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Abstract

Objectives: Years of sport participation (YoP) is conventionally used to estimate cumulative repetitive head impacts
(RHI) experienced by contact sport athletes. The relationship of this measure to other estimates of head impact exposure
and the potential associations of these measures with neurobehavioral functioning are unknown. We investigated the
association between YoP and the Head Impact Exposure Estimate (HIEE), and whether associations between the two
estimates of exposure and neurobehavioral functioning varied. Methods: Former American football players (N = 58;
age =37.9 £ 1.5 years) completed in-person evaluations approximately 15 years following sport discontinuation.
Assessments consisted of neuropsychological assessment and structured interviews of head impact history (i.e., HIEE).
General linear models were fit to test the association between YoP and the HIEE, and their associations with
neurobehavioral outcomes. Results: YoP was weakly correlated with the HIEE, p =.005, R? = .13. Higher YoP was
associated with worse performance on the Symbol Digit Modalities Test, p =.004, R?> = .14, and Trail Making Test-B,
p=.001, R? =.18. The HIEE was associated with worse performance on the Delayed Recall trial of the Hopkins Verbal
Learning Test-Revised, p =.020, R? = .09, self-reported cognitive difficulties (Neuro-QoL Cognitive Function), p =.011,
R? =10, psychological distress (Brief Symptom Inventory-18), p=.018, R’ =.10, and behavioral regulation (Behavior
Rating Inventory of Executive Function for Adults), p=.017, R’ =.10. Conclusions: YoP was marginally associated
with the HIEE, a comprehensive estimate of head impacts sustained over a career. Associations between each exposure
estimate and neurobehavioral functioning outcomes differed. Findings have meaningful implications for efforts to
accurately quantify the risk of adverse long-term neurobehavioral outcomes potentially associated with RHI.
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INTRODUCTION lengthier participation in American football, independent of
concussion history (Lepage et al., 2018; Mez et al., 2017;
Montenigro et al., 2017; Roberts et al., 2019; Schultz et al.,
2018; Singh et al., 2014). However, not all studies have
.. . ... observed this association (Bohr, Boardman, & McQueen,
clinically diagnosed concussive injury, and less so due to 2019; Brett et al., 2021; Deshpande et al., 2017; Deshpande,

;onbc uss;(())li 61.ts§:1f.(A‘lg)lsco et 2”1\420128; hé[gﬁffe:rAlosco, I& Hasegawa, Weiss, & Small, 2020; Gysland et al., 2012;
uber, » Stein, Alvarez, chee, » Tagge et al, Willer et al., 2018). One potential reason for the inconsistent

2018). Recent studies have reported on adverse long-term findings in the associations between neurobehavioral out-

neurobehavioral functioning as being associated with S
& & comes and RHI may be due to limitations related to the method
utilized to retroactively estimate RHI exposure.
*Correspondence and reprint requests to: Benjamin L. Brett, Assistapt The current convention used to estimate RHI exposure in
Professor, Department of Neurosurgery, Medical College of Wisconsin, . . . . .
8701 Watertown Plank Road, Milwaukee, WI 53226, USA. E-mail: most studies to date has involved inquiring about total years

bbrett@mew.edu of contact sport participation, often measured as the year

It has been suggested that long-term changes in neurobeha-
vioral functioning are more likely associated with repetitive
head impacts (RHI) falling below the relative magnitude of
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started to year stopped (Mez et al., 2017, 2019; Roberts et al.,
2019; Schultz et al., 2018; Singh et al., 2014). Years of sport
participation (YoP) is likely limited in as a method for esti-
mating RHI exposure, in that the number and magnitude of
head impacts that can occur during sport widely differ based
upon a number of factors, such as sport played, position, and
participation level (Crisco et al., 2011; Mihalik, Bell,
Marshall, & Guskiewicz, 2007; Sandmo, Andersen,
Koerte, & Bahr, 2020). Furthermore, gross inquiry of YoP
contains the potential for errors as an estimate of RHI, as it
lacks consideration of time as a starter, time missed due to
injury, and years off in between the first and last year of par-
ticipation. For example, two individuals could be considered
as having similar levels of “RHI exposure” by playing 8 years
of football between the years 2000 and 2007. However, this
contains the potential for error as an estimate for RHI expo-
sure, as one of the two individuals could have missed 2 years
in between that time due to injury, played in 0% of games as a
non-starter, sustained fewer impacts at lower levels of play
(youth vs. high school), and played a position (i.e., quarter-
back) with one-fourth as many impacts as other positions
(Crisco et al., 2011; Kelley et al., 2017).

