contemplate or attempt
suicide and 10% more likely to succeed.

In fact, the rate of suicide mortality among retired NFL players is substantially lower than in the general
population. An investigation performed at the National Institute for Occupational Safety and Health (NIOSH) and
published in 2016 (Lehman, et al.) found that among players retired since 1987, the suicide rate is 6.1 / 100,000.
Among players retired since 2005, it’s 12.5 / 100,000. Among average American men, the rate since 2014 is 20.1 /
100,000. One would conclude that since 2005, NFL players are 48% less likely to commit suicide than the general
population, and since 1987, 70% less likely. The study covered those who played for five years or more.

Of note, drugs are assessed by standardized mortality ratio – the increase or decrease in mortality with respect
to the general population. “If playing in the NFL (for a minimum of five seasons) were treated like taking a drug, it
would reduce the standardized mortality (measured 30 years later) by half!” Samadani, Brain Injury and Football,
Reality v. Perception. THSCA presentation, 2016.
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Similar studies have been done at the college level where the NCAA maintains a robust database. A nine-year
study published in October 2015 (Rao, et al.) observed that as against a rate of 12 / 100,000 among 18−22-year-
old non-college individuals, the suicide rate among college students was 7.5 / 100,000. Among male NCAA
athletes, the suicide rate was 2.25 / 100,000.

Another study dispels the notion that CTE is a path to neurological deficit. Published in Acta Neuropathol,
“Histological Evidence of CTE in a Large Series of Neurodegenerative Diseases” (Ling, et al., 2015) observed that
(1) CTE prevalence in people with neurodegenerative diseases (11.8%) was the same as in controls (12.8%); (2)
patients with CTE died at a mean age of 81 years and “most positive cases [were] likely to be clinically
asymptomatic”; and (3) CTE is found under the microscope in equal proportions of healthy, normal, asymptomatic
people as it is in people with dementia and other diseases. For those worried about doing the right thing by their
kids, a study published in December 2016 in Mayo Clinic Proceedings (Savica, et al., “High School Football and
Risk of Neurodegeneration: A Community-Based Study”) found that among 438 football players followed for 50
years, the risk of dementia was the same as for members of the chorus, glee club or band.

Facts and Findings

Fortunately, in court science matters. The notion that football causes CTE has been rejected by at least one
United States District Court, the Eastern District of Pennsylvania, and the Third Circuit Court of Appeals. See In re
NFL Players Concussion Injury Litig., 307 F.R.D. 351 (EDPA, 2015), aff’d 821 F.3d 410 (3d Cir. 2016). Judge Brody’s
key findings, based on current scientific knowledge and affirmed by the appellate court, negate causation: (1) the
study of CTE is nascent, and the symptoms of the disease, if any, are unknown; (2) medical research has not
reliably determined which events make a person more likely to develop CTE; and (3) research has not determined
what symptoms individuals with CTE typically suffer from while they are alive. In re NFL Players Concussion Injury
Litig., 821 F.3d at 441.

The point: Media should not lead science. The health and psychosocial benefits of athletic activity at all ages far
outweigh any perceived risk. As parents, we should encourage healthy activity. As professionals, we need to peel
back what the media pushes, read the literature and understand the fundamentals.

The renowned neurosurgeon, Uzma Samadani, M.D., Ph.D., FACS, graciously provided additional medical literature
and keen insight for this article.

Disclosures and Acknowledgments: Tony Corleto serves as general counsel for Pop Warner football. He
defends concussion litigation. The renowned neurosurgeon, Uzma Samadani, M.D., Ph.D., FACS,
graciously provided additional medical literature and keen insight for this article.�
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ORIGINAL ARTICLE
High School Football and Risk of
Neurodegeneration: A Community-Based Study
Rodolfo Savica, MD, MSc; Joseph E. Parisi, MD; Lester E. Wold, MD;
Keith A. Josephs, MD, MST, MSc; and J. Eric Ahlskog, PhD, MD

Abstract

Objective: To assess whether high school football played between 1946 and 1956, when headgear was less protective
than today, was associated with development of neurodegenerative diseases later in life.
Methods: All male students who played football from 1946 to 1956 in the high schools of Rochester, Minnesota, plus
a non–football-playing referent group of male students in the band, glee club, or choir were identified. Using the
records-linkage system of the Rochester Epidemiology Project, we reviewed (from October 31, 2010, to March 30,
2011) all available medical records to assess later development of dementia, Parkinson disease (PD), or amyotrophic
lateral sclerosis (ALS). We also compared the frequency of dementia, PD, or ALS with incidence data from the general
population of Olmsted County, Minnesota.
Results: We found no increased risk of dementia, PD, or ALS among the 438 football players compared with the 140
non–football-playing male classmates. Parkinson disease and ALS were slightly less frequent in the football group,
whereas dementia was slightly more frequent, but not significantly so. When we 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.
Conclusion: Our findings suggest that high school students who played American football from 1946 to 1956 did not
have an increased risk of later developing dementia, PD, or ALS compared with non–football-playing high school
males, despite poorer equipment and less regard for concussions compared with today and no rules prohibiting
head-first tackling (spearing).
© 2012 Mayo Foundation for Medical Education and Research � Mayo Clin Proc. 2012;87(4):335-340
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M ultiple concussive head injuries incurred
in sporting activities previously have been
associated with progressive neurodegen-

erative disease later in life. Initially, it was reported
in boxers (dementia pugilistica),1 but an evolving
literature now suggests that this risk extends to
other sports in which concussions are common. The
term chronic traumatic encephalopathy (CTE) has
been used to define this condition, with dementia
being the primary delayed outcome.2 Besides fight-
ing sports, American football, soccer, and hockey
predispose players to head trauma and have been
implicated in the later development of CTE.3,4

Moreover, head trauma and sport-related trauma
have been reported as risk factors for development
of Parkinson disease (PD),5 dementia,6 and amyo-
trophic lateral sclerosis (ALS).7,8

Although repeated concussive head trauma is a
purported risk factor for later neurodegenerative
disease, few studies have evaluated long-term risks
in a cohort of athletes participating in a sport that is
often associated with concussions.9 American foot-
ball as played several decades ago often put partici-
pants at risk for concussion, which at the time was
commonly disregarded (“bell rung”); moreover, the
protective headgear of that era was marginally protec-

tive against concussions (Figure 1). We chose to ana-

Mayo Clin Proc. � April 2012;87(4):335-340 � doi:10.1016/j.mayocp.
www.mayoclinicproceedings.org
yze the long-term medical outcomes of a cohort of
igh school football players from Rochester (Olmsted
ounty), Minnesota, using the medical records linkage

ystem of the Rochester Epidemiology Project (REP).10,11

We hypothesized that athletes playing football dur-
ing the decade 1946-1956 would be more likely to
develop a neurodegenerative condition later in life
than non–football players. Because CTE has been
linked to dementia, PD, and ALS, we specifically
assessed the frequency of these 3 conditions from
the historical medical records. We compared out-
comes in the high school football cohort with out-
comes in male classmates from the same years who
participated in band, glee club, or choir but did not
participate in any sport activity. We also compared
our results with the expected frequency of demen-
tia, PD, and ALS as determined by using previously
published sex- and age-adjusted incidence rates of
the general population of Olmsted County.

METHODS

Study Population and Medical Records
Abstraction
During the years of interest, 1946-1956, Rochester

had only 2 high schools: Lourdes High School and

2011.12.016 � © 2012 Mayo Foundation for Medical Education and R
rom the Departments of
eurology (R.S., J.E.P., K.A.J.,

.E.A.) and Laboratory Medi-
ine and Pathology (J.E.P.),
ayo Clinic, Rochester, MN;

nd the Department of Pa-
esearch 335
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Rochester High School. Yearbooks were available
for these high schools, documenting rosters of foot-
ball players, as well as members of the band, glee
club, and choir (non–football players). We created
lists of the male members of these respective groups;
football players who also participated in band, glee
club, or choir were included only in the list of football
players. The yearbooks contained at least the following
information: full name, year of graduation, and the
activities performed during the previous years in high
school. Soccer, tennis, boxing, and hockey were not
available sports during these study years.

We linked the individuals in these 2 groups to
their medical records, taking advantage of the REP
browser. The REP is a unique medical records link-
age system that encompasses the care delivered to
residents of Olmsted County (including the city of
Rochester). All individuals visiting any county care
provider are present 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.10,11 The REP in-

FIGURE 1. One of the football players from
Rochester Lourdes High School in 1946
wearing a “dog-ear” leather helmet. Photo
courtesy of Lourdes High School, Rochester,
MN. Used with permission.
cludes a tool that allows one to search for individu- h

Mayo Clin Proc. �
als on the basis of their first and last names and the
year of birth. We searched for each person on our
compiled lists, using his full name and the approx-
imate year of birth (assuming that students gradu-
ated at age 18�2 years).

The study population was limited to only those
individuals who had a medical record in the rec-
ords linkage system and for whom we could confirm a
match with our compiled lists. Individuals were in-
cluded in the REP if they had at least one medical visit
in their lifetime at any of the medical facilities in Olm-
sted County. Therefore, those who left Olmsted
County before generating any medical records were
not included.

A 2-step process was used to abstract the med-
ical record. First, we screened the electronic medical
indexes of the records linkage system using the REP
tools. We focused our search on dementia of any
type, parkinsonism of any type, and ALS. Second, a
neurologist (R.S.), unaware of the status of the indi-
viduals (football players vs non–football players),
reviewed the complete available medical charts of all
those who ever received one of the diagnoses in or-
der to confirm the electronic-based diagnosis. To
determine the reliability of the clinical diagnosis of
the abstractor, we compared his diagnoses with a set
of electronic codes that already had been used in a
previous study on the incidence of parkinsonism in
the same population.12 There were no differences

etween the diagnoses made by the neurologist and
he cases identified by the electronic codes.

In addition, we reviewed autopsy reports and
tored brain tissues when available. The study pro-
ocol and all procedures were approved by the insti-
utional review boards of Mayo Clinic and Olmsted

edical Center. The study was performed from Oc-
ober 31, 2010, to March 30, 2011.

ata Analyses
e calculated the median, 25th percentile, and

5th percentile for the years of follow-up and the
ge at follow-up. To compare groups for length of
ollow-up and age at follow-up, we reported P val-
es from the Wilcoxon rank sum test. We per-
ormed 2 separate analyses to determine if playing
ootball increased the risk of dementia, PD, or ALS.
irst, we compared the football cohort directly to
he cohort of students who participated in band,
hoir, or glee club. Individuals were followed up
ntil the time of last available medical record in-

ormation or until the time of onset of one of the
utcomes of interest (dementia, PD, or ALS). We
hen performed Cox proportional hazards analy-
is and calculated a hazards ratio (HR) and 95%
onfidence interval (CI).

We calculated separately for the football co-

ort and the non–football cohort the expected

April 2012;87(4):335-340 � doi:10.1016/j.mayocp.2011.12.016
www.mayoclinicproceedings.org



HIGH SCHOOL FOOTBALL AND NEURODEGENERATION
number of persons with the outcomes of interest
(dementia, PD, and ALS) based on incidence rates
previously published for the population of Olm-
sted County.12-14 Specifically, the expected num-
ber of outcomes was calculated by applying inci-
dence rates to the age- and sex-specific person-years
of follow-up in our study in the same years covered
by the historical rates. We then calculated standard-
ized incidence ratios (SIRs) to summarize this com-
parison. All analyses were performed by a statisti-
cian (not a coauthor) at the conventional 2-tailed �
level of .05 using SAS version 9 (SAS Institute Inc,
Cary, NC).

RESULTS
We identified 512 male football players and 203
male members of the band, glee club, or choir from
high school classes between 1946 and 1956.
Among these, we were able to successfully match
438 football players (86%) and 140 band, glee
club, or choir members (69%) to a record in the
REP system (Figure 2).

