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Abstract

Background and Objectives

Obstructive sleep apnea (SA) is common in older men and a contributor to negative cognitive,
psychiatric, and brain health outcomes. Little is known about SA in those who played contact
sports and are at increased risk of neurodegenerative disease(s) and other neuropathologies
associated with repetitive head impacts (RHI). In this study, we investigated the frequency of
diagnosed and witnessed SA and its contribution to clinical symptoms and tau pathology using
PET imaging among male former college and former professional American football players.

Methods

The sample included 120 former National Football League (NFL) players, 60 former college
players, and 60 asymptomatic men without exposure to RHI (i.e., controls). Diagnosed SA was
self-reported, and all participants completed the Mayo Sleep Questionnaire (MSQ, informant
version), the Epworth Sleepiness Scale (ESS), neuropsychological testing, and tau (flortauci-
pir) PET imaging. Associations between sleep indices (diagnosed SA, MSQ items, and the ESS)
and derived neuropsychological factor scores, self-reported depression (Beck Depression
Inventory-1I [BDI-II]), informant-reported neurobehavioral dysregulation (Behavior Rating
Inventory of Executive Function-Adult Version [BRIEF-A] Behavioral Regulation Index
[BRI]), and tau PET uptake, were tested.

Results

Approximately 36.7% of NFL players had diagnosed SA compared with 30% of the former
college football players and 16.7% of the controls. Former NFL players and college football
players also had higher ESS scores compared with the controls. Years of football play was not
associated with any of the sleep metrics. Among the former NFL players, diagnosed SA was
associated with worse Executive Function and Psychomotor Speed factor scores, greater BDI-II
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scores, and higher flortaucipir PET standard uptake value
ratios, independent of age, race, body mass index, and APOE
€4 gene carrier status. Higher ESS scores correlated with
higher BDI-II and BRIEF-A BRI scores. Continuous positive
airway pressure use mitigated all of the abovementioned as-
sociations. Among the former college football players, wit-
nessed apnea and higher ESS scores were associated with
higher BRIEF-A BRI and BDI-II scores, respectively. No
other associations were observed in this subgroup.

Discussion

Former elite American football players are at risk of SA. Our
findings suggest that SA might contribute to cognitive, neu-
ropsychiatric, and tau outcomes in this population. Like all
neurodegenerative diseases, this study emphasizes the multi-
factorial contributions to negative brain health outcomes and
the importance of sleep for optimal brain health.

Introduction

Obstructive sleep apnea (SA) is characterized by recurrent
episodes of airway narrowing and collapse during sleep,
leading to intermittent airflow limitation." This results in
snoring, snorting, and gasping for breath. Patients with SA
present with daytime sleepiness, impaired cognitive test
performance, and abnormal mood.”> SA is common
(30%-80% of older adults>*), yet frequently undiagnosed
and even when diagnosed, frequently untreated.

Compared with the general population, former American
football players are likely at increased risk of SA given their
demographics and body habitus. Prominent risk factors of SA
include being overweight,6 having a large neck circumfer-
ence, and being older and male.”® Players are also at in-
creased risk to sustain traumatic brain injuries (TBIs), and
TBIs have been associated with SA” Prior studies have shown
symptoms of SA in 27% of former American football players,
aged between 37 and 55 years, from the National Football
League (NFL) Player Care Foundation Cardiovascular
Health Screening Program.'® African American/Black race
has also been reported as a risk factor of SA, although this is
likely secondary to other health disparities related to racial
inequities (e.g., access to health care and nutrition).ll*m
Currently, approximately 70% of NFL players are Black.'* Of
importance, the proportion of Black NFL players has
changed over time because approximately 40% of NFL
players were Black between 1959 and 1988.">"7

The presence of SA in older adults has been associated with
cognitive decline'® and dementia'® and thus might contrib-
ute to cognitive and neuropsychiatric symptoms that have
been reported in older former American football players.*
SA has also been associated with pathologic tau: This is
observed in both objectively diagnosed SA and in those with
sleep partners’ report of witnessed apneas.”’ While the link
between SA and tau (using PET imaging) has been reported
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in those with positive amyloid-beta status, i.e., those on the
Alzheimer disease continuum,*"**
vestigated in those at risk of primary tauopathies, such as
chronic traumatic encephalopathy (CTE). CTE is a neuro-
degenerative tauopathy that can be diagnosed only neuro-
pathologically at this time and has been identified at autopsy
among those exposed to repetitive head impacts (RHI),
commonly former football players and other contact sport
athletes.'”**** Years of American football play has been
associated with greater p-tau density at autopsy'”*®
greater flortaucipir binding on PET imaging in 26 former
NFL players.*® Thus, p-tau has an association with both SA
and exposure to football in older symptomatic players. It is
possible that SA may contribute to tau aggregation and as-
sociated symptoms in former American football players.

