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Chronic traumatic encephalopathy (CTE) is a neurodegenerative disease associated with exposure to repetitive
head impacts such as those from American football. Our understanding of this association is based on research in
autopsied brains, since CTE can only be diagnosed postmortem. Such studies are susceptible to selection bias,
which needs to be accounted for to ensure a generalizable estimate of the association between repetitive head
impacts and CTE. We evaluated the relationship between level of American football playing and CTE diagnosis
after adjusting for selection bias. The sample included 290 deceased male former American football players
who donated their brains to the Veterans Affairs–Boston University–Concussion Legacy Foundation (VA-BU-
CLF) Brain Bank between 2008 and 2019. After adjustment for selection bias, college-level and professional
football players had 2.38 (95% simulation interval (SI): 1.16, 5.94) and 2.47 (95% SI: 1.46, 4.79) times the
risk of being diagnosed with CTE as high-school–level players, respectively; these estimates are larger than
estimates with no selection bias adjustment. Since CTE is currently diagnosed only postmortem, we additionally
provide plausible scenarios for CTE risk ratios for each level of play during the former players’ lifetime. This
study provides further evidence to support a dose-response relationship between American football playing
and CTE.

American football; autopsy; chronic traumatic encephalopathy; football; probabilistic analysis; repetitive head
injury; selection bias

Abbreviations: CTE, chronic traumatic encephalopathy; NCAA, National Collegiate Athletic Association; NFL, National Football
League; RHI, repetitive head impacts; RR, risk ratio; SI, simulation interval; UNITE, Understanding Neurologic Injury in Traumatic
Encephalopathy; VA-BU-CLF, Veterans Affairs–Boston University–Concussion Legacy Foundation.

Chronic traumatic encephalopathy (CTE) is a neurode-
generative disease associated with exposure to repetitive
head impacts (RHI), such as those from contact sport par-
ticipation, military combat exposure, and other sources (1–
6). Millions of individuals participate in contact sports each
year, especially in American football, and CTE may thus be a
major public health concern (7, 8). Consequently, a growing
amount of research has sought to clarify the risk of CTE
in American football players. Most recently, Mez et al. (9)
reported a dose-response relationship between duration of
American football playing and CTE status, with the odds of
being diagnosed with CTE doubling with every 2.6 years of
football played.

Currently, CTE can only be diagnosed postmortem using
established neuropathological diagnostic criteria (10). Our
knowledge of the relationship between exposure to RHI
from contact sport play and CTE has been derived from
persons who donated their brains for autopsy, particularly
brain donors who were part of the Veterans Affairs–Boston
University–Concussion Legacy Foundation (VA-BU-CLF)
Brain Bank (4, 11). In general, autopsy studies suffer from
selection bias, which may bias the estimates of association
between exposure and outcome. Specifically, brain donation
has been shown to be influenced by age, sex, race, marital
status, depression, and dementia (12). It has been argued that
selection is further amplified in the case of the VA-BU-CLF
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Brain Bank, since most donors tend to have had cognitive
and mood/behavioral symptoms suggestive of CTE (7, 13,
14). Therefore, brain donors with higher levels of RHI
exposure who are symptomatic are more likely to donate
their brains and perhaps more likely to have CTE.

The validity of research involving CTE has been ques-
tioned due to the inherent bias in the selection process of
brain donation studies. To respond to such criticism, there is
a significant need to adjust for selection bias in the analytical
phases of these studies (7, 12). The standard approach to
adjusting for selection bias is to make the sample more repre-
sentative of the population of interest (12). While weighting
approaches exist, we extend the methodology of Lash et al.
(15) to risk ratios (RRs), which can be used to adjust for
selection bias using conditional probabilities of selection.
Although these are often unknown, simulation approaches
can be used to account for this uncertainty and to model
the association across the range of conditional probability
estimates.

Besides that of Mez et al. (9), no other study (to our
knowledge) has explored whether a dose-response relation-
ship exists between highest level of football played and
CTE. Additionally, Mez et al. employed inverse probability
weighting to adjust for selection bias, but the ranges of
the conditional probabilities of selection were not based
on empirical evidence. Although the baseline probability of
selection for an individual with neither exposure nor CTE
was estimated from a community-based study, the effects of
exposure and CTE status on selection were unknown. There-
fore, the inverse probability weighting was implemented
as a sensitivity analysis, using simulation approaches to
vary the effects of exposure and CTE status (9). Here, we
expanded on this prior work by using population-level data
to estimate the bounds of these conditional probabilities
of selection. Furthermore, we consider the situation where
CTE is affecting people during their lifetime. Although this
is beyond current scientific capabilities, since there are no
diagnostic criteria for CTE premortem, we provide plausible
scenarios that depend on the unknown mortality risk of
different population groups of former football players.