The median period of follow-up in the system
was 50.2 years (interquartile range [IR], 13.7-57.5)
for the football players and 42.7 years (IR, 8.8-55.4)
for the non–football players. The age at the last fol-
low-up was 68.4 years (IR, 31.5-75.6) for the foot-
ball players and 59.1 years (IR, 26.7-73.4) for the
band, glee club, and choir members.

We identified 13 cases of dementia of any type
among the football players and 2 cases among the
non–football players; the difference between groups
was not significant (HR, 1.58; 95% CI, 0.36-7.01;
P�.55). Our observed cases were fewer than ex-
pected in both groups, compared with Olmsted
County incidence data (expected number of demen-
tia cases in the football cohort, 18.2; expected num-
ber of dementia cases in the non–football cohort,
4.3). However, the differences between observed
and expected were not significant (SIR, 0.72; 95%
CI, 0.38-1.23 in the football players and SIR, 0.47;
95% CI, 0.05-1.68 in the non–football cohort). The
median age at the onset of dementia was 72.4 years
(IR, 69.3-77.0) in the football players and 76.0 years
(IR, 75.0-77.0) in the non football cohort.

Parkinson disease was identified in 10 football
players and 5 band, glee club, or choir members,
which was statistically similar (HR, 0.48; 95% CI,
0.17-1.42; P�.19). Olmsted County incidence data
predicted a PD frequency of 4.2 cases in football
players and 1.0 case in band, glee club, or choir
members; although comparison of observed fre-
quency with this population-based data showed a
statistically significant difference, this was true for
both groups (SIR, 2.36; 95% CI, 1.13-4.34 in the
football players and SIR, 4.94; 95% CI, 1.61-11.51

in the non–football cohort). The median age at onset

Mayo Clin Proc. � April 2012;87(4):335-340 � doi:10.1016/j.mayocp.
www.mayoclinicproceedings.org
of PD was 70.5 years (IR, 58.9-77.4) in the football
players and 67.7 years (IR, 55.5-78.1) in the band,
glee club, or choir members.

Amyotrophic lateral sclerosis was the only mo-
tor neuron disease subtype that we identified, and it
was diagnosed in 2 football players and 1 band, glee
club, or choir member (HR, 0.52; 95% CI, 0.05-
5.68; P�.59). We also found no significant differ-
ence between observed and population-based ex-
pected number of cases for either group (SIR, 3.15;
95% CI, 0.38-11.33 in the football players and SIR,
6.44; 95% CI, 0.16-35.7 in the non–football cohort)
(Tables 1 and 2).

Only a single brain was available for neuro-
pathologic examination. This was a case of motor
neuron disease that occurred in the football group.
Routinely processed formalin-fixed tissues from
multiple neocortical and subcortical areas were
stained by a variety of techniques, including anti-
bodies to �-amyloid, tau, alpha-synuclein, and
TDP-43. Review of this material revealed that tau
pathology was minimal and limited to medial tem-
poral areas, which is consistent with nonspecific
age-associated changes. We did not observe any
pathologic findings supportive of CTE.

DISCUSSION
Our findings suggest that playing American football
in high school between 1946 and 1956 did not in-
crease the long-term risk of developing dementia,
PD, or ALS later in life. Indeed, the frequency of PD

Ascertainment via high school yearbook

REP browser

Tracked in the REP: 
438 football players (86%) 

Review of the medical record

Dementia: 13/438 cases
PD: 10/438 cases
ALS: 2/438 cases  

512 Football players 
20
(b

140 n

D

FIGURE 2. Flowchart of the study. ALS � amyot
PD � Parkinson disease; REP � Rochester Epide
s, 1946-1956

s

3 Non–football players
and, glee club, choir)  

Tracked in the REP: 
on–football players (69%)

ementia: 2/140 cases
PD: 5/140 cases 
ALS: 1/140 cases

rophic lateral sclerosis;
miology Project.
and ALS was lower in the football group than in the
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band, glee club, and choir group; however, the 2
groups did not differ statistically. Although the de-
mentia frequency was higher in the football group
(3% vs 1.4%), the difference was not significant
(P�.55).

Our concern was that the repetitive head
trauma associated with high school football may
have predisposed players to development of neuro-
degenerative disease similar to CTE.4 Chronic trau-
matic encephalopathy is an insidiously developing
neurodegenerative disorder beginning many years
after multiple concussive brain injuries, best de-
scribed in professional athletes, and characterized
by progressive dementia and parkinsonism.3 Chronic
traumatic encephalopathy neuropathology is dis-
tinct from Alzheimer disease and other neurodegen-
erative diseases.3,4,15 Moreover, several epidemio-
logical studies have found that prior brain trauma is
a risk factor for dementia,6,16 PD,5,17 and ALS.15,18

In particular, ALS has been found to be increased in
professional Italian soccer players7 and professional
American football players.8

Ideally, we would have been able to document
specific instances of concussions in our football co-
hort. However, in that era, all but the most severe
concussions were largely ignored, and players often
returned to the game after injury (being said to have
had their “bell rung”). Thus, medical records pro-
vide few references to such injuries.

Although the body weight and bulk of athletes
from the investigated era (1946-1956) were, on av-
erage, less than those of modern athletes, the hel-
mets and football rules put the earlier athletes at
greater concussive risk. Figure 1 shows a common
helmet of that era, which would hardly protect the
player from a concussive blow. Not until 1973 did
the National Operating Committee on Standards for
Athletic Equipment (NOCSAE) implement the first

TABLE 1. Historical Cohort Study of Football Players v
Diseasesa

Football players
(N�438)

Follow-up

Years of follow-upc 50.2 (13.7, 57.5)

Age at follow-upc 68.4 (31.5, 75.6)

Outcome

Dementia 13

Parkinson disease 10

Amyotrophic lateral sclerosis 2

a HR � hazards ratio; CI � confidence interval.
b P values are for the Wilcoxon rank sum test.
c Values are median (25th percentile, 75th percentile).
football helmet standards, initially for professional o

Mayo Clin Proc. �
ootball19,20 and then college (1978), with high
chool standards not being adopted until 1980.
oreover, it was not until 1976 that rules prohib-

ted spearing (leading with the head when blocking
r tackling). Illustrating the risks to the brain, a
tudy of American football fatalities reported that
rom 1945 through 1999 the major cause of death
as brain injury (69%) and that most fatalities oc-

urred from 1965 to 1969. With the adoption of
OCSAE standards, fatalities decreased by 74% and
ead injuries decreased from 4.25 per 100,000 to
.69 per 100,000.21 In summary, the evolution of
etter helmet technology, together with further rule
hanges and head injury management guidelines,
as further reduced football head injuries.22

For this analysis to be valid, adequate follow-up
s necessary. Neurodegenerative diseases typically
evelop among elderly persons, although CTE may
ccur much earlier.4 In our study, follow-up was
pproximately 50 years of observation after high
chool graduation (median for dementia, 55 years;
D, 52.4 years; ALS, 47.6 years). The median age at

ast follow-up in the football group was 68.4 years,
hich may not extend sufficiently to ascertain all
eurodegenerative diseases; however, premature
eurodegenerative disease should have surfaced by
hat time. In addition, our analyses were adjusted
ither directly for age (via a matched non–football
ohort) or indirectly for age (age-specific incidence
ates) and did not rely on complete lifetime
scertainment.

This study has certain other limitations. Al-
hough we were able to track the vast majority of
tudents in our system, it is possible that we have
imited medical information regarding the later

edical outcomes in some of them. Moreover, al-
ost 35% of the non–football players never entered

he system, either because they had no medical visits

n–Football Players and Risk of Neurodegenerative

and/glee club/choir
embers (N�140) HR 95% CI P valueb

42.7 (8.8, 55.4) ... ... .03

59.1 (26.7, 73.4) ... ... .01

2 1.58 0.36-7.01 .55

5 0.48 0.17-1.42 .19

1 0.52 0.05-5.68 .59
s No

B
m

r because they no longer lived in the county; this
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could have led to selection bias. In addition, we can
only speculate about the severity of concussions in
the football cohort, as we have no direct documen-
tation, and we were unable to include information
regarding football players’ time on the field, posi-
tions, or number of years played. Thus, we consid-
ered all players of equal likelihood to have suffered
concussive trauma. The study sample size is rela-
tively small, despite 10 years of ascertainment; thus,
the study may be underpowered and a type II error
cannot be excluded. Data were not available for
other factors that might have influenced out-
comes—smoking, use of caffeine, exposure to pes-
ticides, family history, and so forth. Also, it may be
noted that follow-up duration and age were greater
in the football group, which should have biased to-
ward identifying more, rather than less, neurode-
generative disease among the football players. Fi-
nally, we were able to identify only 3 cases of ALS (2
in the football group and 1 in the non–football
group). Therefore, our findings should be inter-
preted cautiously, in light of the rarity of the
outcome.

Compared with general residents of Olmsted
County from the same birth year and sex, both
groups, football and non–football, were less likely to
develop dementia but more likely to be diagnosed
with PD or ALS. Although the difference was signif-
icant only for PD, this was true for both high school
groups and seems paradoxical. However, that these
comparisons to population-expected cases ran par-
allel in our 2 high school groups suggests that other
population variables affected these results. Possibly,
differences in methodology between our study and
the prior Olmsted County incidence studies12-14

may have contributed to these findings. For exam-
ple, this might have included differences in case as-
certainment. Also, individuals moving out of Olm-
sted County after 1 or 2 medical visits would have
reduced the denominators in the prior incidence
studies. Additionally, we did not collect information
on death rates in our 2 groups. Finally, note that this
study assessed high school males in the immediate
World War II era. The prior population-based inci-
dence study likely captured a broader group of
young males, many of whom had quit or deferred
high school to serve in the military. Thus, our 2 male
high school groups had different demographic char-
acteristics than males of similar age in the prior in-
cidence studies.

CONCLUSION
Our findings suggest that high school football play-
ers from a well-defined community who played
from 1946 to 1956 did not have an increased risk of
dementia, PD, or ALS compared with non–football

players. These data should be interpreted in light of

Mayo Clin Proc. � April 2012;87(4):335-340 � doi:10.1016/j.mayocp.
www.mayoclinicproceedings.org
the many differences between today’s high school
football players and those of the distant past. Al-
though today’s players have better equipment,
trainers and physicians who are more knowledge-
able about concussions, and rules against spear-
ing, they also tend to be larger and quicker than
athletes in the prior era, increasing the force of
impact. Moreover, although dramatically differ-
ent from the marginally protective headgear of
this earlier era, current helmets certainly do not
eliminate concussions and may provide players
with a false sense of protection. Although these
results should be somewhat reassuring to high
school players from 50 years ago, they should give
no reassurance to today’s players.
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TABLE 2. Historical Cohort Study of Football Players a
vs General Population and Risk of Neurodegenerative

Football players
(N�438)

Band/
mem

Dementia

Observed 13

Expectedb 18.1

SIR vs expectedc 0.72 (0.38-1.23) 0.47

Years after indexd 55.3 (51.5, 59.4) 57.8

Age at outcomed 72.4 (69.3, 77.0) 76.0

Parkinson disease

Observed 10

Expectedb 4.2

SIR vs expectedc 2.36 (1.13-4.34) 4.94

Years after indexd 52.4 (42.4, 59.6) 49.8

Age at outcomed 70.5 (58.9, 77.4) 67.7

Amyotrophic lateral
sclerosis

Observed 2

Expectedb 0.64

SIR vs expectedc 3.15 (0.38-11.33) 6.44

Years after indexd 47.6 (46.3, 48.8) 42.8

a P values are for the Wilcoxon rank sum test.
b Expected numbers of cases are calculated from age-specifi
published incidence rates in the Olmsted County population.
c Standardized incidence ratios (SIRs) are calculated on the basis o
expected number of cases. Values are SIR (95% confidence inte
d Values are median (25th percentile, 75th percentile).
nd Non–Football Players
Diseases

glee club/choir
bers (N�140) P valuea

2

4.3

(0.05-1.68)

(57.2, 58.5) .44

(75.0, 77.0) .35

5

1.0

(1.61-11.51)

(37.4, 60.2) .95

(55.5, 78.1) .95

1

0.16

(0.16-35.7)

(42.8, 42.8) .67

c person-years and previously

f observed number of cases and
rval).
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PET Scanning of Brain Tau in Retired
National Football League Players:

Preliminary Findings
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Julian Bailes, M.D., Jorge R. Barrio, Ph.D.