it has not been in-

and

SA is treatable, and symptoms related to SA including de-
pression®” and memory®® can be reversed even after a few
months of treatment. Memory loss and mood symptoms are
frequently reported in former football players and part of the
suggested clinical manifestation of CTE.*° Given its poten-
tial as a treatment target, we investigated diagnosed SA and
its symptoms among former professional and college football
players from the Diagnostics, Imaging, and Genetics Net-
work for the Objective Study and Evaluation of Chronic
Traumatic Encephalopathy (DIAGNOSE CTE) Research
Project.”” We examined (1) the frequency of SA in former
players, (2) the association between SA and the reported
major clinical manifestations of CTE, i.e., cognitive difficul-
ties, depression, and behavioral dysregulation, and (3) the
association between SA and tau (flortaucipir) uptake on
PET. We conducted using a 2-tiered approach, given the
potential importance of body mass index (generally higher in
former football players) and apolipoprotein e E4 alleles
(more frequent in African Americans but with distinct race-
stratified impact on AD) in SA and AD risk; we ran models
both without and with these variables. We also examined the
influence of continuous positive airway pressure (CPAP)
treatment on these associations. Because sleepiness is an
important but nonspecific outcome of SA and can affect
cognition and behavior, we also investigated self-reported
sleepiness.

Methods

Participants and Design

Participants were enrolled in the DIAGNOSE CTE Research
Project.”” The objectives of DIAGNOSE CTE are to develop
in vivo biomarkers for CTE, characterize its clinical pre-
sentation, and refine and validate clinical research diagnostic
criteria. A total of 240 participants were enrolled, including
120 former NFL players, 60 former college football players,
and 60 asymptomatic men who had no exposure to RHI or
TBI. The former American football players spanned the
symptom continuum, whereas the unexposed men were re-
quired to be asymptomatic. Detailed methodology of the
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DIAGNOSE CTE Research Project including inclusion and
exclusion criteria are published elsewhere.”” The 240 study
participants served as the primary sample for this study.
However, the sample sizes for analyses varied because of
missing data on study variables. Specific sample sizes for
variables are described further and summarized in Table 1.

Evaluations took place at 1 of 4 US sites, including Boston
University School of Medicine (with MRI conducted at
Brigham and Women’s Hospital), Cleveland Clinic Lou
Ruvo Center for Brain Health in Las Vegas, Mayo Clinic
Arizona (with PET imaging techniques conducted at Banner
Alzheimer’s Institute), and New York University Langone
Medical Center. Baseline evaluations were conducted be-
tween September 2016 and February 2020. Participants
completed a 2-day evaluation that consisted of a compre-
hensive clinical history, neurologic and neuropsychological
examinations, flortaucipir PET for tau imaging, MRI, and
participant-based and informant-based measures pertaining
to sleep, mood, and behavior.

Standard Protocol Approvals, Registrations,
and Patient Consents

All participants were required to have decisional capacity to
participate in the study. All sites received approval by their
Institutional Review Board, and participants provided writ-
ten informed consent.

Measures
Sleep

Witnessed Apneas: Mayo Sleep Questionnaire (MSQ)

The MSQ was developed to screen for various sleep disorders
associated with neurologic disease, including SA 1t is a 16-item
measure that is completed by both the patient and the informant.
The informant version is considered sensitive and specific when
compared with polysomnography (PSG) findings.**Only in-
formant results are reported here. There are 2 questions specific
to apnea, and these include number 5, “Has the patient ever
snorted or choked himself awake?” (we will refer to this as
snorted), and number 6, “Does the patient ever seem to stop
breathing during sleep?” (we will refer to this as breathe). For both
questions, participant response choices are yes or no. Compared
with PSG data in the validation cohort, affirmative answer to
either question had a 61% sensitivity to SA as measured by PSG,
and the specificity was 89% if both questions were negative.* In
this study, the sample size (due to missing informant data) was
159 on the MSQ items due to missing informant responses (n =
88 former NFL players, n = 42 former college football players,
and n = 29 asymptomatic unexposed men).

Epworth Sleepiness Score’" is a self-report instrument that asks
people to rate their likelihood of falling asleep in 8 different
activities. Participants rate this on a 0—4 scale, where higher
scores reflect greater sleepiness. Sample size is reduced to
238 for this variable due to missing information for 2
participants.