Attempts have been made toward improved quantification
of RHI exposure estimation beyond YoP by developing met-
rics that incorporate various aspects of play history, such as
percentage of each year played and expected frequency and
magnitude of impacts during that time derived from pub-
lished studies using head impact measurement devices
(Karton, Blaine Hoshizaki, & Gilchrist, 2020; Kerr et al.,
2015; Montenigro et al., 2017). One of these metrics includes
the Head Impact Exposure Estimate (HIEE), which provides
a single estimate of the number of head impacts sustained by
an individual over the course of their athletic career by incor-
porating several of the above considerations (e.g., percentage
of the year played, level of play, football position played, etc.;
Kerretal., 2015). The vast majority of our current knowledge
regarding the association between RHI exposure and adverse
neurobehavioral outcomes later in life is primarily based
upon YoP as the estimate of exposure (Mez et al., 2019;
Mez et al., 2017; Roberts et al., 2019; Schultz et al., 2018;
Singh et al., 2014). Given this, it is critical to examine the
relationship between the conventional method of RHI estima-
tion, YoP, and more detailed estimates of exposure
(i.e., HIEE), as well as their independent and mutual associ-
ations with neurobehavioral functioning.

Given the importance of further understanding how esti-
mates of RHI exposure are associated with one another, this
study incorporated the following aims: Aim 1) examine the
association between YoP and a detailed estimate of head
impact exposure (i.e., HIEE); Aim 2) identify whether the
associations between these two estimates of RHI exposure
and neurobehavioral functioning differ; and Aim 3) through
exploratory analyses, examine the degree to which various
demographic factors and aspects of current functioning were
associated with YoP and the HIEE.
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MATERIALS AND METHODS

Participants and Procedure

This study was approved by an Institutional Review Board
(IRB) and all participants provided written informed consent
prior to study activities. Participants were former collegiate
athletes (retired for approximately 15 years) recruited from
30 different National Collegiate Athletic Association
(NCAA) member institutions who had previously participated
in an online health survey in 2014 (Kerr, Thomas, Simon,
McCrea, & Guskiewicz, 2018). Inclusion criteria included
at least 1 year of collegiate football participation and comple-
tion of Part I of the study (online Health Survey). Exclusion
criteria for the larger parent study (NCAA 15-Year Follow-
up Study), in which individuals underwent a comprehensive
in-person evaluation (e.g., neurocognitive testing, neuroimag-
ing, and saliva/buccal swab collection), included a history or
suspicion of psychotic disorder with active symptoms and
any contraindication to study procedures (e.g., contraindica-
tions to neuroimaging, unable to travel).

MEASURES

Aim 1. Exposure Metrics
Years of football participation

YoP is a common estimate for head impact exposure. In order
to maintain consistency with previous studies examining
associations between YoP with various neurobiological
and neurobehavioral outcomes, YoP was queried by asking
participants the years in which they first began and ended
playing football (Brett et al., 2020; Schultz et al., 2018;
Stern et al., 2019). For example, a participant who reported
the starting year of 1995 and the ending year of 2002 was
recorded as having 8 YoP.

Head Impact Exposure Estimate

The HIEE is a structured oral interview, in which individuals
provide information related to each year of football participa-
tion, beginning with high school and continuing through col-
lege and professional football, where applicable (Kerr et al.,
2015). For each level of play, participants denote their
primary and secondary positions for each year, as well as
the average number and length of contact practices per week.
It is emphasized to participants to remove any weeks or sea-
sons they did not play due to injury or any other reason. For
games, participants are also asked to report the number of
games they played and the percentage of time they played
from the following choices: 0%, 25%, 50%, 75%, and 100%.

The above information generates a “number of contact
hours” metric for each individual year of participation. The
number of contact hours is converted into a single estimate
of the number of head impacts that an individual sustained
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in the course of those contact hours based on previously pub-
lished head impact telemetry system (HITS) data (Broglio
et al., 2011; Crisco et al., 2010). Specifically, the frequency
and magnitude of estimated impacts for each individual year
is adjusted through weighting based on the level of play and
position recorded in published HITS data. Ultimately, the
HIEE produces an estimate of head impact exposure for each
year played based on the factors above, which are summed to
generate a single estimate of head impact exposure over the
course of a participant’s career. The HIEE requires approxi-
mately 30 min to complete.