Additionally, the selection processes inherent in brain
donation studies may bias estimates of the cumulative CTE
incidence (7, 16, 17). To obtain an estimate of the true preva-
lence of CTE, Binney and Bachynski (16) used the number
of deceased American football players who were diagnosed
with CTE, as reported in the 2017 study by Mez et al. (4),
and a cohort of deceased National Football League (NFL)
players who did not participate in that study despite being
eligible. Then the lower and upper bounds of the prevalence
were estimated by Binney and Bachynski to range from
9.6% to 100% in professional American football players,
by first assuming that the eligible cohort did not contain
any CTE cases and then assuming it contained only CTE
cases (16). In this paper, we update the prevalence bounds
for professional football players using the latest data and
expand them to other populations, notably high school and
college football players, which involve even more persons
at risk.

To this end, we performed simulations under various
selection criteria using a convenience sample of former

American football players from the VA-BU-CLF Brain
Bank. We hypothesized that there would be a dose-response
association between the level of American football played
(i.e., high school, college, or professional) and risk of a
neuropathological diagnosis of CTE, even after adjustment
for selection bias.

METHODS

VA-BU-CLF Brain Bank

Our convenience sample of donor brains came from the
VA-BU-CLF Brain Bank. The VA-BU-CLF Brain Bank
was established in 2008 as a partnership between the VA
Boston Healthcare System, Boston University School of
Medicine, and the Concussion Legacy Foundation (Boston,
Massachusetts). All brain donors were part of the Under-
standing Neurologic Injury in Traumatic Encephalopathy
(UNITE) Study (11). The objective of the UNITE Study
is to study the long-term consequences of RHI. It is made
up of brain donors who have a history of exposure to RHI
regardless of whether symptoms were present during life.
Next of kin contact the Boston University CTE Center to
arrange brain donation near the time of death or following
death. Other brain donors are referred by medical examiners,
are recruited by the Concussion Legacy Foundation, or agree
to brain donation during life. Brain donors are excluded for
a prolonged postmortem interval (>72 hours) or poor tissue
quality. The outreach and recruitment process and methods
of data collection have been described in great detail else-
where (4, 9, 11). At the time of this study, 85.3% of the
brain donors in the UNITE brain bank had played American
football at any level. Institutional review board approval
was obtained through the Boston University Medical Cam-
pus (Boston, Massachusetts) and the Edith Nourse Rogers
Memorial Veterans Hospital (Bedford, Massachusetts).

Neuropathological diagnosis of CTE

Neuropathological evaluation occurred with the neu-
ropathologists blinded to clinical data and was reviewed by
4 neuropathologists; discrepancies in the neuropathological
diagnosis were resolved by group discussion and consensus.
Methods for processing of tissue samples and evaluation
in the UNITE Study have been published elsewhere (2, 4,
10, 11, 18, 19) and follow established procedures (20, 21).
Twenty-two sections of paraffin-embedded tissue were
stained with Luxol fast blue–hematoxylin and eosin and
Bielschowsky’s silver for detection of phospho-tau monoclo-
nal antibody (AT8), α-synuclein, amyloid β, and phospho-
rylated transactive response DNA-binding protein 43. The
neuropathological diagnosis of CTE was made using criteria
defined by the National Institute of Neurological Disorders
and Stroke/National Institute of Biomedical Imaging and
Bioengineering consensus panel (10).

Defining the primary (deceased) target population

We chose the deceased target population to reflect the over-
arching population from which our brain bank participants
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were presumably sampled. Because CTE currently cannot
be diagnosed during life, our deceased target population of
interest was American men who died during study recruit-
ment (2008–2019) and had played high school, college, or
NFL professional football for at least 1 year. We excluded
players whose highest level of play was pre–high school
or semiprofessional, because there are no reliable exposure
data for these groups. Further, to match our study sample,
our target population consisted only of men who were at least
20 years of age at death.

Defining the secondary (living and deceased) target
population

Given that CTE cannot be diagnosed during life, our
primary target population was deceased. However, condi-
tioning the outcome of our analysis on death would not lend
itself well to public health ramifications, since we would not
be considering a population that could be intervened upon.
To this end, we introduced a secondary target population—
the population of all American men (living and deceased)
who had played at least 1 year of high school, college, or
NFL professional football—to explore the situation where
the outcome is affecting players premortem, albeit undiag-
nosed with the current state of scientific knowledge.

Participant selection

The current sample included male former American foot-
ball players who played either high school, college, or NFL
professional football for at least 1 year. Additionally, only
those who died during the study recruitment period, 2008–
2019, were included in this analysis. Similar to the study
by Mez et al., participants were included only if they were
at least 20 years of age at death (9). All donor brains had
complete data on CTE status.

There were 538 football players in the brain bank who
died within the study enrollment period (2008–2019) and
were at least 20 years of age at death. However, we excluded
some brain bank participants to ensure that our sample
was drawn from our theorized target population. Because
the information on our target population was restricted to
certain years of play for high school and college players,
we excluded brain bank participants who were high school
players who did not retire between 1970 and 2015 (n = 22)
and college players who did not retire between 1982 and
2015 (n = 117). All professional football players in the brain
bank were included, since the information on our profes-
sional player target population was not restricted to certain
years of play. Additionally, we excluded football players
whose highest level of play was pre–high school (n = 11) or
semiprofessional (n = 98). The sample ultimately included
290 male former American football players.