Neurology.org/CP

Diagnosed SA and CPAP Treatment

Participants completed questionnaires about medical history,
including the yes/no question, “have you ever been di-
agnosed with SA?” (n = 236 as 4 reported “unknown”). If
there is an affirmative response, there is also the yes/no
question “are you prescribed CPAP?” These variables were
examined in this study.

Neuropsychological Assessment

Participants underwent a comprehensive in-person neuro-
psychological battery at baseline, the details of which are
described elsewhere.”” This battery included more than 15
individual tests that assess all major cognitive domains, in-
cluding attention, visual scanning, and psychomotor speed;
executive functions; learning and episodic memory (verbal
and visual); language; and visuospatial abilities. Principal
component analyses were used to create S cognitive domain
factor scores, including (1) Verbal Learning and Memory;
(2) Executive Function and Psychomotor Speed; (3) Visual
Learning and Memory; (4) Number Span Forward and
Backward; and (5) Verbal Fluency. These factor scores were
used as outcomes in this study. For all factors, higher scores
represent better performance.

Mood and Behavior Self-Report Questionnaires

We examined symptoms of neurobehavioral dysregulation and
depression. Neurobehavioral dysregulation is a core clinical fea-
ture of the 2021 research criteria for traumatic encephalopathy
syndrome (TES, the purported clinical syndrome of CTE), and
symptoms of depression are a supportive feature. Neuro-
behavioral dysregulation was assessed by the informant version of
the Behavior Rating Inventory of Executive Function—Adult
Version (BRIEF-A).** This is a well-validated 75-item mea-
surement of executive function behaviors. Informants rated how
often each behavior had been a problem on a 3-point scale (1 =
never, 2 = sometimes, and 3 = often). Higher scores indicate
greater dysfunction. The BRIEF-A yields 3 indices including the
Behavioral Regulation Index (BRI). The BRI reflects items that
assess an individual’s ability to control impulses and self-monitor
their behavior. BRI raw scores are converted to age-adjusted T
scores, which served as an outcome. To assess symptoms of
depression, we used the established self-report scale, the Beck
Depression Inventory-II (BDI—H).33 Higher scores reflect
greater depressive symptomatology.

Tau PET
The use of flortaucipir in this study was performed through an
Investigator Investigational New Drug (IND #131391) from
the US Food and Drug Administration. Eighty minutes after a
370 MBq (10 mCi) bolus injection, the participant completed a
continuous dynamic 20-minute brain scan (4 frames, S minutes
each). Imaging calibration and quality control procedures were
completed for all sites before study enrollment. Participants
also underwent MRI. The structural MRI was used for
coregistration of the PET scans in this study. Fully bias field—
corrected and intensity-normalized T1-MRI from the Free-
Surfer pipeline (T1.mgz) was spatially normalized using the
Neurology: Clinical Practice
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Table 1 Sample Characteristics

Former professional

Former college

Asymptomatic unexposed

players (n = 120) players (n = 60) participants (n = 60) Effect®
Demographics
Age, mean (SD) y 59.1 (7.8) 53.5(7.7) 59.3(8.3) COL<PROF; COL<UE
Education, mean (SD) y 16.6 (1.1) 17.1 (1.0) 17.3 (3.4) NS
Race, n (%)
American Indian or Alaska 0 (0) 0(0.0) 0(0.0) PROF>COL; UE>COL
Native
Black or African American 52 (43.3) 11(18.3) 24 (40.0)
Native Hawaiian or other 0(0.0) 0(0.0) 101.7)
Pacific Islander
White 66 (55.0) 48 (80.0) 35(58.3)
Multiple races 2(1.7) 1(1.7) 0(0.0)
Ethnicity, n (%)
Hispanic or Latino 3(2.5) 0 0 —
Athletics
Duration of football play, 18.0(3.3) 11.5(2.5) — <0.01
mean (SD) y
Position group at highest level
of play, n (%)
Offensive line 22 (18.3) 22(36.7) - COL>PROF
Defensive lineman 14 (11.7) 5(8.3) —
0ffensjve backs and 36 (30.0) 14 (23.3) —
receivers
Linebackers 21(17.5) 7(11.7) —
Defensive backs 23(19.2) 12 (20.0) —
Special teams 4(3.3) 0(0.0) —
Cardiovascular disease
Body mass index, mean (SD)  32.0 (4.5) 33.8 (4.8) 30.8 (4.5) COL>PROF; COL>UE
Systolic blood pressure, mean 124.8(11.2) 129.9 (13.8) 133.9(13.3) UE>COL; UE>PROF;
(SD) mm Hg COL>PROF
Diagnostic history of high 48 (40.0) 19 (31.7) 26 (43.3) NS
cholesterol, n (%)
Diagnosed or treated for 53 (44.2) 25 (41.7) 26 (43.3) NS
hypertension, n (%)
Diagnostic history of diabetes, 9 (7.5) 3(5.0) 7(11.7) NS
n (%)
APOE genotype
€4, n (%) present 33(28.7) 20(33.9) 11 (19.6) NS
Sleep characteristics
MSQ-snorted, n (%) 35(39.8) 24 (57.1) 9(31.0) —
MSQ-gasping, n (%) 33(37.5) 24 (57.1) 7 (24.1) —
ESS, mean (SD) 8.7 (5.3) 8.8 (5.0) 5.9 (3.6) —
Diagnostic history of SA, n (%) 44 (36.7) 18 (30.0) 10 (16.7) —
Continued
Neurology: Clinical Practice | Volume 14, Number2 | April 2024 Neurology.org/CP
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Table 1 Sample Characteristics (continued)