Objective: Mild traumatic brain injury due to contact sports may cause chronic

behavioral, mood, and cognitive disturbances associated with pathological deposi-

tion of tau protein found at brain autopsy. To explore whether brain tau deposits can

be detected in living retired players, we used positron emission tomography (PET)

scans after intravenous injections of 2-(1-{6-[(2-[F-18]fluoroethyl)(methyl)amino]-

2-naphthyl}ethylidene)malononitrile (FDDNP). Methods: Five retired National

Football League players (age range: 45 to 73 years) with histories of mood and

cognitive symptoms received neuropsychiatric evaluations and FDDNP-PET. PET

signals in subcortical (caudate, putamen, thalamus, subthalamus, midbrain, cere-

bellar white matter) and cortical (amygdala, frontal, parietal, posterior cingulate,

medial and lateral temporal) regions were compared with those of five male controls

of comparable age, education, and body mass index. Results: FDDNP signals were

higher in players compared with controls in all subcortical regions and the amygdala,

areas that produce tau deposits following trauma. Conclusions: The small sample

size and lack of autopsy confirmation warrant larger, more definitive studies, but if

future research confirms these initial findings, FDDNP-PET may offer a means for

premorbid identification of neurodegeneration in contact-sports athletes. (Am J
Geriatr Psychiatry 2013; 21:138e144)

Key Words: Positron emission tomography, FDDNP, tau, amyloid, mood disorder,
depression, mild cognitive impairment, dementia

According to recent CDC estimates, 1.6e3.8
million sports-related traumatic brain injuries

(TBIs) occur each year, including those never

reported to healthcare professionals.1 Most are minor
concussions; many are repeated injuries and sub-
concussive blows.1
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Repetitive mild TBI due to contact sports may lead
to chronic mood, behavioral, and cognitive changes.2

Studies of retired contact-sport athletes, such as
National Football League (NFL) players, show
a higher rate of personality, behavioral, and mood
disturbances (e.g., depression, irritability, impulsive-
ness), mild cognitive impairment (MCI, a risk state for
dementia), and dementia compared with controls.
Professional athletes exposed to repetitive mild TBIs
are prone to develop chronic impairment, and avail-
able evidence suggests a possible dose response.3

Retired NFL players with three or more reported
concussions during their career were three times more
likely to be diagnosed with depression and five times
more likely to be diagnosed with MCI.3,4

Several investigators have described chronic trau-
matic encephalopathy (CTE), a clinicopathological entity
that includes mood, personality, cognitive, and behav-
ioral changes (e.g., suicidality), and motor symptoms
(e.g., abnormal gait, tremor) associated with a range of
autopsyfindings,particularlywidespreadaccumulation
of phosphorylated tau protein as neurofibrillary tangles
(similar to those observed in Alzheimer disease), astro-
cytic tangles, neurites, diffuse axonal injury, white
matter abnormalities, inflammation, and immune
proinflammatory cytokine responses in traumatized
brain regions.5 Immunoreactive deposits are found
in neocortical, subcortical (e.g., thalamus, caudate,
putamen, midbrain, and cerebellar white matter),
and medial temporal (hippocampus, entorhinal
cortex, and amygdala) regions, where neuronal loss
may be observed.5 TDP-43 proteinopathy may
accompany tauopathy in CTE cases and is more
prominent in motor neuron disease cases.6 Amyloid
deposition has been reported in approximately 40%
of CTE cases and generally consists of diffuse pla-
ques with relatively few cortical neuritic plaques.5

Currently, CTE in former football players is only
diagnosed at autopsy.

Our group invented 2-(1-{6-[(2-[F-18]fluoroethyl)
(methyl)amino]-2-naphthyl}ethylidene)malononitrile
(FDDNP)-positron emission tomography (PET) for
measuring both tau tangle and amyloid plaque
deposition in living brains.7 FDDNP signals differ-
entiate Alzheimer disease from MCI and normal
aging and predict future cognitive decline in non-
demented subjects.8,9 Although other tau tracers
have been tested in human brain tissue sections and
animal models,10,11 FDDNP is the only PET probe of

tau that has been studied in vivo in human imaging
trials. FDDNP is not specific for tauopathies, but
previous autopsy follow-up studies indicate regional
specificity in patients with Alzheimer disease,
wherein FDDNP-PET shows high signals in medial
temporal regions where autopsy studies indicate
a preponderance of tau tangles, as well as high signal
in lateral temporal regions, where amyloid plaques
are highly concentrated.8

Despite the devastating consequences of TBIs due to
contact sports and the large number of people at risk,
no method for early detection of brain pathology has
yet been established. To address this issue, we per-
formed PET scans after intravenous injections of
FDDNP to explorewhether brain taudeposits could be
detected in a small group of retired NFL players with
cognitive and mood symptoms and compared them
with a group of male controls of comparable age,
educational achievement, and bodymass index (BMI).

METHODS

Neuropsychiatric evaluations were performed on
five retired players aged 45 years or older who were
recruited for this study because of a history of cogni-
tive or mood symptoms. Through organizational
contacts, NFL retirees with MCI-like symptoms were
referred for testing. Of the 19 potential volunteers, 14
did not participate because of non-response or disin-
terest (N ¼ 11), age (too young; N ¼ 2), or medical
illness (N ¼ 2).

Subjects had screening laboratory tests and struc-
tural imaging scans (computed tomography [CT] or
magnetic resonance imaging [MRI]) to rule out other
causes of mental symptoms (e.g., stroke, tumor) and
for co-registration with PET scans for region-of-
interest (ROI) analyses. One player and two control
subjects had CT scans because they could not tolerate
MRI (claustrophobia, body metal, body size).

The Mini-Mental State Examination (MMSE), Ham-
ilton Rating Scale for Depression (HAM-D), and a neu-
ropsychological test battery8,9 were administered to
confirm diagnoses. Clinical assessments were per-
formed within 4 weeks of scanning, and clinicians
were blinded to scan results. Informed consent
was obtained in accordance with UCLA Human
Subjects Protection Committee procedures. Cum-
ulative radiation dosimetry was below the mandated
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maximum annual dose and in compliance with state
and federal regulations.

PET scanswere performedusing anECATHRþPET
or Biograph PET/CT camera (both Siemens/CTI,
Knoxville, TN) as detailed previously.8,9 In brief,
subjects were injectedwith 10mCi of FDDNP. FDDNP
binding data were quantified using Logan graphical
analysis: The slope of the linear portion of the Logan
plot is the relative distribution volume (DVR) of the
tracer in an ROI divided by that in the reference region
(cerebellum). ROIswere tracedon co-registeredMRIor
CT scans for subcortical (caudate, putamen, thalamus,
subthalamus, midbrain, cerebellar white matter) and
cortical (amygdala, frontal, parietal, posterior cingu-
late, and medial and lateral temporal) regions.8,9 Each
DVR or binding value was expressed as an average of
left and right regions. All scans were read and ROIs
drawn by individuals blinded to clinical assessments.

Given the small number of players available for
analyses, only non-parametric tests were performed.
Controls for comparisons with players were identified
using a propensity score matching method, wherein
pairs of subjects are matched through a minimum
distance estimator that can encompass several cova-
riates.12 This method thus mitigates potential biases
and ensures that controls and players are as similar as
possible in other characteristics that can affect FDDNP
regional binding levels. FDDNP scans were available
for 35 normally aging males from previous studies. We
chose age, BMI, years of education, and dementia
family history as covariates to match players and
controls and used the greedy matching algorithm to
identify controls to compare with players. Descriptive
statistics were computed for players and controls, and
the two-sample Wilcoxon test was used to compare
groups on FDDNP binding levels, a global cognitive
score (MMSE), and a depression measure (HAM-D).
We explored possible relationships between FDDNP
binding values and the number of concussions in the
players using plots and Spearman correlations in those
regions that showed higher signals in players com-
pared with controls.

RESULTS

The players represented a range of positions and
diagnoses (linebacker with MCI; quarterback with
normal aging; guard with dementia/depression;

defensive lineman with MCI/depression; center with
MCI) and played professionally from 10e16 (median,
14) years (Fig. 1). Players and controls were compa-
rable in age (median age for players [controls]: 59
[60]; range: 45e73 [45e66], BMI (players [controls]:
32 [34], 28e42 [28e38]), years of education (players
[controls]: 17 [15], 15e18 [13e22]) and dementia
family history (present in 3 players and 3 controls)
(Table 1). Players had significantly higher HAM-D
scores (median: 8, range: 5e17) compared with
controls (0, 0e3; p ¼ 0.03) and a trend towards lower
MMSE scores (median: 28, range: 17e30 versus 30,
29e30, p ¼ .09) (Table 1).

Players had significantly higher FDDNP signals
compared with controls in caudate (median levels:
1.48 versus 1.23, p ¼ 0.03), putamen (1.47 versus 1.20,
p ¼ 0.05), thalamus (1.48 versus 1.29, p ¼ 0.03),
subthalamus (1.45 versus 1.25, p ¼ 0.03) midbrain
(1.31 versus 1.14, p ¼ 0.03), and cerebellar white
matter (1.15 versus 1.09, p ¼ 0.05) regions. The two
groups did not differ significantly in FDDNP binding
in cortical regions except for the amygdala (1.30
versus 1.14, p ¼ 0.03) (Table 1; Figs. 1, 2).

Plots of FDDNP binding values versus number of
concussions in regions that showed higher signals in
players compared with controls are presented in
Figure 3. Although none of the Spearman correlations
reached statistical significance (as expected due to the
small sample size), theplots showan increase in FDDNP
binding levels with increase in number of concussions.

DISCUSSION

These initial FDDNP-PET findings in retired NFL
players with histories of cognitive and mood symp-
toms demonstrate high signals in the amygdala and
subcortical regions compared with controls. Although
the subject groups were matched for important vari-
ables, such as age, BMI, and educational achievement,
these preliminary results need interpretation with
caution given the small sample size and multiple
uncorrected statistical comparisons. Also, not all
subjects had MRI scans for co-registration with PET,
which could influence ROI values, although compa-
rable numbers of players and controls had MRI scans
(4 and 3, respectively). Other factors that could
influence the results would be differences in cerebro-
vascular health and genetic risk between players and
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FIGURE 1. FDDNP-PET scan results for NFL players and a control. Coronal and transaxial FDDNP-PET scans of the retired NFL
players include:
NFL1: 59-year-old linebacker with MCI, who experienced momentary loss of consciousness after each of two
concussions;
NFL2: 64-year-old quarterback with age-consistent memory impairment, who experienced momentary loss of
consciousness and 24-hour amnesia following one concussion;
NFL3: 73-year-old guard with dementia and depression, who suffered brief loss of consciousness after 20 concussions,
and a 12-hour coma following 1 concussion;
NFL4: 50-year-old defensive lineman with MCI and depression, who suffered two concussions and loss consciousness
for 10 minutes following one of them;
NFL5: 45-year-old center with MCI, who suffered 10 concussions and complained of light sensitivity, irritability, and
decreased concentration after the last two.
The players’ scans show consistently high signals in the amygdala and subcortical regions and a range of cortical
binding from extensive to limited, whereas the control subject shows limited binding in these regions. Red and yellow
areas indicate high FDDNP binding signals.
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controls. Despite such limitations, these elevated
amygdala and subcortical FDDNP binding patterns in
players are consistent with the fibrillary tau deposition
patterns observed at autopsy in CTE cases.5 Only pat-
chy cortical tau deposits have been reported in mild
CTE cases, except for the amygdala, where they are
dense.4

The pattern of higher FDDNP binding values in
players with a greater number of concussions (Fig. 3)
suggests a link between the players’ history of head
injury and FDDNP binding. Moreover, these binding
patterns (high subcortical and low cortical binding
except for the amygdala) are consistent with tau depo-
sition patterns observed in autopsy studies of CTE5 and
differ from those observed in patients with cognitive
and mood symptoms without prior head trauma, who
mainlypresentwith increased cortical FDDNPbinding.
Inpatientswithgeriatricdepression, FDDNPbinding is
highest in the posterior cingulate and lateral temporal
regions,14 whereas patients with Alzheimer dementia
show high binding values throughout the cortex

(parietal, medial and lateral temporal, frontal and
posterior cingulate regions).7e9 In patients with MCI,
FDDNPbinding ishigh inmedial temporal, frontal, and
parietal regions.8

FDDNP binds to both fibrillary tau and amyloid,
but neuropathological studies indicate that amyloid
plaques (mostly diffuse cortical) are observed in less
than a third of CTE cases in retired football
players.5,13 This suggests that a high proportion of
the FDDNP signal in the players represents fibrillary
tau deposition. Using a tau marker for detection and
tracking of neurodegenerative disease is critically
important because severity of tau load, rather than
amyloid burden, correlates with rates of neuronal
loss.9 To date, FDDNP is the only available imaging
probe that provides in vivo measures of tau in
humans.