Estimating counts in our deceased target population

In order to adjust for selection bias, we needed esti-
mates of the probabilities of selection into the study for
each level of football playing. Estimating these probabilities

required knowing the number of men in our target popu-
lation who died during this time frame, by level of play.
We obtained data from the National Federation of State
High School Associations (Indianapolis, Indiana), which
provided the total number of high school students enrolled
in a football program each year from 1970 to 2015 (22–
29). Missing data (8.7%) were imputed by means of cubic
spline regression. Similarly, data on college football partic-
ipation were obtained from the National Collegiate Athletic
Association (NCAA) Sports Sponsorship and Participation
Rates Database, which provided the total number of college
students enrolled in a football program in each year from
1982 to 2015 (30). Coupling this information with mortality
rates from the Centers for Disease Control and Prevention,
we estimated the number of former high school and college
players who died between 2008 and 2019 (31). In estimating
the number who died, we assumed that, on average, 25%
of players stopped playing each year, reflecting a uniform
rate of stopping play over the approximately 4 years spent
in high school and college. Additionally, we assumed that
high school football players were aged 18 years when they
stopped playing and that college football players were aged
22 years when they stopped playing. Use of mortality rates
provided by the Centers for Disease Control and Prevention
rested on the assumption that the mortality rates of former
high school and college football players were the same as
those of same-age males from the general population.

For the professional football players, we used individual-
level data on year of birth, year of death, and retirement age,
available from Hidden Game Sports (Detroit, Michigan), a
private company that produces licensed sports databases.
This database showed that 1,549 NFL professionals died
during the data collection period of the brain bank (2008–
2019). For players who were known to be deceased but had
a missing year of death and a nonmissing retirement year
(n = 106), the year of death was estimated using the mortal-
ity rates and algorithm described above for the high school
and college players. Again, this rested on the assumption
that professional players have the same mortality rates as the
general population. For the players who had missing age at
retirement (n = 47), their age at retirement was estimated by
adding the number of professional years played to 22, which
is assumed to be the average age of entering professional
football. After imputation of missing years of death, there
were an additional 2 players who died during the brain
bank operating period, bringing the estimated number of
professionals in our target population to 1,551.

Estimating counts in our living target population

Defining our secondary living target population required
knowing the number of living men in our target population
who had played football on at least 1 level, by level of
play. We utilized the same data sources as we did for the
deceased target population—that is, the National Federa-
tion of State High School Associations, the NCAA Sports
Sponsorship and Participation Rates Database, and Hidden
Game Sports. Again, these estimates rested on the afore-
mentioned assumption about when players stopped playing.
For high school and college players, we took the number
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of players who retired each year who did not die within the
study enrollment period. For professionals, all players with a
nonmissing year of death were known to be alive at the time
of data collection (2020).

Statistical analyses

Estimating the minimum cumulative incidence of CTE. We
estimated the minimum cumulative incidence of CTE in the
deceased target population for each level of play by dividing
the observed number of CTE cases by the total number of
men within the deceased target population.

Calculating conventional age-adjusted estimates of associ-
ation. To evaluate the association between highest level of
football playing and CTE, we fitted a log binomial regres-
sion to our brain bank data. Since highest level of football
playing had 3 levels, the reference group was those who
played at least 1 year of high school football. We thus esti-
mated the RR for CTE for college and professional players.
Because neurodegenerative diseases such as CTE are age-
dependent, these associations were adjusted for categorical
age at death (defined as ≤40 years or >40 years). To account
for random error in this estimate, we performed bootstrap-
ping 50,000 times. Each of these estimates was later adjusted
for selection bias using the conditional probabilities of
selection.

Adjustment for selection bias. To adjust these age-adjusted
RR estimates for selection bias, we multiplied the conven-
tional adjusted analysis RR by the appropriate combination
of selection probabilities and a, b, c, and d, which are the
age-adjusted counts from the CTE and exposure 2 × 2
contingency tables. For the derivation of equation 1, we refer
the reader to the Web Appendix (available at https://doi.
org/10.1093/aje/kwac075). The selection probabilities are
conditional on death, as well as CTE and exposure status,
where D+ and D− denote CTE diagnosis and no CTE
diagnosis, respectively, whereas E+ and E− denote having
the exposure or not, respectively. Moreover, because we are
interested in evaluating a potential dose-response relation-
ship, this formula was implemented twice, once comparing
the risk of CTE diagnosis in college football players with
that of high school players and again comparing the risk of
CTE diagnosis in professional football players with that of
high school players.

RRselection-bias–adjusted = RRobserved
(a + c)

(b + d)

× P(S|D−, E+, Death)

P(S|D−, E−, Death)
×

b P(S|D−, E−, Death)
+ d P(S|D+, E−, Death)

a P(S|D−, E+, Death)
+ c P(S|D+, E+, Death)

.