Former professional
players (n = 120)

Former college
players (n = 60)

Asymptomatic unexposed

participants (n = 60) Effect®

Prescribed CPAP, n (%) 31(70.5)

14(77.8)

8(80.0) —

Abbreviations: COL = College; ESS = Epworth Sleepiness Scale; MSQ = Mayo Sleep Questionnaire (informant); Prof = professional; SA = obstructive SA;

UE = unexposed.

2Analysis of variance with Tukey post hoc compared the former professional football players, former college football players, and the asymptomatic
unexposed men on continuous outcomes. The Chi-square or Fisher exact test (for cell sizes <10) were used for binary outcomes. For athletic characteristics,
only the former professional and college football players were compared. Race was examined as a binary variable (Black vs non-Black) as was position played
(lineman vs nonlineman). Group comparisons for the sleep characteristics are modeled in Table 2. Data in this Table are based on characteristics of the entire
DIAGNOSE CTE Research Project sample. The MSQ is the informant version, and sample sizes range due to missing data and include the following: MSQ-
snorted, n =130 former American football players, n =29 unexposed; MSQ-Gasping, n = 130 former American football players, n = 29 unexposed; and ESS, n =
178 former American football players, n = 60 unexposed. Sample sizes also reduced for APOE, n = 174 former American football players, n = 56 unexposed.

Statistical Parametric Mapping software to generate the
individual-to-template space nonlinear transformation and
transform PET data into the Montreal Neurological Institute
template space and renormalized using cerebellum crus 1 re-
gion as the reference. This allowed the extraction of the pre-
viously defined statistically defined regions of interest (ROI)
through voxel-wise analysis, which were found to have elevated
flortaucipir standard uptake value ratios (SUVRs) in former
NFL players,26 including bilateral frontal, left parietal, and bi-
lateral medial temporal regions (referred to as prespecified
statistical ROIs henceforth).

Sample Characteristics

Semistructured interviews were performed, supplemented by
online questionnaires, to collect data on demographics (e.g.,
age, education, race, and ethnicity); clinical, athletic, military,
and TBI history; and other variables not relevant to this
study. An aliquot of whole blood collected during the base-
line blood draw was used for apolipoprotein E (APOE)
genotyping. Race and ethnicity were self-reported.

Statistical Approach

Analyses were performed to address 3 specific study questions
that included the following: (1) How common are SA and its
symptoms in participants in the DIAGNOSE CTE, i.e., former
NFL players and former college football players? (2) Are SA
and its symptoms associated with cognitive and neuropsychi-
atric function in former football players? and (3) Are SA and its
symptoms associated with tau in former football players? To
test each of these questions, multivariable linear regression
models were performed. The first model compared each group
of former football players (i.e., college and NFL players) and the
unexposed asymptomatic men on each sleep symptom
(ie., diagnosed SA, or witnessed apnea snorted, and difficulty
breathing). We then tested the association between each sleep
symptom and (1) each neuropsychological factor score and
each neuropsychiatric scale and (2) flortaucipir uptake on PET.
Models controlled for age and race (self-reported as Black or
White, and we created an “other” group that combined the
other race identifications that were infrequent for statistical
purposes). As a sensitivity analysis, we added body mass index
(BMI) and APOE e4 carrier status as covariates to each model.
BMI is elevated in former football players,** an indicator of

Neurology.org/CP

vascular health, and when elevated is a risk factor of SA.” APOE
e4 status has been linked with SA risk®® and tauopathies,®® and
these relationships are moderated by race.*” Finally, among
those with diagnosed SA, we added prescribed CPAP to each
model to determine whether this moderated the impact of SA
on the outcomes. For analyses that examined the association
between the SA indices and the neuropsychological factor
scores and neuropsychiatric scales, p values were false discovery
rate (FDR) adjusted using the Benjamini-Hochberg procedure.
A p value (or FDR p value) less than or equal to 0.05 defined
statistical significance.