Players had greater depressive symptoms than
controls, as well as evidence of cognitive impairment
(3 MCI, 1 dementia). Elevated FDDNP binding is asso-
ciatedwith depressive symptoms in normal aging14 and
geriatric depression,15 and with cognitive symptoms in
normal aging, MCI, and dementia.8,9 Thus, these
increased FDDNP signals appear to reflect a range of
mental symptoms that havebeenobserved inCTE cases.

Despite the devastating consequences of mild TBI
from contact sports and military exposure to explo-
sive blasts and the large group of those exposed, the
syndrome has only recently received heightened
attention. Specific treatments have not been devel-
oped, and no method for early detection has yet been
established. Early recognition and identification of
those at high risk would allow clinicians to develop
strategies and interventions to protect those with
early symptoms rather than attempt to repair
damage once it becomes extensive.

Previous studies in patients with MCI show that
FDDNP-PET patterns may predict future cognitive
decline and development of dementia.9 Large-scale
longitudinal studies are necessary to determine the
utility of detecting tau pathology in head trauma
victims who are not yet experiencing mood or cogni-
tive symptoms and whether this technology will
facilitate development of prevention strategies.
Further, the added health benefits of FDDNP scanning
on a large scale remains to be addressed. Previous
analysis, however, indicates that appropriate use of
PET for evaluating early dementia in geriatric patients
can add valuable information to the clinical work-up,

TABLE 1. Subject Characteristics and Regional FDDNP
Binding Values

Characteristica Players (N [ 5) Controls (N [ 5)

Age—yr 59 (45e73) 60 (45e66)
Education—yr 17 (15e18) 15 (13e22)
AD family history—none (%) 3 (60) 3 (60)
Body Mass Index 32 (29e42) 34 (28e38)
Mini Mental State Exam 28 (17e30) 30 (29e30)
HAM-Db 8 (5e17) 0 (0e3)

FDDNP binding valuesc

Amygdala 1.30 (1.27e1.45) 1.14 (1.09e1.17)
Caudate 1.48 (1.46e1.81) 1.23 (1.16e1.34)
Putamen 1.47 (1.35e1.60) 1.20 (1.14e1.35)
Thalamus 1.48 (1.41e1.54) 1.29 (1.07e1.39)
Subthalamic 1.45 (1.31e1.51) 1.25 (1.09e1.30)
Midbrain 1.31 (1.27e1.39) 1.14 (1.10e1.18)
Cerebral white matter 1.15 (1.12e1.27) 1.09 (1.08e1.12)
Frontal 1.12 (0.97e1.16) 1.03 (0.98e1.13)
Parietal 1.05 (0.96e1.12) 1.04 (0.98e1.07)
Medial temporal 1.15 (1.07e1.19) 1.12 (1.08e1.18)
Lateral temporal 1.09 (1.00e1.13) 1.08 (1.03e1.13)
Posterior cingulate 1.08 (1.00e1.17) 1.09 (1.05e1.11)

Notes: aData are presented as median (range) unless specified
otherwise.

bHamilton Rating Scale for Depression-21 item version; groups
were significantly different: Wilcoxon statistic U ¼ 15, p ¼ 0.03.

cSignificant differences between groups in the following regions:
amygdala: U ¼ 15, p ¼ 0.03; caudate: U ¼ 15, p ¼ 0.03; putamen:
U ¼ 16, p ¼ 0.05; thalamus: U ¼ 15, p ¼ 0.03; subthalamic: U ¼ 15,
p ¼ 0.03; midbrain: U ¼ 15, p ¼ 0.03; cerebellar white matter: U ¼
16, p ¼ 0.04.
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without adding to the overall costs of evaluation and
management, resulting in a greater number of patients
being accurately diagnosed for the same level of
financial expenditure.16

These findings suggest that FDDNP-PET could
facilitate early recognition and intervention of trauma-
related neurodegeneration through premorbid
detection. Providing a non-invasive means of early

FIGURE 3. FDDNP binding levels versus number of concussions in retired players. Examination of plots showing FDDNP DVR
binding values according to number of concussions in retired players suggests an association between a greater number
of concussions and higher binding in regions that were found to show significantly higher FDDNP binding in players
compared with controls. FDDNP binding is expressed in terms of the DVR derived by the Logan graphic method, with
the cerebellum as the reference region.

FIGURE 2. Scatter plots of FDDNP binding values in players and controls. FDDNP binding scatter plots for the 5 players (red circles)
and 5 controls (blue circles) in the amygdala, midbrain, thalamus, and caudate regions illustrate the significantly higher
values in players compared with controls. FDDNP binding is expressed in terms of the DVR derived by the Logan graphic
method, with the cerebellum as the reference region.

Am J Geriatr Psychiatry 21:2, February 2013 143

Small et al.



detection is a critical first step to developing inter-
ventions to prevent symptom onset and progression.
Direct and indirect costs of TBI totaled an estimated
$77 billion in the United States in 2000.17 Given the
large number of people at risk—not just athletes but
military personnel, auto accident victims, and
others—the potential public health impact is
considerable.
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Clinicopathological Evaluation of Chronic Traumatic
Encephalopathy in Players of American Football
Jesse Mez, MD, MS; Daniel H. Daneshvar, MD, PhD; Patrick T. Kiernan, BA; Bobak Abdolmohammadi, BA;
Victor E. Alvarez, MD; Bertrand R. Huber, MD, PhD; Michael L. Alosco, PhD; Todd M. Solomon, PhD;
Christopher J. Nowinski, PhD; Lisa McHale, EdS; Kerry A. Cormier, BA; Caroline A. Kubilus; Brett M. Martin, MS;
Lauren Murphy, MBA; Christine M. Baugh, MPH; Phillip H. Montenigro, BA; Christine E. Chaisson, MPH;
Yorghos Tripodis, PhD; Neil W. Kowall, MD; Jennifer Weuve, MPH, ScD; Michael D. McClean, ScD;
Robert C. Cantu, MD; Lee E. Goldstein, MD, PhD; Douglas I. Katz, MD; Robert A. Stern, PhD;
Thor D. Stein, MD, PhD; Ann C. McKee, MD

IMPORTANCE Players of American football may be at increased risk of long-term neurological
conditions, particularly chronic traumatic encephalopathy (CTE).

OBJECTIVE To determine the neuropathological and clinical features of deceased football
players with CTE.

DESIGN, SETTING, AND PARTICIPANTS Case series of 202 football players whose brains were
donated for research. Neuropathological evaluations and retrospective telephone clinical
assessments (including head trauma history) with informants were performed blinded.
Online questionnaires ascertained athletic and military history.

EXPOSURES Participation in American football at any level of play.

MAIN OUTCOMES AND MEASURES Neuropathological diagnoses of neurodegenerative
diseases, including CTE, based on defined diagnostic criteria; CTE neuropathological severity
(stages I to IV or dichotomized into mild [stages I and II] and severe [stages III and IV]);
informant-reported athletic history and, for players who died in 2014 or later, clinical
presentation, including behavior, mood, and cognitive symptoms and dementia.

RESULTS Among 202 deceased former football players (median age at death, 66 years
[interquartile range, 47-76 years]), CTE was neuropathologically diagnosed in 177 players
(87%; median age at death, 67 years [interquartile range, 52-77 years]; mean years of football
participation, 15.1 [SD, 5.2]), including 0 of 2 pre–high school, 3 of 14 high school (21%), 48 of
53 college (91%), 9 of 14 semiprofessional (64%), 7 of 8 Canadian Football League (88%),
and 110 of 111 National Football League (99%) players. Neuropathological severity of CTE was
distributed across the highest level of play, with all 3 former high school players having mild
pathology and the majority of former college (27 [56%]), semiprofessional (5 [56%]), and
professional (101 [86%]) players having severe pathology. Among 27 participants with mild
CTE pathology, 26 (96%) had behavioral or mood symptoms or both, 23 (85%) had cognitive
symptoms, and 9 (33%) had signs of dementia. Among 84 participants with severe CTE
pathology, 75 (89%) had behavioral or mood symptoms or both, 80 (95%) had cognitive
symptoms, and 71 (85%) had signs of dementia.

CONCLUSIONS AND RELEVANCE In a 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.

JAMA. 2017;318(4):360-370. doi:10.1001/jama.2017.8334
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C hronic traumatic encephalopathy (CTE) is a progres-
sive neurodegeneration associated with repetitive
head trauma.1-8 In 2013, based on a report of the

clinical and pathological features of 68 men with CTE
(including 36 football players from the current study), crite-
ria for neuropathological diagnosis of CTE and a staging
scheme of pathological severity were proposed.6 Two clini-
cal presentations of CTE were described; in one, the initial
features developed at a younger age and involved behav-
ioral disturbance, mood disturbance, or both; in the other,
the initial presentation developed at an older age and
involved cognitive impairment.9 In 2014, a methodologi-
cally rigorous approach to assessing clinicopathological
correlation in CTE was developed using comprehensive
structured and semistructured informant interviews and
online surveys conducted by a team of behavioral neurolo-
gists and neuropsychologists.10 In 2015, the neuropatho-
logical criteria for diagnosis of CTE were refined by a panel
of expert neuropathologists organized by the National
Institute of Neurological Disorders and Stroke and the
National Institute of Biomedical Imaging and Bioengineer-
ing (NINDS-NIBIB).8

Using the NINDS-NIBIB criteria to diagnose CTE and the
improved methods for clinicopathological correlation, the
purpose of this study was to determine the neuropathologi-
cal and clinical features of a case series of deceased football
players neuropathologically diagnosed as having CTE whose
brains were donated for research.

Methods
Study Recruitment
In 2008, as a collaboration among the VA Boston Healthcare
System, Bedford VA, Boston University (BU) School of Medi-
cine, and Sports Legacy Institute (now the Concussion
Legacy Foundation [CLF]), a brain bank was created to bet-
ter understand the long-term effects of repetitive head
trauma experienced through contact sport participation and
military-related exposure. The purpose of the brain bank
was to comprehensively examine the neuropathology and
clinical presentation of brain donors considered at risk of
development of CTE. The institutional review board at Bos-
ton University Medical Campus approved all research activi-
ties. The next of kin or legally authorized representative of
each brain donor provided written informed consent. No
stipend for participation was provided. Inclusion criteria
were based entirely on exposure to repetitive head trauma
(eg, contact sports, military service, or domestic violence),
regardless of whether symptoms manifested during life.
Playing American football was sufficient for inclusion.
Because of limited resources, more strict inclusion criteria
were implemented in 2014 and required that football play-
ers who died after age 35 years have at least 2 years of
college-level play. Donors were excluded if postmortem
interval exceeded 72 hours or if fixed tissue fragments rep-
resenting less than half the total brain volume were received
(eFigure in the Supplement).