(1)

Estimating the conditional selection probabilities. In order
to adjust the RR for selection bias, the probabilities of selec-
tion conditional on the highest level of American football Ta
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Table 2. Relationship Between Highest Level of American Football Played and Diagnosis of CTE, Before and After Adjustment for Selection
Bias, When CTE Was Conditioned on Death Among Brain Donors From the VA-BU-CLF Brain Bank, 2008–2019

Highest Level
of Play

Adjusted for Age at Deatha Further Adjusted for Selection Biasb

Mean RR 95% CI Median RR Mean RR 95% SI Median RR

High school 1.00 Referent 1.00 Referent

College 1.82 1.23, 2.68 1.77 2.38 1.16, 5.94 2.00

Professional 2.13 1.44, 3.08 2.08 2.47 1.46, 4.79 2.25

Abbreviations: CI, confidence interval; CTE, chronic traumatic encephalopathy; RR, risk ratio; SI, simulation interval; VA-BU-CLF, Veterans
Affairs–Boston University–Concussion Legacy Foundation.

a The RR estimate is the mean (and median) value of the bootstrapped distribution; the 95% CI was constructed from the 2.5th and 97.5th
percentiles of the bootstrapped distribution.

b The RR estimate is the mean (and median) value of the sampling distribution; the 95% SI was constructed from the 2.5th and 97.5th
percentiles of the sampling distribution.

playing, CTE status, and death are required. Because such
probabilities are unknown, they were decomposed into es-
timable components via Bayes’ theorem. More specifically,
the probabilities of selection conditional on the highest level
of football playing, CTE status, and death can be repre-
sented as

P(S|D, E, Death) = P(D, E|S, Death) P(S|Death)

P(D, E|Death)
.

The joint probabilities of the highest level of football
playing and CTE status, conditional on selection and death,
were observed in our brain bank. The probability of selec-
tion, conditional on death, was the number of participants
included in our brain bank, divided by the total number
estimated to be in our deceased target population. The main
source of uncertainty in our estimates comes from the joint
probabilities of the highest level of football playing and CTE
status, conditional on death. We account for the uncertainty
due to random sampling error in both the probability of

Table 3. Estimated Minimum Cumulative Incidence of CTE in the
Primary Target Populationa During Recruitment for the VA-BU-CLF
Brain Bank Study, by Highest Level of Play, 2008–2019

Highest Level
of Play

Estimated No. of
Players Who Died

Minimum Cumulative
Incidence Proportion

High school 433,041 0.0000508

College 12,489 0.0037633

Professional 1,551 0.1070277

Abbreviations: CTE, chronic traumatic encephalopathy; VA-
BU-CLF, Veterans Affairs–Boston University–Concussion Legacy
Foundation.

a The primary target population was American men who died
during study recruitment (2008–2019) and had played at least 1 year
of high school, college, or professional football.

selection given death and the joint probabilities of highest
level of football playing and CTE status, conditional on
selection and death, by bootstrapping the conventional esti-
mate of association.

The joint probabilities of the highest level of football
playing and CTE status, conditional on death, are not known
with certainty. To limit the range of plausible probabilities
for our simulation, we generated lower and upper bounds

Table 4. Estimated Bounds of Joint Probabilities of the Highest
Level of American Football Played and CTE Status, Conditional on
Death, VA-BU-CLF Brain Bank, 2008–2019

Joint Probabilitiesa Lower Bound Upper Bound

P(D+, E1 |Death)
22

447, 081
433, 012
447, 081

P(D+, E2 |Death)
47

447, 081
12, 476
447, 081

P(D+, E3 |Death)
166

447, 081
1, 538

447, 081

P(D−, E1 | Death)
29

447, 081
433, 019
447, 081

P(D−, E2 | Death)
13

447, 081
12, 442
447, 081

P(D−, E3 | Death)
13

447, 081
1, 345

447, 081

Abbreviations: CTE, chronic traumatic encephalopathy; VA-BU-
CLF, Veterans Affairs–Boston University–Concussion Legacy Foun-
dation.

a P(D+, E1|Death) denotes the joint probability of CTE diagnosis
and having played high school football; P(D+, E2|Death) denotes
the joint probability of CTE diagnosis and having played college
football; and P(D+, E3|Death) denotes the joint probability of CTE
diagnosis and having played professional football. P(D−, E1|Death)
denotes the joint probability of no CTE diagnosis and having played
high school football; P(D−, E2|Death) denotes the joint probability
of no CTE diagnosis and having played college football; and P(D−,
E3|Death) denotes the joint probability of no CTE diagnosis and
having played professional football.
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Table 5. Estimated Bounds of the Probabilities of Selection Into
the Study Among American Football Players, Conditional on CTE
Status, Highest Level of Play, and Death, VA-BU-CLF Brain Bank,
2008–2019