Data Availability

Datasets generated and/or analyzed during this study are
available from the corresponding author on reasonable
request.

Results

How Common Are SA Symptoms in Former
Players, and Does This Differ by Level of Play or
Duration of Exposure?

Sample demographic and symptom characteristics are listed
in Table 1. Analysis of variance with Tukey post hoc com-
pared the former NFL players, former college football
players, and the asymptomatic unexposed men on Table 1
characteristics. The former college football players were
younger, more likely to be White, and had a higher BMI
compared with the former NFL players and the unexposed
men. However, there were minimal differences between the
former NFL players and asymptomatic unexposed men.
Given the differences between former college and NFL
players, which might affect several variables of interest, we
examined the groups separately for all analyses.

Table 2 summarizes models examining group differences on
sleep characteristics. Close to 37% (31.4%) of the former
NFL players and 30% of former college football players
were diagnosed with SA compared with 16.7% of the
asymptomatic unexposed men. Of the former football play-
ers with SA, 42.4% of the former NFL and 33.33% of the
former college players were prescribed CPAP compared with
28.6% of the asymptomatic unexposed men.

Neurology: Clinical Practice
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Table 2 Summary of Linear Regression Models Comparing Former American Football Players and Asymptomatic

Unexposed Participants on Sleep Indices

Model 1: Adjusting for age and race

Model 2: Adjusting for age, race, BMI, and APOE e4

College NFL College NFL
Sleep variable Est.  95% Cl pValue Est. 95%Cl p Value Est.  95% Cl pValue Est. 95% Cl p Value
MSQ-snorted 097 -0.10t02.09 0.08 031 -0.61to1.28 0.52 0.77 -036t01.95 0.18 035 -0.59t01.35 0.47
MSQ-gasping 192 0.74t03.30  0.003** 059 -0.35t01.62 0.24 175 0.45t03.23 0.01* 0.55 -043to1.62 0.28
Diagnosed SA 0.66 -0.32t01.68 0.19 1.06 031t01.89 0.01* 030 -0.77t01.39 0.58 0.91 0.05to01.83 0.04*
ESS 299 121to476  0.001** 273 1.26t04.19  0.0003** 298 1.08to4.89 0.002** 231 0.811t03.82 0.002**

Abbreviations: BMI = body mass index; ESS = Epworth Sleepiness Scale; MSQ = Mayo Sleep Questionnaire; SA = sleep apnea.

Est (estimates) are unstandardized.
*p < 0.05. ** p < 0.005.

Former NFL Players

In models including age and race as covariates, we assessed
group differences in each sleep symptom in reference to the
asymptomatic unexposed men. Former NFL players were
more likely to have diagnosed sleep apnea (f = 1.06, p =
0.008) and report higher levels of sleepiness (p = 2.73, p =
0.0003) but groups did not differ on witnessed apneas. Age
was a significant predictor of snorted and sleepiness. Black
race was associated with more sleepiness in the former NFL
players. When BMI and APOE &4 were added to the models,
the differences remained with the former NFL players being
more likely to have diagnosed sleep apnea (f = 0.91, p =
0.04) and to report higher levels of sleepiness (f =2.31,p =
0.003) than the asymptomatic unexposed men. Black race
remained as a predictor of higher reported daytime sleepi-
ness (B = -3.82, p = 0.02) with the BMI and APOE
covariates.

Former College Football Players

In models with former college football players and asymp-
tomatic unexposed men, interruptions to breathing were
more common in the former college football players (B =
1.92, p =0.003), and they also reported more sleepiness (f =
2.99, p = 0.001). Age and race were not significant predic-
tors of any sleep metric. When BMI and APOE &4 were
added to the models, the relationships remained with
former college players being more likely to have interrup-
tions to breathing (B = 1.75, p = 0.012) and greater sleep-
iness (B =2.98, p = 0.0003).

Association Between Sleep Indices and Years of
Football Play

Years of football play was not associated with any of the sleep
metrics in either former college football players or former
NFL players, with or without APOE and BMI included. For
former NFL players, Black race was significantly associated
with diagnosed SA (B = —2.62 p = 0.009) and sleepiness (p =
-2.89, p = 0.0046) when years of play was included in the
model, such that White players were more likely to have a
diagnosis, and reported lower levels of sleepiness. Covariates
Neurology: Clinical Practice
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were not significant in the models with former college
football players only.

Are SA Symptoms Associated With Cognition,
Symptoms of Depression, and
Neurobehavioral Dysregulation in Former
American Football Players?