Clinical data were collected into a Federal Interagency
Traumatic Brain Injury Research–compliant database.
Since tracking began in 2014, for 98 (81%) brain donations
to the VA-BU-CLF Brain Bank, the next of kin approached
the brain bank near the time of death. The remaining brain
donors were referred by medical examiners (11 [9%]),
recruited by a CLF representative (7 [6%]), or participated
in the Brain Donation Registry during life (5 [4%]) (eFigure
in the Supplement).

Clinical Evaluation
Retrospective clinical evaluations were performed using
online surveys and structured and semistructured post-
mortem telephone interviews between researchers and
informants. Researchers conducting these evaluations
were blinded to the neuropathological analysis, and infor-
mants were interviewed before receiving the results of the
neuropathological examination. A behavioral neurologist,
neuroscientist, or neuropsychologist (J.M., D.H.D., T.M.S.,
M.L.A., or R.A.S.) obtained a detailed history, including a
timeline of cognitive, behavioral, mood, and motor sympto-
mology. Additionally, other neuropsychiatric symptoms,
exposures and symptoms consistent with posttraumatic
stress disorder, features of a substance use disorder, neuro-
degenerative diagnoses made in life (Alzheimer disease
[AD], frontotemporal dementia, vascular dementia, demen-
tia with Lewy bodies, Parkinson disease, CTE, or dementia
of unknown etiology), headaches that impaired function,
symptoms and diagnoses made in life of sleep disorders,
and causes of death were assessed. Clinicians qualitatively
summarized the participants’ clinical presentation (eg, pres-
ence and course of symptoms, functional independence)
into a narrative and presented the case to a multidisci-
plinary consensus team of clinicians, during which it was
determined whether the participant met criteria for demen-
tia. To resolve discrepancies in methods that evolved over
time, only clinical variables ascertained after January 2014
using a standardized informant report were included
because of the larger subset of participants recruited during
this time frame (n = 125).

Prior to January 2014, demographics, educational
attainment, athletic history (type of sports played, level,

Key Points
Question What are the neuropathological and clinical features
of a case series of deceased players of American football
neuropathologically diagnosed as having chronic traumatic
encephalopathy (CTE)?

Findings In a convenience sample of 202 deceased players
of American football from a brain donation program, CTE was
neuropathologically diagnosed in 177 players across all levels
of play (87%), including 110 of 111 former National Football League
players (99%).

Meaning In a convenience sample of deceased players
of American football, a high proportion showed pathological
evidence of CTE, suggesting that CTE may be related to prior
participation in football.
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position, age at first exposure, and duration), military his-
tory (branch, location of service, and duration of combat
exposure), and traumatic brain injury (TBI) history (includ-
ing number of concussions) were queried during the tele-
phone interview. Beginning in January 2014, demographics,
educational attainment, and athletic and military history
were queried using an online questionnaire. Informant-
reported race was collected as part of demographic informa-
tion so that neuropathological differences across race could
be assessed. To be considered a National Football League
(NFL) athlete, a participant must have played in at least
1 regular-season NFL game. Professional position and years
of play were verified using available online databases (http:
//www.pro-football-reference.com, http://databasefootball
.com, http://www.justsportsstats.com). History of TBI was
queried using informant versions of the Ohio State University
TBI Identification Method Short Form11 and 2 questionnaires
adapted from published studies that address military-related
head injuries and concussions.12,13 With the addition of these
questionnaires, informants were read a formal definition of
concussion prior to being asked about concussion history,
which was not the case prior to January 2014.

Neuropathological Evaluation
Pathological processing and evaluation were conducted
using previously published methods.14,15 Brain volume
and macroscopic features were recorded during initial
processing. Twenty-two sections of paraffin-embedded tis-
sue were stained for Luxol fast blue, hematoxylin and eosin,
Bielschowsky silver, phosphorylated tau (ptau) (AT8),
α-synuclein, amyloid-β, and phosphorylated transactive
response DNA binding protein 43 kDa (pTDP-43) using meth-
ods described previously.16 In some cases, large coronal slabs
of the cerebral hemispheres were also cut at 50 μm on a
sledge microtome and stained as free-floating sections using
AT8 or CP-13.16,17

A neuropathological diagnosis was made using cri-
teria for CTE recently defined by the 2015 NINDS-NIBIB
Consensus Conference8 and well-established criteria for
other neuropathological diseases, including AD,18,19 Lewy
body disease,20 frontotemporal lobar degeneration,21-25 and
motor neuron disease.26,27 Neuropathological criteria
for CTE require at least 1 perivascular ptau lesion consist-
ing of ptau aggregates in neurons, astrocytes, and cell pro-
cesses around a small blood vessel; these pathognomonic
CTE lesions are most often distributed at the depths of
the sulci in the cerebral cortex and are distinct from the
lesions of aging-related tau astrogliopathy.8 Supportive fea-
tures for the diagnosis of CTE include ptau pretangles and
neurofibrillary tangles (NFTs) in superficial cortical layers
(layers II/III) of the cerebral cortex; pretangles, NFTs or
extracellular tangles in CA2 and CA4 of the hippocampus;
subpial ptau astrocytes at the glial limitans; and dot-like
ptau neurites.8

Chronic traumatic encephalopathy ptau pathology was
classified into 4 stages using previously proposed criteria.6

Briefly, stage I CTE is characterized by 1 or 2 isolated peri-
vascular epicenters of ptau NFTs and neurites (ie, CTE

lesions) at the depths of the cerebral sulci in the frontal,
temporal, or parietal cortices. In stage II, 3 or more CTE
lesions are found in multiple cortical regions and superficial
NFTs are found along the sulcal wall and at gyral crests.
Multiple CTE lesions, superficial cortical NFTs, and diffuse
neurofibrillary degeneration of the entorhinal and perirhi-
nal cortices, amygdala, and hippocampus are found in
stage III CTE. In stage IV CTE, CTE lesions and NFTs are
densely distributed throughout the cerebral cortex, dien-
cephalon, and brain stem with neuronal loss, gliosis, and
astrocytic ptau pathology. Chronic traumatic encephalopa-
thy pathology in stages I and II is considered to be mild and
in stages III and IV is considered to be severe.

Neuropathological evaluation was blinded to the clini-
cal evaluation and was reviewed by 4 neuropathologists
(V.A., B.H., T.D.S., and A.M.); any discrepancies in the neu-
ropathological diagnosis were solved by discussion and con-
sensus of the group. In addition to diagnoses, the density of
ptau immunoreactive NFTs, neurites, diffuse amyloid-β
plaques, and neuritic amyloid-β plaques; vascular
amyloid-β; pTDP-43; and α-synuclein immunoreactive
Lewy bodies were measured semiquantitatively (0-3, with 3
being most severe) across multiple brain regions.

Descriptive statistics were generated using SPSS soft-
ware version 20 (IBM Inc).

Results
Among the 202 deceased brain donors (median age at
death, 66 years [interquartile range [IQR], 47-76 years]),
CTE was neuropathologically diagnosed in 177 (87%;
median age at death, 67 years [IQR, 52-77 years]; mean
years of football participation, 15.1 [SD, 5.2]; 140 [79%] self-
identified as white and 35 [19%] self-identified as black),
including 0 of 2 pre–high school, 3 of 14 high school (21%),
48 of 53 college (91%), 9 of 14 semiprofessional (64%),
7 of 8 Canadian Football League (88%), and 110 of 111 NFL
(99%) players.

The median age at death for participants with mild CTE
pathology (stages I and II) was 44 years (IQR, 29-64 years)
and for participants with severe CTE pathology (stages III
and IV) was 71 years (IQR, 64-79 years). The most common
cause of death for participants with mild CTE pathology
was suicide (12 [27%]) and for those with severe CTE pathol-
ogy was neurodegenerative (ie, dementia-related and
parkinsonian-related causes of death) (62 [47%]). The sever-
ity of CTE pathology was distributed across the highest level
of play, with all former high school players having mild
pathology (3 [100%]) and the majority of former college
(27 [56%]), semiprofessional (5 [56%]), Canadian Football
League (6 [86%]), and NFL (95 [86%]) players having
severe pathology. The mean duration of play for partici-
pants with mild CTE pathology was 13 years (SD, 4.2 years)
and for participants with severe CTE pathology was 15.8
years (SD, 5.3 years) (Table 1).

In all cases, perivascular clusters of ptau immunoreac-
tive NFTs diagnostic for CTE (ie, CTE lesions)8 were found in
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the cerebral cortex (Figure 1 and Figure 2). In cases with
mild CTE pathology (stages I and II), isolated perivascular
CTE lesions were found at the sulcal depths of the cerebral
cortex, most commonly in the superior and dorsolateral
frontal cortices, but also in the lateral temporal, inferior
parietal, insula, and septal cortices (Figure 1). Neurofibril-
lary tangles were sparse in other cortical regions, and there
was no diffuse neurofibrillary degeneration of the medial

temporal lobe structures (Figure 1, open arrowheads). Neu-
rofibrillary tangles were also found in the locus coeruleus,
substantia nigra, and substantia innominata (Figure 3) in
mild CTE. In cases with severe CTE pathology, perivascular
CTE lesions were large and confluent (Figure 2). Neurofibril-
lary tangles were widely distributed in the superficial lami-
nae of cortical regions and there was severe neurofibrillary
degeneration of the medial temporal lobe structures,

Table 1. Demographic and Exposure Characteristics of 177 American Football Players Diagnosed With CTE,
Stratified by Neuropathological Severitya

Characteristics

No. (%) of Brain Donorsb

Mild CTE
(n = 44)

Severe CTE
(n = 133)

Total
(n = 177)

Men 44 (100) 133 (100) 177 (100)

Race

White 35 (80) 105 (79) 140 (79)

Black 8 (18) 27 (20) 35 (19)

Pacific Islander 0 1 (1) 1 (1)

Asian 0 0 0

Other 0 0 0

Unknown 1 (2) 0 1 (1)

Age at death, median (IQR), y 44 (29-64) 71 (64-79) 67 (52-77)

Cause of death

Neurodegenerativec 7 (16) 62 (47) 69 (39)

Cardiovascular disease 5 (11) 29 (22) 34 (19)

Suicide 12 (27) 6 (5) 18 (10)

Cancer 2 (5) 10 (8) 12 (7)

Motor neuron disease 4 (9) 7 (5) 11 (6)

Unintentional overdose 3 (7) 4 (3) 7 (4)

Injury 2 (5) 3 (2) 5 (3)

Other 9 (21) 12 (9) 21 (12)

Concussion count, median (IQR)d

Definition provided (n = 99) 90 (22-150) 50.5 (12-163) 70 (12-150)

No definition provided (n = 61) 2.5 (0-5) 8 (1-19) 5 (1-13)

Age at first exposure to football, median (IQR), y 10 (8-14) 13 (10-14) 12 (10-14)

Duration of play, mean (SD), y 13 (4.2) 15.8 (5.3) 15.1 (5.2)

Highest level of play

Youth 0 0 0

High school 3 (7) 0 3 (2)

College 21 (48) 27 (20) 48 (27)

Semiprofessional 4 (9) 5 (4) 9 (5)

Canadian Football League 1 (2) 6 (5) 7 (4)

National Football League 15 (34) 95 (71) 110 (62)

Primary position at highest level of play

Offensive lineman 8 (18) 29 (22) 37 (21)

Defensive lineman 8 (18) 27 (20) 35 (20)

Running back 4 (9) 27 (20) 31 (18)

Linebacker 12 (27) 14 (11) 26 (15)

Defensive back 4 (9) 18 (14) 22 (12)

Quarterback 2 (5) 11 (8) 13 (7)

Tight end 1 (2) 6 (5) 7 (4)

Wide receiver 3 (7) 1 (1) 4 (2)

Kicker or punter 2 (5) 0 2 (1)

Other special teams 0 0 0

Military veteran 5 (11) 40 (30) 45 (25)

Abbreviations: CTE, chronic
traumatic encephalopathy; IQR,
interquartile range.
a Mild CTE (CTE neuropathological

stages I and II) is characterized by
sparse to frequent perivascular CTE
lesions at the sulcal depths of the
cerebral cortex. Severe CTE (CTE
neuropathological stages III and IV)
consists of multiple CTE lesions in
the cerebral cortex and moderate to
severe neurofibrillary degeneration
of medial temporal lobe,
diencephalon, and brain stem.

b Data are expressed as No. (%)
unless otherwise indicated.

c Includes dementia-related
and parkinsonian-related causes
of death.

d Median estimates of the number
of concussions reported
per participant. Beginning
in 2014, informants were read
a formal definition of concussion
prior to being asked about
concussion history.
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including the hippocampus, amygdala, and entorhinal cor-
tex (Figure 2, black arrowheads, and Figure 3). Neurofibril-
lary tangles were also frequent in the thalamus, nucleus
basalis of Meynert, substantia innominata, substantia nigra,
and locus coeruleus in severe CTE (Figure 3).