Conditional Probability
of Selectiona Lower Bound Upper Bound

P(S|D+, E1, Death)
22

433, 012
1

P(S|D+, E2, Death)
47

12, 476
1

P(S|D+, E3, Death)
166

1, 538
1

P(S|D−, E1, Death)
29

433, 019
1

P(S|D−, E2, Death)
13

12, 442
1

P(S|D−, E3, Death)
13

1, 345
1

Abbreviations: CTE, chronic traumatic encephalopathy; VA-BU-
CLF, Veterans Affairs–Boston University–Concussion Legacy Foun-
dation.

a P(S|D+, E1, Death) denotes the probability of selection con-
ditional on CTE diagnosis and having played high school football;
P(S|D+, E2, Death) denotes the probability of selection conditional
on CTE diagnosis and having played college football; and P(S|D+,
E3, Death) denotes the probability of selection conditional on CTE
diagnosis and having played professional football. P(S|D−, E1,
Death) denotes the probability of selection conditional on no CTE
diagnosis and having played high school football; P(S|D−, E2,
Death) denotes the probability of selection conditional on no CTE
diagnosis and having played college football; and P(S|D−, E3,
Death) denotes the probability of selection conditional on no CTE
diagnosis and having played professional football.

based on data at hand. The lower bounds for the joint
probabilities of the highest level of football playing and CTE
status, conditional on death, were the observed frequencies
in our brain bank, divided by the total number estimated
in our target population. In other words, we assumed that
there were no brains with CTE outside of our brain bank.
The upper bounds for the joint probabilities of CTE status
and the highest level of play can be estimated using the
total number of men in the target population at a given
level of play, excluding known non-CTE brains from our
study, again divided by the total number estimated to be
in our target population. In other words, we assumed that
everyone we did not observe had CTE. Similar logic applies
for estimating the joint probabilities of being a decedent
with no CTE diagnosis and a given highest level of play.
This approach to estimating the joint probabilities of the
highest level of football playing and CTE status, conditional
on death, in turn produces a range of plausible values for
each conditional selection probability.

Simulating the sampling distributions of adjusted RRs.
Selection probabilities were conservatively drawn from
truncated β(2, 2) distributions, using the prespecified bounds
as the support of the truncated β distribution. Untruncated Ta
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Figure 1. Distributions of the probabilities of selection into the study, conditional on traumatic encephalopathy (CTE) status, exposure status
(highest level of football playing), and death, for an analysis comparing collegiate American football players with high school football players,
VA-BU-CLF Brain Bank, 2008–2019. A) P(S|D+, E2, Death) denotes the probability of selection conditional on CTE diagnosis and having played
college football. B) P(S|D−, E2, Death) denotes the probability of selection conditional on no CTE diagnosis and having played college football.
C) P(S|D+, E1, Death) denotes the probability of selection conditional on CTE diagnosis and having played high school football. D) P(S|D−,
E1, Death) denotes the probability of selection conditional on no CTE diagnosis and having played high school football. VA-BU-CLF, Veterans
Affairs–Boston University–Concussion Legacy Foundation.

β(2, 2) distributions have support (0, 1), are centered at
0.5, and are bell-shaped. Furthermore, when sampling the
selection probabilities, the following restriction was applied:

P(S|D+, E+, Death) > P(S|D−, E+, Death)

> P(S|D+, E−, Death) > P(S|D−, E−, Death) .

This inequality was implemented because it imposes the
theorized selection process of the VA-BU-CLF Brain Bank.
Specifically, persons who have CTE at the higher level of
football playing are more likely to be selected into the
study, compared with any other CTE status and exposure
combination. Moreover, it implies that having a higher level
of exposure is a stronger driver of selection than having CTE
pathology. This assumption is based on the experience of our
brain bank, where the number of case men who played high
school football was small relative to the number of college
cases, considering the relative sizes of the target populations.

For the primary analysis, we first sampled each condi-
tional selection probability according to its plausible bounds.
Then, to impose the ordering, we kept only the vector
of probabilities that satisfied the inequality. The 4 condi-
tional selection probabilities were then used to produce an
estimate of the selection-bias–adjusted RR. This process
was repeated 50,000 times, for each bootstrapped conven-
tional age-adjusted RR, creating sampling distributions of
the selection-bias–adjusted RR. The mean values and 2.5th
and 97.5th percentiles of the distributions were computed to
obtain point estimates and 95% simulation intervals (SIs),
respectively.

Other sampling schemes were implemented as sensitivity
analyses: 1) by first sampling the smallest conditional selec-
tion probability and iterating upwards; 2) by first sampling
the largest conditional selection probability and iterating
downwards; 3) by assuming no hierarchical relationship
between the probabilities and drawing each from the pre-
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Figure 2. Distributions of the probabilities of selection into the study, conditional on chronic traumatic encephalopathy (CTE) status, exposure
status (highest level of football playing), and death, for an analysis comparing professional American football players with high school football
players, VA-BU-CLF Brain Bank, 2008–2019. A) P(S|D+, E3, Death) denotes the probability of selection conditional on CTE diagnosis and
having played professional football. B) P(S|D−, E3, Death) denotes the probability of selection conditional on no CTE diagnosis and having
played professional football. C) P(S|D+, E1, Death) denotes the probability of selection conditional on CTE diagnosis and having played high
school football. D) P(S|D−, E1, Death) denotes the probability of selection conditional on no CTE diagnosis and having played high school
football. VA-BU-CLF, Veterans Affairs–Boston University–Concussion Legacy Foundation.

specified bounds, independently of all other probabilities;
and 4) by first randomly selecting a conditional selection
probability and then sampling according to its plausible
bounds, then sampling the remaining conditional selection
probabilities in order to maintain the inequality.