Former NFL Players

In the former NFL players, diagnosed SA was associated with
lower scores (i.e., worse) on the Executive Function and
Psychomotor Speed factor score (f = -0.58 p = 0.3) and
higher BDI-II scores (B = 4.86, p = 0.01) on gasping. Higher
ESS scores correlated with higher BDI-II ( = 0.48, p <
0.00S; Table 3). With APOE &4 and BMI in the models, the
relationship between diagnosed SA and the Executive
Function and Psychomotor Speed factor score was non-
significant, but the effect size remained comparable with the
main models ( = —0.46, uncorrected p = 0.0S, FDR cor-
rected p = 0.24). ESS remained associated with the BDI-II
and BRIEF-A BRI (B = 0.41, p = 0.01, p = 0.68, p = 0.03,
respectively). When CPAP treatment was added to the
models, there were no longer significant associations be-
tween witnessed or diagnosed SA and the clinical outcome
measures. ESS continued to be associated with BDI-II scores
(B=0.67,p=0.02).

Former College Football Players

In the former college football players, snorted and gasping
were associated with higher BRIEF-A BRI scores (f = 11.88,
p =0.04; p=12.24, p = 0.03, respectively). Higher ESS scores
correlated with higher (i.e., better) Visual Memory factor
scores (B = 0.08, p < 0.005) and BDI-II scores (p = 0.74, p =
0.01). With APOE &4 and BMI in the models, there were no
significant relationships between witnessed or diagnosed SA
and the neuropsychological factor scores, BRIEF-A BRI or
the BDI-II. ESS continued to be associated with Visual
Memory factor scores and BDI-II (Visual Memory: = 0.08,
p < 0.005; BDI: $ = 0.73, p = 0.01). When CPAP treatment
was added to the models, the only relationship that remained
was between ESS and the BRIEF-A BRI (B =2.41, p = 0.04).
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Table 3 Association Between Sleep Indices and Clinical Symptoms in Former American Football Players

Measure MSQ-snorted MSQ-gasping Diagnosed SA ESS
Est.  95%Cl pValue Est. 95%ClI pValue Est. 95%Cl pValue Est. 95%ClI p Value
Former college
football players
Verbal learning -0.35 -0.96t00.27 0.33 -0.17 -0.80to 0.46 0.84 -0.07 -0.66t00.52 0.99 -0.02 -0.07t00.03 0.79
and memory
Visual learning 0.33 -0.20t00.86 0.33 0.04 -0.50t00.59 0.87 -0.38 -0.87t00.12 0.33 0.08 0.04t00.12 <0.01*
and memory
Executive -0.32 -0.85t00.20 0.33 -0.11 -0.65t00.42 0.84 -043 -092t00.06 0.33 -0.02 -0.07t00.03 0.79
function and
psychomotor
speed
Number span  -0.54 -1.11t00.04 0.33 -0.50 -1.08t00.09 0.47 -0.02 -0.63t00.58 0.99 0.00 -0.05t00.06 0.98
forward and
backward
Verbal fluency -0.12 -0.90t00.67 0.76 022 -0.57t01.00 0.84 0.01 -0.63t00.58 0.99 -0.01 -0.07to 0.05 0.89
BRIEF-A BRI 11.88 2.18t021.59  0.04* 1224 257t021.91 0.03* 9.10 -0.69t018.88 0.14 079 -0.12to1.70 0.09
(informant
version)
BDI-II 344 -3.07t09.94 0.29 1.03 -5.57t0o7.63 0.75 4.01 -2.28t010.30 0.21 073 0.18t01.29 0.02*
Former NFL
players
Verbal learning -0.32 -0.71t00.06 0.49 -0.13 -0.52t00.27 0.86 0.02 -034t00.37 092 -0.02 -0.06t0 0.01 0.35
and memory
Visual learning 0.19 -0.24t00.62 0.66 -0.02 -0.45t00.42 0.94 0.07 -032t00.45 092 0.01 -0.03t00.04 0.69
and memory
Executive -0.02 -0.48t00.44 0.95 031 -0.15t00.76  0.86 -0.58 -0.99to-0.16 0.03* -0.01 -0.05t00.03 0.69
function and
psychomotor
speed
Number span  -0.12 -0.55t00.31 0.73 0.177 -0.26t00.61 0.86 0.17 -0.22t00.57 0.75 -0.02 -0.05t00.02 0.68
forward and
backward
Verbal fluency -0.17 -0.56t00.23  0.66 -0.08 -0.48t00.32 0.86 -0.14 -0.51t00.23 0.75 -0.03 -0.07t00.00 0.35
BRIEF-A BRI 581 -0.28t011.91 0.06 588 -0.29t012.04 0.06 059 -540to6.57 0.85 0.57 -0.01to1.15 0.05*
(informant
version)
BDI-II 392 0.04to07.80 0.06 387 -0.06t07.79 0.06 486 1.67to 8.06 0.01* 048 0.19t00.76  <0.01*
Abbreviations: BDI-Il = Beck Depression Inventory-Il; BMI = body mass index; BRI = Behavioral Regulation Index; BRIEF-A = Behavior Rating Inventory of