Deposition of amyloid-β was present in a subset of par-
ticipants at all stages of CTE pathology, predominantly as
diffuse amyloid-β plaques, but neuritic amyloid-β plaques
and amyloid angiopathy were also present. In stage IV CTE,
amyloid-β deposition occurred in 52 cases (91%). Deposition
of TDP-43 and α-synuclein were found in all stages of CTE
pathology; TDP-43 deposition occurred in 47 (83%) and
α-synuclein deposition occurred in 23 (40%) stage IV CTE
cases (Table 2).

Among the 25 football players without CTE, 9 showed
no pathological abnormalities and 7 showed nonspecific
changes; eg, hemosiderin-laden macrophages (n = 7) and
axonal injury (n = 5). Other diagnoses included vascular
pathology (n = 4), unspecified tauopathy not meeting crite-

ria for CTE (n = 3), AD (n = 2), argyrophilic grain disease
(n = 1), and Lewy body disease (n = 1).

Data on informants were collected beginning in 2014.
The median number of participating informants was 2
(IQR, 1-3) per participant. Among all of the interviews,
71 (64%) included a spouse/partner, 56 (51%) included an
adult child, 27 (24%) included a sibling, 16 (14%) included
a parent, 13 (12%) included a non–first-degree relative, 8
(7.2%) included a neighbor or friend, and 4 included other
informants. Among the informants who knew the partici-
pant the longest, the mean relationship length was 45.8
years (SD, 1.5 years).

Among the 111 CTE cases with standardized informant
reports on clinical symptoms, a reported progressive clinical
course was common in participants with both mild and
severe CTE pathology, occurring in 23 (85%) mild cases
and 84 (100%) severe cases (Table 3). Behavioral or mood
symptoms were common in participants with both mild and
severe CTE pathology, with symptoms occurring in 26

Figure 1. Representative Images of Phosphorylated Tau Pathology at CTE Pathological Stages I and II

100 μm

A Stage I CTE

100 μm

B Stage II CTE

CTE indicates chronic traumatic encephalopathy; NFT, neurofibrillary tangle;
ptau, phosphorylated tau. For all images, 10-μm paraffin-embedded tissue
sections were immunostained with microscopic mouse monoclonal antibody
for phosphorylated tau (AT8) (Pierce Endogen). Positive ptau immunostaining
appears dark red, hematoxylin counterstain; calibration bar indicates 100 μm.
Stage I CTE is characterized by 1 or 2 isolated perivascular epicenters of ptau
NFTs and neurites (ie, CTE lesions) at the depths of the cortical sulci. In stage II,
3 or more cortical CTE lesions are found. All hemispheric tissue section images
are 50-μm sections immunostained with mouse monoclonal antibody CP-13,
directed against phosphoserine 202 of tau (courtesy of Peter Davies, PhD,
Feinstein Institute for Medical Research; 1:200); this is considered to be an early

site of tau phosphorylation in NFT formation.28 Positive ptau immunostaining
appears dark brown. A, Former college football player with stage I CTE. Two
perivascular ptau CTE lesions are evident at sulcal depths of the frontal cortex;
there is no neurofibrillary degeneration in the medial temporal lobe (open
arrowhead). Perivascular CTE lesion: neurofibrillary tangles and dot-like and
threadlike neurites encircle a small blood vessel. B, Former NFL player with
stage II CTE. There are multiple perivascular ptau CTE lesions at depths of sulci
of the frontal cortex; there is no neurofibrillary degeneration in the medial
temporal lobe (open arrowhead). Perivascular CTE lesion: a cluster of NFTs and
large dot-like and threadlike neurites surround a small blood vessel.
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(96%) mild cases and 75 (89%) severe cases. Impulsivity,
depressive symptoms, apathy, and anxiety occurred in 23
(89%), 18 (67%), 13 (50%), and 14 (52%) mild cases and 65
(80%), 46 (56%), 43 (52%), and 41 (50%) severe cases,
respectively. Additionally, hopelessness, explosivity, being
verbally violent, being physically violent, and suicidality
(including ideation, attempts, or completions) occurred in
18 (69%), 18 (67%), 17 (63%), 14 (52%), and 15 (56%) mild
cases, respectively. Substance use disorders were also com-
mon in participants with mild CTE, occurring in 18 (67%)
mild cases. Symptoms of posttraumatic stress disorder were
uncommon in both groups, occurring in 3 (11%) mild cases
and 9 (11%) severe cases.

Cognitive symptoms were common in participants with
both mild and severe CTE pathology, with symptoms occur-
ring in 23 (85%) mild cases and 80 (95%) severe cases.
Memory, executive function, and attention symptoms
occurred in 19 (73%), 19 (73%), and 18 (69%) mild cases and
76 (92%), 67 (81%), and 67 (81%) severe cases, respectively.

Additionally, language and visuospatial symptoms occurred
in 54 (66%) and 44 (54%) severe cases, respectively. A
premortem diagnosis of AD and a postmortem (but blinded
to pathology) consensus diagnosis of dementia were com-
mon in severe cases, occurring in 21 (25%) and 71 (85%),
respectively. There were no asymptomatic (ie, no mood/
behavior or cognitive symptoms) CTE cases. Motor symp-
toms were common in severe cases, occurring in 63 (75%).
Gait instability and slowness of movement occurred in 55
(66%) and 42 (50%) severe cases, respectively. Symptom
frequencies remained similar when only pure CTE cases
(ie, those with no neuropathological evidence of comorbid
neurodegenerative disease) were considered (eTable in the
Supplement).

Among the 111 CTE cases with standardized informant
reports on clinical symptoms, 47 (42.3%; median age at
death, 76 years [IQR, 63-81 years]) initially presented with
cognitive symptoms, 48 (43.2%; median age at death, 66
years [IQR, 54-73 years]) initially presented with behavior or

Figure 2. Representative Images of Phosphorylated Tau Pathology at CTE Pathological Stages III and IV

100 μm

100 μm

A Stage III CTE

B Stage IV CTE

CTE indicates chronic traumatic encephalopathy; NFT, neurofibrillary tangle;
ptau, phosphorylated tau. For all images, 10-μm paraffin-embedded tissue
sections were immunostained with microscopic mouse monoclonal antibody
for phosphorylated tau (AT8) (Pierce Endogen). Positive ptau immunostaining
appears dark red, hematoxylin counterstain; calibration bar indicates 100 μm.
In stage III CTE, multiple CTE lesions and diffuse neurofibrillary degeneration
of the medial temporal lobe are found. In stage IV CTE, CTE lesions and NFTs
are widely distributed throughout the cerebral cortex, diencephalon,
and brain stem.6 All hemispheric tissue section images are 50-μm sections
immunostained with mouse monoclonal antibody CP-13, directed against
phosphoserine 202 of tau (courtesy of Peter Davies, PhD, Feinstein Institute
for Medical Research; 1:200); this is considered to be an early site of

tau phosphorylation in NFT formation.28 Positive ptau immunostaining appears
dark brown. A, Former NFL player with stage III CTE. There are multiple large
CTE lesions in the frontal cortex and insula; there is diffuse neurofibrillary
degeneration of hippocampus and entorhinal cortex (black arrowhead).
Perivascular CTE lesion: a dense collection of NFTs and large dot-like and
threadlike neurites enclose several small blood vessels. B, Former NFL player
with stage IV CTE. There are large, confluent CTE lesions in the frontal,
temporal, and insular cortices and there is diffuse neurofibrillary degeneration
of the amygdala and entorhinal cortex (black arrowhead). Perivascular CTE
lesion: a large accumulation of NFTs, many of them ghost tangles, encompass
several small blood vessels.
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mood symptoms, and 16 (14.4%; median age at death, 65.5
years [IQR, 39-78]) initially presented with both cognitive
symptoms and behavior or mood symptoms. Forty (85%) of
those initially presenting with only cognitive symptoms
were reported to have behavior or mood symptoms at the
time of death and 43 (90%) of those initially presenting with
only behavior or mood symptoms were reported to have
cognitive symptoms at the time of death. Dementia was
present at the time of death in 36 (77%) of those initially
presenting with cognitive symptoms, 33 (69%) of those ini-
tially presenting with behavior or mood symptoms, and 11
(69%) of those initially presenting with both cognitive and
behavior or mood symptoms.

The most common primary cause of death was neuro-
degenerative for all 3 groups (cognitive, 26 [55%]; behavior
or mood, 16 [33%]; both cognitive and behavior or mood, 6
[38%]). Substance use disorders, suicidality, and family his-
tory of psychiatric illness were common among those who
initially presented with behavior or mood symptoms, occur-
ring in 32 (67%), 22 (47%), and 23 (49%) cases, respectively.

Discussion
In a convenience sample of 202 deceased former players of
American football who were part of a brain donation pro-
gram, a high proportion were diagnosed neuropathologi-
cally with CTE. The severity of CTE pathology was distrib-
uted across the highest level of play, with all former high
school players having mild pathology and the majority of
former college, semiprofessional, and professional players
having severe pathology. Behavior, mood, and cognitive
symptoms were common among those with mild and severe
CTE pathology and signs of dementia were common among
those with severe CTE pathology.

Nearly all of the former NFL players in this study had
CTE pathology, and this pathology was frequently severe.
These findings suggest that CTE may be related to prior par-

ticipation in football and that a high level of play may be
related to substantial disease burden. Several other football-
related factors may influence CTE risk and disease severity,
including but not limited to age at first exposure to football,
duration of play, player position, cumulative hits, and linear
and rotational acceleration of hits. Recent work in living for-
mer football players has shown that age at first exposure
may be related to impaired cognitive performance29 and
altered corpus callosum white matter30 and that cumulative
hits may be related to impairment on self-report and objec-
tive measures of cognition, mood, and behavior,31 although
it is unclear if any of these outcomes are related to CTE
pathology. Furthermore, it is unclear if symptomatic hits
(concussions) are more important than asymptomatic hits
resulting in subconcussive injury. As with other neurode-
generative diseases, age may be related to risk and patho-
logical severity in CTE. It will be important for future stud-
ies to resolve how different measures of exposure to
football and age influence the outcome.

In cases with severe CTE pathology, accumulations of
amyloid-β, α-synuclein, and TDP-43 were common. These
findings are consistent with previous studies that show dep-
osition of multiple neurodegenerative proteins after expo-
sure to TBI32 and with work showing that neuritic amyloid-β
plaques are associated with increased CTE neuropathologi-
cal stage.33 Diagnoses of comorbid neurodegenerative
diseases, including AD, Lewy body disease, motor neuron
disease, and frontotemporal lobar degeneration, were also
common in cases with severe CTE pathology. Overall, 19%
of participants with CTE had comorbid Lewy body disease,
which aligns with a recent observation by Crane et al34

regarding the increased prevalence of Lewy body pathology
after single TBI. Chronic traumatic encephalopathy was not
assessed in the analysis by Crane et al; to investigate the
possibility of CTE after single TBI would require more
extensive sampling of the depths of the cortical sulci with
ptau immunostaining, as silver stains typically do not
detect CTE pathology.