Estimating a, b, c, and d, the age-adjusted counts from the
CTE and exposure contingency table. While a, b, c, and
d are observed counts in the 2 × 2 CTE and exposure
contingency table, these counts also need to be adjusted for
age of death. To do so, we implemented a log-linear model,
first for the college versus high school analysis and then
again for the professional versus high school analysis. The
main effects in the log-linear models included CTE, highest
level of exposure, and categorical age of death. The predicted
cell counts were obtained from the log-linear model and
then collapsed over the age categories to ultimately produce
counts a,b,c, and d, for each analysis.

Removing the conditioning on death from the selection-bias–
adjusted RR. In order to extend our inferences to the liv-
ing population, we implement Bayes’ theorem to produce
the following age- and bias-adjusted RR, unconditional on
death:

RRunconditional

= RRconditional
P(Death|E+)

P(Death|E−)

P(Death|CTE+, E−)

P(Death|CTE+, E+)
.

The ratio P(Death|E+)
P(Death|E−)

is not currently known; thus, we assume
various scenarios: that it is equal to 0.5, 1.0, and 1.5. The
first scenario corresponds to the estimate of the overall
mortality of professional players compared with that of
the general US population (32). The last 2 scenarios were
estimates of a Cox proportional hazards regression from our
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Table 7. Estimated Relationship Between Highest Level of American Football Played and Diagnosis of CTE, After
Adjustment for Selection Bias, When CTE Is Conditioned on Death (Sensitivity Analyses) Among Brain Donors
From the VA-BU-CLF Brain Bank, 2008–2019

Highest Level of Playa
Selection-Bias–Adjusted Estimateb

Mean RR 95% SI Median RR

Collegec

Upwards 2.33 1.28, 5.17 2.01

Downwards 1.97 0.58, 4.87 1.72

No relationship between probabilities 2.11 0.58, 5.50 1.77

Initially randomly selecting a probability 2.25 0.84, 5.50 1.93

Professionalc

Upwards 2.43 1.51, 4.33 2.25

Downwards 2.20 0.99,4.21 2.05

No relationship between probabilities 2.24 1.05, 4.30 2.07

Initially randomly selecting a probability 2.38 1.26, 4.52 2.19

Abbreviations: CTE, chronic traumatic encephalopathy; RR, risk ratio; SI, simulation interval; VA-BU-CLF,
Veterans Affairs–Boston University–Concussion Legacy Foundation.

a Sampling schemes were implemented as follows: 1) by first sampling the smallest conditional selection
probability in the imposed inequality and iterating upwards; 2) by first sampling the largest conditional selection
probability in the imposed inequality and iterating downwards; 3) by assuming no hierarchical relationship between
the conditional selection probabilities and drawing each from the prespecified bounds, independently of all other
probabilities; and 4) by first randomly selecting a conditional selection probability and then sampling according to
its plausible bounds, and then sampling the remaining conditional selection probabilities in order to maintain the
inequality.

b The adjusted RR estimate is the sample mean (and median) of the sampling distribution; the 95% SI was
constructed from the 2.5th and 97.5th percentiles of the sampling distribution.

c Referent: high school (RR = 1).

brain bank, which imply that the mortality risk of the high
school group is unlike that of the general population. The
quantity P(Death|CTE+, E−)

P(Death|CTE+, E+)
is a hazard ratio also estimated

from the brain bank, where we used the time from symptom
onset (as a proxy for a positive neuropathological diagno-
sis of CTE) to death. Symptom onset was defined as the
minimum of age at diagnosis of cognitive symptoms and
age at diagnosis of behavioral symptoms. To account for
the uncertainty in the hazard ratio, we bootstrapped the
hazard ratio 50,000 times. The 50,000 conditional RRs were
multiplied by the quantities P(Death|E+)

P(Death|E−)
and bootstrapped

hazard ratios to ultimately produce a distribution of RRs
unconditional on death.

RESULTS

The analysis sample from our brain bank included 290
participants who had played at least 1 year of high school,
college, or professional American football, 235 of whom had
CTE and 55 of whom did not (Table 1). After adjustment for
age at death, highest level of football playing was associated
with CTE status in a dose-response manner. Conditional
on being deceased, men who had played college football
had 1.82 (95% CI: 1.23, 2.68) times the risk of being
diagnosed with CTE postmortem as high school players,

whereas those who played professional football had 2.13
(95% CI: 1.44, 3.08) times the risk of being diagnosed with
CTE postmortem, relative to high school players (Table 2).