Executive Function-Adult Version; ESS = Epworth Sleepiness Scale; MSQ = Mayo Sleep Questionnaire.
Linear regressions tested the association between each sleep index and each neuropsychological, mood, and behavior measure. Est (estimates) are
unstandardized. p Values are false discovery rate adjusted using the Benjamini-Hochberg procedure. Neuropsychological measures are factor scores derived

using principal component analyses.
*p <0.05.

Are SA Symptoms Associated With Increased
Tau in Former Football Players?

Former NFL Players

In the former NFL players, snorting was associated with
greater frontal (B = 0.08, p = 0.01 Figure, A) and left parietal
(B =0.07, p = 0.01 Figure, C) flortaucipir SUVRs; gasping
was associated with greater frontal SUVR (B = 0.06, p = 0.04
Figure, B); and diagnosed SA was associated with greater left
parietal SUVR (B = 0.0, p = 0.04 Figure, D). With BMI and
APOE &4 in the model, the findings for snorted and frontal
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and left parietal SUVRs remained significant ( = 0.07, p =
0.01, B = 0.06, p = 0.03, respectively). By contrast, the
findings for gasping and diagnosed SA were no longer sig-
nificant. However, effect sizes remained similar. When CPAP
treatment was added to the model, none of the relationships
with flortaucipir SUVR remained significant.

Former College Football Players

There were no significant sleep and tau PET associations
among the former college players.
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Figure Relationship Between Obstructive Sleep Apnea and Tau PET

A\. Frontal SUVR by exposure and snorted
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Violin plots illustrating the frequency of yes/no answers for witnessed (A-C) and diagnosed (D) apnea in relation to tau PET SUVR in the frontal (A and B) and
left parietal (C and D) regions where former NFL players with the diagnosed or witnessed apnea had a higher overall SUVR compared with former NFL players
without the symptom/diagnosis or controls. When MBI and APOE status were added to the models, the findings for “snorted” (A and C) remained significant.

NFL = National Football League; SUVR = standard uptake value ratio.

Discussion

This study examined rates of SA and its association with
clinical outcomes and tau (flortaucipir) PET in former NFL
players and former college football players. We present
findings from these groups separately, and when controlling
for BMI and APOE, most findings remained. First, among
the former NFL players, findings included the following: (1)
Compared with asymptomatic unexposed men, former NFL
players were more likely to have diagnosed SA and to report
higher levels of sleepiness; (2) Diagnosed SA was associated
with worse executive function and processing speed (without
BMI and APOE in the model) and significantly associated
with greater symptoms of depression (with or without BMI
and APOE in the model). Excessive sleepiness corresponded
to greater neurobehavioral dysregulation; and (3) Uptake of
tau (flortaucipir) PET in frontal and left parietal regions
was associated with SA witnessed apneas. Adding CPAP use
to our models removed the associations between SA symp-
toms and flortaucipir SUVRs and neuropsychological test
performance.

Second, the pattern of findings in the former college football
players were slightly different. Specifically, the associations
were generally restricted to witnessed SA and greater neu-
robehavioral dysregulation and experiencing excessive
sleepiness and more symptoms of depression. There was a
paradoxical positive association between sleepiness and
Neurology: Clinical Practice
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visual memory, which is likely driven by hidden variables or a
statistical artifact given that the directionality does not make
sense clinically. Most notably, the associations between SA
symptoms and tau PET SUVR were not significant in the
former college football players. Given the known association
between years of football play and pathologic tau,"” it is
possible that tau was less extensive in the former college
football players vs the former NFL players.

While we confirmed that SA is common in the age group
studied (45-74 years), it was more frequent in former NFL
players compared with our internal comparison groups
(former college football players, asymptomatic unexposed
men). Although an intuitive explanation would be the larger
BMI of former NFL players, the findings for both diagnosed
and witnessed SA remained after controlling for BMI. Al-
though not measured, neck circumference might be a po-
tential explanation given that this tends to be higher in
football players and is a risk factor of SA.*® There was also a
higher proportion of Black participants among the former
NFL players, and Black race was associated with diagnosed
SA particularly when years of play was included in the
models. This finding is consistent with reports of racial dis-
parity in the instance of SA in nonplayer cohorts.> Factors
associated with race might explain the observed effects in the
former NFL players, and this deserves further attention as
part of a separate study. Finally, there is existing evidence
that TBI is associated with sleep disruption and SA, but the
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biological mechanisms of such associations are unclear.*® In our
sample, years of American football play, a proxy for duration of
exposure to RHI, were not associated with SA symptoms. These
findings suggest exposure to RHI is unlikely to fully account for
the higher rates of SA in former NFL players.