Figure 3. Phosphorylated Tau Pathology for Each Brain Region by CTE Neuropathological Stage
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Behavioral, mood, and cognitive symptoms were com-
mon among participants with either mild or severe CTE pa-
thology. In participants with severe CTE pathology, there was
marked ptau pathology in brain regions that have been asso-
ciated with symptoms frequently reported: impulsivity, de-
pressive symptoms, apathy, anxiety, and explosivity (prefron-
tal cortex, amygdala, locus coeruleus); episodic memory
symptoms (hippocampus and entorhinal and perirhinal cor-
tices); and attention and executive function symptoms
(prefrontal cortex). Participants with mild CTE pathology of-
ten had these symptoms despite having relatively circum-
scribed cortical pathology and absence of ptau pathology in
the hippocampus, entorhinal cortex, or amygdala. This may
suggest that other pathologies not captured by the pathologi-
cal data set, such as neuroinflammation, axonal injury, or
astrocytosis, or pathologies in neuroanatomical regions not
evaluated contribute to these clinical symptoms. Microglial
neuroinflammation appears to precede tau accumulation in
CTE,35 suggesting it may play a role in early symptoms.

Informants reported that 43% of participants had behav-
ior or mood symptoms as their initial presentation. Many of
these participants had a substance use disorder, demon-
strated suicidality, or had a family history of psychiatric ill-
ness. Behavior or mood symptoms may be the initial presen-
tation for a subset of individuals with CTE, or alternatively, CTE
ptau pathology may lower the threshold for psychiatric mani-
festations in susceptible individuals. These clinical observa-
tions confirm and expand on previous reports of 2 primary
clinical presentations of CTE.9

There is substantial evidence that CTE is a progressive,
neurodegenerative disease. In this study, 107 participants
(96%) had a progressive clinical course based on informant
report. In addition, pathological severity of CTE was corre-
lated with age at death (Table 3). However, a postmortem
study evaluates brain pathology at only 1 time point and is
by definition cross-sectional. In addition, the participants
were not observed longitudinally during life. Although asso-
ciations with age in cross-sectional samples can result from
age-related progression within individuals, they can also
arise from birth cohort effects, differential survival, or age-
related differences in how individuals were selected into the
study. Population-based prospective studies are needed to
address the issue of progression of CTE pathology and age at
symptom onset.

The strengths of this study are that this is the largest CTE
case series ever described to our knowledge, more than dou-
bling the size of the 2013 report,6 and that all participants were
exposed to a relatively similar type of repetitive head trauma
while playing the same sport. In addition, the comprehensive
neuropathological evaluation and retrospective clinical data
collection were independently performed while blinded to the
findings of the other investigators.

This study had several limitations. First, a major limita-
tion is ascertainment bias associated with participation in
this brain donation program. Although the criteria for par-
ticipation were based on exposure to repetitive head trauma
rather than on clinical signs of brain trauma, public aware-
ness of a possible link between repetitive head trauma andTa
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CTE may have motivated players and their families with
symptoms and signs of brain injury to participate in this
research. Therefore, caution must be used in interpreting
the high frequency of CTE in this sample, and estimates of
prevalence cannot be concluded or implied from this

sample. Second, the VA-BU-CLF brain bank is not represen-
tative of the overall population of former players of Ameri-
can football; most players of American football have played
only on youth or high school teams, but the majority of the
brain bank donors in this study played at the college or

Table 3. Clinical Features Reported in 111 American Football Players Diagnosed as Having CTE,
Stratified by Neuropathological Severitya

Clinical Features

No. (%) of Brain Donors

Mild CTE Severe CTE Total

Progressive course 23 (85) 84 (100) 107 (96)

Cognitive symptomsb 23 (85) 80 (95) 103 (93)

Memory 19 (73) 76 (92) 95 (86)

Executive function 19 (73) 67 (81) 86 (79)

Attention 18 (69) 67 (81) 85 (78)

Language 10 (39) 54 (66) 64 (59)

Visuospatial 7 (27) 44 (54) 51 (47)

Fluctuating cognition 2 (8) 17 (21) 19 (18)

Dementiab 9 (33) 71 (85) 80 (72)

Behavioral or mood symptomsb 26 (96) 75 (89) 101 (91)

Impulsivity 23 (89) 65 (80) 88 (82)

Depressive symptoms 18 (67) 46 (56) 64 (59)

Explosivity 18 (67) 38 (45) 56 (51)

Apathy 13 (50) 43 (52) 56 (51)

Anxiety 14 (52) 41 (50) 55 (51)

Hopelessness 18 (69) 36 (46) 54 (52)

Verbal violence 17 (63) 28 (34) 45 (41)

Social inappropriateness 13 (48) 26 (32) 39 (36)

Physical violence 14 (52) 23 (28) 37 (34)

Paranoia 11 (41) 26 (31) 37 (34)

Suicidality (ideation, attempts, or completions) 15 (56) 21 (25) 36 (33)

Visual hallucinations 6 (23) 22 (27) 28 (26)

Mania 6 (22) 3 (4) 9 (8)

Posttraumatic stress disorder
(exposure and symptoms consistent with)

3 (11) 9 (11) 12 (11)

Substance use disorder 18 (67) 41 (49) 59 (53)

Alcohol 13 (50) 31 (37) 44 (41)

Anabolic steroid 0 4 (5) 4 (4)

Other 14 (54) 23 (28) 37 (34)

Motor symptomsb 13 (48) 63 (75) 76 (68)

Gait instability 7 (26) 55 (66) 62 (56)

Slowness 5 (19) 42 (50) 47 (42)

Coordination difficulties 7 (26) 38 (45) 45 (41)

Falls 4 (15) 39 (46) 43 (39)

Tremor 5 (19) 33 (39) 38 (34)

Dysphagia 3 (11) 14 (18) 17 (16)

Dysarthria 5 (19) 10 (13) 15 (14)

Headache 8 (30) 11 (14) 19 (18)

Diagnoses in life

Motor neuron disease 1 (4) 3 (4) 4 (4)

Parkinson disease 1 (4) 5 (6) 6 (6)

Alzheimer disease 1 (4) 21 (25) 22 (20)

Obstructive sleep apnea (diagnosis or symptoms) 7 (27) 36 (46) 43 (41)

Rapid eye movement sleep behavior disorder
(diagnosis or symptoms)

7 (27) 23 (29) 30 (29)

Abbreviation: CTE, chronic traumatic
encephalopathy.
a There were 111 participants with

standardized informant reports,
including 27 participants with mild
CTE and 84 participants with severe
CTE. Sample sizes differed across
clinical features because features
marked as unknown by the clinician
were excluded. For participants with
mild CTE, sample sizes ranged from
25 to 27 and for participants with
severe CTE, sample sizes ranged
from 78 to 84. Mild CTE (CTE
neuropathological stages I and II) is
characterized by sparse to frequent
perivascular CTE lesions at the sulcal
depths of the cerebral cortex.
Severe CTE (CTE neuropathological
stages III and IV) consists of multiple
CTE lesions in the cerebral cortex
and moderate to severe
neurofibrillary degeneration of
medial temporal lobe,
diencephalon, and brain stem.

b Symptoms were present in the last
year of life.
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professional level. Additionally, selection into brain banks is
associated with dementia status, depression status, marital
status, age, sex, race, and education.36 Third, this study
lacked a comparison group that is representative of all indi-
viduals exposed to American football at the college or pro-
fessional level, precluding estimation of the risk of partici-
pation in football and neuropathological outcomes.

Conclusions

In a convenience sample of deceased football players who
donated their brains for research, a high proportion had neu-
ropathological evidence of CTE, suggesting that CTE may be
related to prior participation in football.
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Neurodegenerative causes of death among
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ABSTRACT

Objective: To analyze neurodegenerative causes of death, specifically Alzheimer disease (AD), Parkin-
son disease, and amyotrophic lateral sclerosis (ALS), among a cohort of professional football players.

Methods: This was a cohort mortality study of 3,439 National Football League players with at
least 5 pension-credited playing seasons from 1959 to 1988. Vital status was ascertained
through 2007. For analysis purposes, players were placed into 2 strata based on characteristics
of position played: nonspeed players (linemen) and speed players (all other positions except punt-
er/kicker). External comparisons with the US population used standardized mortality ratios
(SMRs); internal comparisons between speed and nonspeed player positions used standardized
rate ratios (SRRs).

Results: Overall player mortality compared with that of the US population was reduced (SMR
0.53, 95% confidence interval [CI] 0.48�0.59). Neurodegenerative mortality was increased us-
ing both underlying cause of death rate files (SMR 2.83, 95% CI 1.36�5.21) and multiple cause
of death (MCOD) rate files (SMR 3.26, 95% CI 1.90�5.22). Of the neurodegenerative causes,
results were elevated (using MCOD rates) for both ALS (SMR 4.31, 95% CI 1.73�8.87) and AD
(SMR 3.86, 95% CI 1.55�7.95). In internal analysis (using MCOD rates), higher neurodegenera-
tive mortality was observed among players in speed positions compared with players in nonspeed
positions (SRR 3.29, 95% CI 0.92�11.7).

Conclusions: The neurodegenerative mortality of this cohort is 3 times higher than that of the
general US population; that for 2 of the major neurodegenerative subcategories, AD and ALS, is 4
times higher. These results are consistent with recent studies that suggest an increased risk of
neurodegenerative disease among football players. Neurology® 2012;79:1970–1974

GLOSSARY
AD � Alzheimer disease; ALS � amyotrophic lateral sclerosis; CI � confidence interval; CTE � chronic traumatic encephalop-
athy; ICD � International Classification of Diseases; MCOD � multiple cause of death; NDI � National Death Index; NFL �
National Football League; NIOSH � National Institute for Occupational Safety and Health; PD � Parkinson disease; SMR �
standardized mortality ratio; SSR � standardized rate ratio.

In 1994, the National Institute for Occupational Safety and Health (NIOSH) conducted a
mortality study of National Football League (NFL) players.1 One notable result was an increase
in “nervous system” deaths due to 4 cases of amyotrophic lateral sclerosis (ALS). Little additional
study on neurologic disorders in football players was conducted until several prominent NFL play-
ers retired from the game with lingering and unresolved neurologic sequelae from recurrent mild
traumatic brain injuries (concussions).2 Since then multiple studies have raised concerns about the
longer-term health effects of recurrent concussions.3,4 Research based on autopsy data has identified
chronic traumatic encephalopathy (CTE) as a pathologically distinct neurodegenerative condition
affecting a wide range of individuals, including football players, who have experienced multiple
concussions.5–7 CTE results from the progressive decline in neuron functioning occurring years or
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decades after exposure to repetitive concussive
injuries and presents clinically as progressive
neurologic dysfunction affecting mental status,
balance, and movement.8

The purpose of this article is to report the
results of an analysis of NFL player mortality
from neurodegenerative disorders including Alz-
heimer disease (AD), Parkinson disease (PD),
and ALS. It is not possible to directly examine
mortality from CTE because the pathologic re-
finement of the CTE diagnosis has only oc-
curred within the last few years, and CTE is not
listed as a cause of death in any revision of the
International Classification of Diseases (ICD).
As an alternative, because it is now known that
neurologic conditions previously attributed to
AD, PD, and ALS may actually have been re-
lated to CTE,4,9 an analysis that combined all
neurodegenerative causes of death was conduct-
ed; this analysis included deaths that may be re-
lated to CTE even if not reported as such on
death certificates.

METHODS Full details of the cohort have been described
previously.1,10 In brief, the cohort includes 3,439 NFL players
identified by a pension fund database of vested players with at
least 5 credited playing seasons between 1959 and 1988. Vital
status was ascertained from pension fund records, the Social Se-
curity Administration, and the Internal Revenue Service. Players
were matched to the National Death Index (NDI) beginning in
1979 (when the NDI began) with follow-up through 2007. The
NDI provided underlying and contributing causes of death,
coded to the ICD revision in effect at the time of death. Death
certificates were obtained from state vital statistics offices and
were coded by a certified nosologist when death information was
not provided by the NDI.