In our primary target population—American men who
died during study recruitment (2008–2019)—it was esti-
mated that there were 433,041 men who played football at
the high school level, 12,489 who played at the college level,
and 1,551 who played at the professional level. We therefore
estimated that high school, college, and professional football
players in our target population developed CTE pathology
with a cumulative incidence of at least 5.1, 376, and 10,703
CTE cases per 100,000 deaths, respectively (Table 3).

Furthermore, in order to adjust for selection bias in the
analytical phase of this study, we estimated the bounds of
the unconditional joint probabilities of the highest level
of football playing and CTE status (Table 4) and condi-
tional probabilities of selection (Table 5). The distributions
of these conditional probabilities of selection are seen in
Figures 1 and 2. Conditional on death, the sampling distri-
bution of adjusted RRs for college players, relative to high
school players, had a mean RR of 2.38 (95% SI: 1.16, 5.94),
whereas the distribution of adjusted RRs for professional
players, relative to high school players, had a mean RR
of 2.47 (95% SI: 1.46, 4.79) (Table 2). Therefore, after
adjustment for selection bias, the dose-response relationship
between highest level of football playing and CTE was

Am J Epidemiol. 2022;191(8):1429–1443
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Table 9. Estimated Relationship Between Highest Level of American Football Played and Diagnosis of CTE, After
Adjustment for Selection Bias, Assuming That Conditional Probabilities of Selection Are at Most 90%, When CTE
Is Conditioned on Death (Sensitivity Analyses) Among Brain Donors From the VA-BU-CLF Brain Bank, 2008–2019

Highest Level of Play and Sampling Schemea
Selection-Bias–Adjusted Estimateb

Mean RR 95% SI Median RR

Collegec

Primary analysis 2.39 1.17, 5.94 2.00

Upwards 2.32 1.29, 5.13 2.01

Downwards 1.98 0.59, 4.87 1.72

No relationship between probabilities 2.11 0.59, 5.45 1.77

Initially randomly selecting a probability 2.25 0.85, 5.50 1.93

Professionalc

Primary analysis 2.47 1.46, 4.77 2.25

Upwards 2.43 1.51, 4.31 2.25

Downwards 2.20 1.00, 4.21 2.05

No relationship between probabilities 2.24 1.06, 4.28 2.07

Initially randomly selecting a probability 2.38 1.27, 4.52 2.20

Abbreviations: CTE, chronic traumatic encephalopathy; RR, risk ratio; SI, simulation interval; VA-BU-CLF,
Veterans Affairs–Boston University–Concussion Legacy Foundation.

a Sampling schemes were implemented as follows: 1) by first sampling the smallest conditional selection
probability in the imposed inequality and iterating upwards; 2) by first sampling the largest conditional selection
probability in the imposed inequality and iterating downwards; 3) by assuming no hierarchical relationship between
the conditional selection probabilities and drawing each from the prespecified bounds, independently of all other
probabilities; and 4) by first randomly selecting a conditional selection probability and then sampling according to
its plausible bounds, and then sampling the remaining conditional selection probabilities in order to maintain the
inequality.

b The adjusted RR estimate is the sample mean (and median) of the sampling distribution; the 95% SI was
constructed from the 2.5th and 97.5th percentiles of the sampling distribution.

c Referent: high school (RR = 1).

maintained. Additionally, the selection-adjusted estimates
were larger in magnitude than the estimates not adjusted
for selection, indicating that the conventional estimates were
biased toward the null. Furthermore, the adjusted estimates
had wider intervals to reflect the additional uncertainty of
accounting for selection bias.

However, if we remove the assumption that the outcome is
conditioned on death and consider the quantity P(Death|E+)

P(Death|E−)
∈

{0.5, 1.0, 1.5}, then our RRs comparing college players with
high school players become 1.49 (95% SI: 0.56, 3.93),
2.45 (95% SI: 1.11, 7.86), and 4.47 (95% SI: 1.67, 11.79),
respectively (Table 6). Similarly, our RR estimates compar-
ing professional players with high school players become
1.78 (95% SI: 0.84, 3.84), 3.57 (95% SI: 1.69, 7.68), and
5.35 (95% SI: 2.53, 11.51), respectively.

Results of sensitivity analyses are shown in Tables 7 and
8. As expected, the sampling scheme that assumed no rela-
tionship between the probabilities of selection produced a
relatively wide SI, attenuating significance for the associ-
ation between college players and CTE, with high school
players as the reference group. Lastly, we performed a final
sensitivity analysis to relax the assumption that the upper
bound of the conditional probabilities of selection was 1.

Rather, we assumed that the conditional probabilities of
selection were at most 90%. The direction and magnitude of
the estimates were consistent between approaches (Tables 9
and 10).

DISCUSSION

Selection bias is a methodological barrier common to all
studies that require brain donation. While many methods
have been developed to assess the impact of this issue and
mitigate it in the analytical phase of the study, many are
implemented with some degree of uncertainty (12, 15). In
our study, although additional uncertainty was introduced
in our estimates of conditional probabilities of selection,
our results nonetheless confirmed an association between
exposure to football playing and CTE status.