We found associations between SA and executive function
and psychomotor speed and with symptoms of depression
and neurobehavioral dysregulation in former NFL players.*®
There were no associations with memory. Impairments in
executive function and memory and neurobehavioral dysre-
gulation are core features of the TES research diagnostic cri-
teria, the purported clinical syndrome of CTE.*® Symptoms of
depression are a supportive feature. While the sample studied
is at risk of CTE given their exposure to repetitive head in-
juries,21 the presence and severity of underlying CTE pa-
thology is uncertain. Similar to AD and other causes of
dementia,*’ SA and other modifiable risk factors likely exac-
erbate and/or independently contribute to cognitive impair-
ments in people at risk of CTE. Given how common SA is in
former American football players®*' and that both mood*’
and cognition®® can improve with SA treatment, SA is an
important modifiable target for intervention in this population.
Although the number of participants with untreated diagnosed
SA in our cohort was low, controlling for CPAP treatment
eliminated associations between SA and executive function
and psychomotor speed.

Tau pathology has previously been associated with SA
among people who were amyloid positive on PET.*" In this
sample, tau PET was related to SA in the former NFL
players. Specific effects were found for the left parietal and
frontal ROIs, but not the mesial temporal region. This is
interesting given the expected relationship between mesial
temporal tau and AD pathology,* even very early in the
disease. This pattern suggests that the associations ob-
served are not related to AD tau, which coincides with most
of the sample being amyloid negative. As mentioned, it is
also uncertain whether our findings relate to the presence
of CTE p-tau. However, it is reasonable to hypothesize that
SA might independently contribute to and/or exacerbate
the development of p-tau pathology in people at risk for
CTE. Although not the focus of this study, the frontal p-tau
uptake might partly explain the observed association be-
tween SA and symptoms of neurobehavioral dysregulation
and executive dysfunction. In this cohort, controlling
for CPAP rendered the associations with tau PET findings
nonsignificant.

We reported results for sleepiness, which can be associated
with SA but is nonspecific, and common in the setting of
depression, pain, and other symptoms often reported by
former elite football players. Sleepiness was not associated
with BMI, while witnessed and diagnosed apnea were.
Sleepiness was greater in the former football players and
associated with symptoms of depression and neurobehavioral
dysregulation, but not cognitive function. The relationship
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between sleepiness and depression and neurobehavioral
dysregulation was independent of CPAP use. It was also not
associated with flortaucipir uptake. Although sleepiness was
common in the former football players, it had different
clinical and biological correlates showed different than SA
and could be related to other factors that will be explored in
future analyses.

Our study is not without limitations. We did not perform
objective sleep studies. While the measures that we used have
substantial alignment with PSG,* future research on SA in
former football players should include these gold standard
measures. Since the inception of DIAGNOSE CTE, tau
imaging has evolved. Flortaucapir is not the most sensitive to
CTE p-tau pathology,43 and later-generation tracers might
better identify the kind of tau pathology that we might find in
this cohort. Many of our findings seem to be specific to the
former NFL players, but this could be related to statistical
power, given there are twice as many former NFL players as
college players in our sample. Last, the recruitment design of
the DIAGNOSE CTE was designed to develop biomarkers
for CTE. It involved recruitment of people based on expo-
sure to RHI (i.e., former elite American football players) and
symptoms (i.e., the unexposed men were required to have no
symptoms). Given SA is associated with cognitive and neu-
robehavioral symptoms in the general population, it is pos-
sible that rates of SA and associated estimates were biased by
the recruitment design.

Overall, our findings indicate that former American football
players are at risk of SA, and this may be related to factors that
extend beyond BMI. Moreover, SA was not related to years of
play, arguing against a direct mechanistic relationship with ex-
posure to RHI. Among former NFL players, SA was also asso-
ciated with worse cognitive function and neurobehavioral
dysregulation and with greater uptake of flortaucipir PET. Many
of these associations diminished when accounting for CPAP
treatment. As is true for all neurodegenerative diseases, this study
shines a light on the multifactorial contributions to negative brain
health outcomes that have been reported in former American
football players. Specifically, this study emphasizes the important
relationship between sleep apnea symptoms, which is treatable,
and brain health.
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