Mortality was analyzed using the NIOSH life table analysis
system (LTAS.NET).11 Analyses used US male mortality rates
(1960�2007) for 119 cause of death categories.12 Mortality for 3
neurodegenerative causes of death was evaluated using updated
custom rate files.13 Standardized mortality ratios (SMRs) and
95% confidence intervals (CIs) were adjusted for race, age (in
5-year categories), and calendar year (in 5-year categories). Be-
cause AD and PD are more likely to be listed as a contributing
cause than as the underlying cause, additional analyses used mul-
tiple cause of death (MCOD) rate files to examine all causes
listed on the death certificates. Good candidates for MCOD
analyses are diseases of long duration, not necessarily fatal, that
are serious enough to be noted on the death certificate.14

Recent studies suggested that football players who play cer-
tain positions are at higher risk of concussion because of the high
acceleration, rotational acceleration, and multiple impacts they
experience during games.15,16 Data collected using exposure as-
sessment methods including video analysis, simulation and re-
construction techniques, and helmet-mounted accelerometers
suggest that although linemen experience the highest number of
head impacts, other positions experience higher acceleration im-
pacts that result in concussions.16–18 To examine possible neuro-

logic mortality differences from the high acceleration head

impacts, we stratified the players into 2 categories based on posi-

tion played10 (identified using annual data compiled in commer-

cial publications): speed (quarterback, running back, halfback,

fullback, wide receiver, tight end, defensive back, safety, and

linebacker) and nonspeed (all defensive and offensive linemen);

punters and kickers were excluded from the stratified analysis.

LTAS.NET was used to calculate directly standardized rate ra-

tios (SRRs) and 95% CIs for the neurodegenerative causes using

the nonspeed players as an internal referent; 95% CIs that ex-

cluded unity were considered to be statistically significant.

Standard protocol approvals, registrations, and patient
consents. The protocol for this study was approved by the

NIOSH Institutional Review Board and has been assigned ap-

proval number HSRB 06-DSHEFS-04XP.

RESULTS Approximately 39% of the cohort is Afri-
can American, and 62% played speed positions (table
1). African American players comprise almost half
(48%) of the speed stratum but only 28% of the
nonspeed stratum. There were minimal differences
between the strata for all other cohort characteristics.
The cohort is relatively young (median age of 57 at
date last observed), and only 10% are deceased.

Compared with that of US men, the overall mor-
tality in the cohort was significantly reduced (table
2); however, mortality was significantly elevated for
all neurodegenerative causes combined and for the
subclassifications of AD (when all causes on death
certificates were considered) and ALS. Mortality
from PD was elevated but did not reach statistical
significance. Overall, results based on all contribut-
ing causes were similar to results based on underlying
causes with the exception of AD, which was more
likely to be listed as a contributing cause rather than
the underlying cause on death certificates. Neurode-
generative mortality stratified by speed position con-
sidered all death certificate causes (table 3).
Compared with those for US men, SMRs for the
speed positions were significantly elevated for all
neurodegenerative causes combined, AD, and ALS,
but not for PD. Neurodegenerative mortality was
not elevated for the nonspeed positions. Compared
with the nonspeed positions, mortality was nonsig-
nificantly elevated for the speed positions for all neu-
rodegenerative causes combined, AD, and ALS, but
not for PD. These results were highly imprecise be-
cause of the small numbers.

DISCUSSION Although the overall mortality of this
cohort is significantly lower than expected (SMR
0.53), the neurodegenerative mortality is 3 times
higher than that of the general US population; that
for 2 of the major neurodegenerative subcategories,
AD and ALS, is 4 times higher. These results are
consistent with recent studies that suggest an in-
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creased risk of neurodegenerative disease among
football players.

It is not possible to determine from our study what
has caused this increased risk. Research suggests that
football players who have experienced one or more con-
cussive blows to the head are at increased risk of neuro-
logic disorders. In retired professional players, one study
observed a 5-fold prevalence of mild cognitive disorders
and a 3-fold prevalence of significant memory problems
for players who experienced 3 or more concussions
compared with players with fewer than 3 concussions.3

Excess neurologic mortality and morbidity has also
been reported in players of other sports for which head
impacts and concussion are common: soccer, boxing,
horse racing, and hockey.19

Studies that examined the incidence of concussion
in football players found that players in speed positions
experienced concussions more commonly than players
in nonspeed positions. Speed players are those who are
able to build up considerable momentum before the
point of being tackled or tackling another player.15,17,20

Offensive and defensive linemen (nonspeed players)

usually engage other players soon after the football is
snapped, thus mitigating the potential to build up mo-
mentum before a tackle or a block.15,16

Although our study used causes of death from AD,
PD, and ALS as reported on death certificates, recent
research now suggests that CTE may have been the true
primary or secondary factor in some of these deaths.
Whereas CTE is a clinically distinct neurologic diagno-
sis, CTE symptoms are often similar to those found in
patients with AD, PD, and ALS.6,21 In addition, CTE is
not listed as a distinct cause of death recognized in cur-
rent or previous ICD revisions, precluding the calcula-
tion of CTE-specific results. To account for possible
misclassification, we reported combined results for all
neurodegenerative causes.

Our study had several limitations. Our analysis is
based on a few neurodegenerative deaths; therefore,
the confidence intervals surrounding our SMR and
SRR values are relatively broad. The few deaths also
limited our ability to stratify players into more than 2
broad position categories; therefore, we were not able
to identify potentially important differences in neu-

Table 1 Characteristics of the National Football League Players Cohort, overall and by position category
(1960�2007)a

Characteristic
Overall
(n � 3,439)

Speed
(n � 2,145)

Nonspeed
(n � 1,166)

Race, n (%)

White 2,070 (60)b 1,111 (52) 835 (72)

African American 1,355 (39) 1,029 (48) 323 (28)

Other 14 (�1) 5 (�1) 8 (1)

Vital status as of December 31, 2007, n (%)

Alive 3,105 (90) 1,972 (92) 1,014 (87)

Dead 334 (10) 173 (8) 152 (13)

First credited season

Median (range) 1973 (1950–1984) 1974 (1950–1984) 1972 (1950–1984)

<1980, n (%) 2,685 (78) 1,654 (77) 930 (80)

>1980, n (%) 754 (22) 491 (23) 236 (20)

No. credited seasons (as of 1988/1989 season),
median (range)c 8 (5–25) 7 (5–21) 8 (5–20)

Age at death, y, median (range) 54 (27–81) 54 (27–80) 53 (29–81)

Age at date last observed, alive

Median (range) 57 (45–88) 56 (45–82) 57 (45–83)

<50 y, n (%) 633 (20) 409 (21) 203 (20)

50�54 y, n (%) 738 (24) 502 (25) 208 (21)

55�59 y, n (%) 565 (18) 338 (17) 206 (20)

60�69 y, n (%) 890 (29) 552 (28) 300 (30)

>70 y, n (%) 279 (9) 171 (9) 97 (10)

a Player position was collapsed into 2 strata for analysis purposes: speed positions (fullback, halfback, defensive back,
quarterback, wide receiver, running back, linebacker, and tight end) and nonspeed positions (defensive end/lineman/tackle,
guard, nose guard, tackle, center, and offensive end/guard/lineman/tackle). Punters and kickers are included in the overall
results only.
b Percentages may not sum to 100% due to rounding.
c Number of credited seasons does not necessarily equal the number of seasons played.
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rodegenerative mortality risk across the various posi-
tions included within the speed position group.

Because our cohort was limited to longer-term
professional players, our findings may not be applica-
ble to other professional or nonprofessional football
players. However, recent autopsy studies have re-
ported pathologic findings of CTE in college-age and
professional football players with relatively short
playing careers.22 We did not have data on player
injuries or concussions. If chronic mild to moderate
concussion is an actual risk factor for neurodegenera-
tive mortality, the magnitude of the risk may depend

on the intensity and frequency of brain injuries in-
curred over a number of years. A few studies have
attempted to measure these injuries for a limited
number of players over a limited period of time but
such measurements have proven to be difficult and
underreporting is a problem.23,24 Finally, we did not
have information on environmental, genetic, or
other risk factors for neurologic disorders.

Although the results of our study do not establish
a cause-effect relationship between football-related
concussion and death from neurodegenerative disor-
ders, they do provide additional support for the find-

Table 2 Overall mortality, selected causes, National Football League Players Cohort (1960�2007)

Cause of death

Underlyinga Contributingb

No. SMR (95% CI) No. SMR (95% CI)

All deaths 334 0.53 (0.48–0.59) 782 0.54 (0.51–0.58)

All cancers 85 0.58 (0.46–0.72) 122 0.63 (0.53–0.76)

All cardiovascular diseases 126 0.68 (0.56–0.81) 340 0.71 (0.64–0.79)

All neurodegenerative causes 10 2.83 (1.36–5.21) 17 3.26 (1.90–5.22)

Dementia/Alzheimer diseasec 2 1.80 (0.22–6.50) 7 3.86 (1.55–7.95)

Amyotrophic lateral sclerosisd 6 4.04 (1.48–8.79) 7 4.31 (1.73–8.87)

Parkinson diseasee 2 2.14 (0.26–7.75) 3 1.69 (0.35–4.94)

All injuries 41 0.63 (0.45–0.86) 57 0.69 (0.52–0.89)

Violence 13 0.27 (0.14–0.46) 13 0.26 (0.14–0.45)

All other causes 59 0.34 (0.26–0.43) 233 0.37 (0.33–0.42)

Abbreviations: CI � confidence interval; ICD � International Classification of Diseases; SMR � standardized mortality ratio
(US referent rates).
a Underlying indicates the number of deaths for which the cause was selected as the underlying cause of death on the death
certificate.
b Contributing indicates the number of times the cause appeared on the death certificate (i.e., underlying and contributing).
c ICD-7 codes 304�305, ICD-8 codes 290.0�290.1, ICD-9 codes 290.0�290.3 and 331.0, and ICD-10 code G30; in-
cludes senile and presenile dementia but excludes cerebrovascular dementia because it is probably due to underlying
cerebral vascular disease.
d ICD-7 code 356.1, ICD-8 code 348.0, ICD-9 code 335.2, and ICD-10 code G12.2.
e ICD-7 code 350, ICD-8 code 342, ICD-9 code 332, and ICD-10 codes G20�G21.

Table 3 Mortality for neurodegenerative causes of death (considering all causes of death reported on the
death certificate) stratified by position category, National Football League Players Cohort
(1960�2007)

Cause of death

Nonspeeda Speed

Speed vs nonspeed:
SRR (95% CI)No.b SMR (95% CI) No. SMR (95% CI)

All neurodegenerative causes 3 1.58 (0.33–4.61) 14 4.74 (2.59–7.95) 3.29 (0.92–11.7)

Dementia/Alzheimer diseasec 1 1.51 (0.04–8.41) 6 6.02 (2.21–13.1) 5.96 (0.72–49.6)

Amyotrophic lateral sclerosis 1 1.71 (0.04–9.50) 6 6.24 (2.29–13.6) 3.88 (0.47–32.2)

Parkinson disease 1 1.53 (0.04–8.53) 2 2.01 (0.24–7.25) 1.19 (0.11–13.2)

Abbreviations: CI � confidence interval; SMR � standardized mortality ratio (US multiple cause of death referent rates);
SRR � directly standardized rate ratio (internal analysis).
a Punters and kickers were excluded, and remaining player positions were collapsed into 2 strata for analysis purposes:
speed positions (fullback, halfback, defensive back, quarterback, wide receiver, running back, linebacker, and tight end) and
nonspeed positions (defensive and offensive linemen).
b Number indicates the number of times the cause appeared on the death certificate (i.e., underlying and contributing
causes).
c Includes senile and presenile dementia but excludes cerebrovascular dementia.
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ing that professional football players are at an
increased risk of death from neurodegenerative
causes. Additional studies to quantify the cumulative
effects of brain injuries, in particular the relative ef-
fects of concussive-level injuries, will be of particular
importance in understanding the underlying disease
mechanisms.
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