Using our convenience sample of deceased former
American football players, the hypothesized dose-response
relationship between highest level of football playing and
CTE remained significant after adjustment for selection
bias. More specifically, we estimated that conditional on
CTE being diagnosed postmortem, college players have
2.38 times the risk of CTE as high school players (95%

Am J Epidemiol. 2022;191(8):1429–1443
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SI: 1.16, 5.94) and professional players have 2.47 times
the risk (95% SI: 1.46, 4.79). Moreover, we estimated that
high school, college, and professional football players in
our target population developed CTE with a cumulative
incidence of at least 5.1, 376, and 10,703 CTE cases per
100,000 deaths, respectively.

The estimation of the number of professional players in
the primary target population rested on the assumption that
professional players have the same all-cause mortality rates
as the general population, which may not be the case. In
fact, professional athletes tend to have a lower all-cause
mortality rate than the rest of the nonathlete population
(33, 34). This assumption yields a conservative approach
in estimating the cumulative incidence of CTE, since using
larger mortality rates will estimate more former players in
our target population, which will consequently decrease the
minimum cumulative incidence. Additionally, our estimates
of the number of college players in the target population
relied on data from the NCAA, which does not capture other,
non-NCAA college participation. Our estimations also did
not take into account the common practice of “redshirting,”
leading some college football players to take 5 years to grad-
uate. Lastly, our assumption about uniform dropout rates
for high school and college players, albeit noninformative,
might not have been accurate.

The main limitation of these results in the primary target
population is that they are not generalizable to the living
population of American football players, who could be inter-
vened upon. Such restrictions in inference are a result of the
caveat that currently CTE can only be diagnosed postmortem
and that criteria for diagnosing CTE during life are still
under development (10). Although criteria for diagnosing
CTE in life have been iteratively proposed and improved
upon, assessment of their validity is currently under way (35,
36). To remove the assumption that CTE is conditioned on

death, we were limited by the value of P(Death|E+)
P(Death|E−)

, which is

unknown. The existing studies compared the former only
with the general population, and they found that former NFL
players have lower overall mortality risk, often attributed to
routine physical activity and the healthy worker effect (32–
34, 37). To our knowledge, no studies to date have compared
the mortality risks of former professional or collegiate play-
ers with those of people who played up to the high school
level. Athletes are typically perceived as a healthy cohort,
with evidence supporting the view that fitness and better
access to health care provide protection against the known
health risks of obesity and related comorbid conditions, which
would result in former high school players also having a
lower overall mortality risk than the general population (29,
30). We chose to analyze 3 plausible scenarios for the mor-
tality risk to emphasize the uncertainty of these estimates, as
well as to highlight the need for future research in this area.

Our study was also limited in that highest level of Amer-
ican football playing served as a proxy measure for RHI.
However, we were unable to consider other measures of
exposure, such as frequency of RHI, or even duration of play
as Mez et al. did (9), because the methods employed rely on
having information on the exposure for the target population.
Implementing these analyses would require information on

the exposure distribution of the target population, which is
not readily available for measures of exposure other than
highest level of play.

In their 2020 study, Mez et al. concluded that under their
proposed selection conditions, the magnitude of the rela-
tionship between duration of football playing and CTE
diagnosis remained consistent (9). Here, we presented find-
ings showing that the association was biased toward the
null. This discrepancy can be attributed to the differences
in the conditional probabilities of selection, as our proposed
ranges were wider than those of Mez et al. and based on
population-level data. Here, the driving factor for biasing
the RR toward the null was that the conditional selection
probability for high school players without a CTE diagnosis
was much smaller than that proposed by Mez et al. This
work was also able to provide an estimate of the minimum
cumulative incidence, whereas the prior work was not able
to because there were no population-level data available. To
our knowledge, no estimates of the minimum cumulative
incidence of CTE were available for high school and college
football players before this study.

Results from this study provide an increased understand-
ing of the mechanism of selection into brain banks focused
on RHI and CTE. Namely, after adjustment for selection
bias, our measures of association increased, suggesting that
the selection bias was in fact biasing the measures of asso-
ciation toward the null. More specifically, we argue that
the factor driving the inflation of the RR after selection
bias adjustment was the non-CTE brain donors who played
only high school football, as evidenced by the relatively
small conditional probabilities (Figures 1 and 2). Thus, we
conclude that players at the lowest level of play were dis-
proportionally not selected into our study. These players
are also less likely to develop CTE, and hence are less
likely to donate their brains, meaning that they need to be
up-weighted in adjusted analyses. This is important, and
additional efforts to recruit high school football players for
CTE studies should be instituted in the future. Furthermore,
our analysis, which considers CTE not conditioned on death,
provides further impetus for the need to investigate health
risks in high school football players.

In conclusion, we have shown that after adjustment for
brain bank selection, there is evidence of a dose-response
relationship between level of American football playing and
risk of CTE. That relationship is also strong in most scenar-
ios when we consider CTE incidence without conditioning
on death.
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