The HIEE has been observed as effectively differentiating
between cohorts of athletes from different levels of play
(i.e., collegiate vs. professional; Kerr et al., 2015). While
an investigation into the reliability of the measure is some-
what limited, the published development study of the
HIEE observed that player reports and public records of
online professional games differed to a very small degree (maxi-
mum discrepancy of one game). High school and collegiate
games could not be verified. Additionally, the measure has
yet to be validated against prospectively collected HITS data.
See Kerr et al. (2015), for further details involving the HIEE.

Aim 2. Neurobehavioral Functioning

Self-report psychological functioning and cognitive
functioning

Psychological self-report symptom measures included the
Brief Symptom Inventory-18 (BSI-18) Global Severity
Index (GSI), a measure of internalizing psychopathology
and somatic symptoms, as well as the Beck Depression
Inventory (BDI), and Beck Anxiety Inventory (BAI; Beck,
Epstein, Brown, & Steer, 1988; Beck, Steer, & Brown,
1996; Derogatis, 2001). Self-report measures of cognitive
and executive functioning included the Behavioral
Regulation (BRI) and Metacognition (MI) indices on the
Behavior Rating Inventory of Executive Function-Adult
(BRIEF-A) and Quality of Life in Neurological Disorders
(Neuro-QoL) Cognitive Functioning Short-Form (National
Institute of Neurological Disorders and Stroke User
Manual for the Quality of Life in Neurological Disorders
(Neuro-QoL) Measures Version 2.0., 2015; Roth, Isquith,
& Gioia, 2005). Scores on self-report measures of psycho-
logical and cognitive/executive functioning were converted
to normative-based T-scores (mean=50 and standard
deviation, SD = 10) in order to better approximate a normal
distribution. For self-report measures in which standardized
scores are not available (i.e., BDI and BAI), sensitivity analy-
ses were performed to verify that associations between
RHI exposure estimates and outcomes did not meaningfully
differ when modeling these associations as having a negative
binomial or normal distribution. Higher scores on all mea-
sures indicate greater dysfunction within the construct being
measured, with the exception of Neuro-QoL Cognitive
Functioning, in which higher T-scores represent a better
self-rated cognitive function.
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Objectively measured neurocognitive functioning

A well-validated paper and pencil neurocognitive test battery
was used to assess cognitive domains (e.g., memory, execu-
tive function, and processing speed) commonly affected by
various neurologic disorders. Neurocognitive functioning
measures included the Trail Making Test A and B (TMT-A
and TMT-B; Reitan & Wolfson, 1985), Symbol Digit
Modalities Test (SDMT; A. Smith, 2007), Hopkins Verbal
Learning Test-Revised (HVLT-R; Total Immediate and
Delayed Recall; Brandt & Benedict, 2001), and Verbal
Fluency (F-A-S; Spreen & Benton, 1977). Raw score perfor-
mances, as opposed to standardized scores, for neurocogni-
tive measures more reliably met statistical assumptions for
the planned analyses and were included as outcomes of inter-
est. For most measures, higher performance indicates a better
performance, with the exception of the TMT-A and TMT-B,
where higher scores (i.e., slower completion times) represent
worse performance.

Aim 3. Exploratory Factors to Differentiate YoP
and HIEE

Several exploratory variables were examined in order to iden-
tify factors that may be uniquely associated with each expo-
sure estimate. Exploratory factors/constructs and their
respective measures included: pain intensity and interference
(Brief Pain Inventory and Pain subscale from the Veteran’s
Rand-36 Item Health Survey [VR-36]; Cleeland & Ryan,
1994; Jones et al., 2001), current life stressors (Life Events
Scale; Holmes & Rahe, 1967), current physical functioning
(Physical Functioning, Role Limitations due to Physical
Health, Energy/Fatigue, and General Health indices from
the VR-36), social functioning (VR-36 Social Functioning
index), and various demographic or history factors such as
the history of psychiatric diagnosis (depression or anxiety),
estimated premorbid intelligence (Wechsler Test of Adult
reading [WTAR]; Wechsler, 2001), self-identified race
(White and non-White), age, the highest level of education
(BA/BS vs. graduate degree or greater), and division of col-
legiate football play (Division I vs. Division III).

STATISTICAL ANALYSIS

Statistical analyses were performed using SPSS version 25
and the RLM Macro for calculating robust standard error esti-
mates for select models (Darlington & Hayes, 2016).
Statistical significance was evaluated at the .05 level.

Aim 1. Analysis

A general linear model (GLM) was fit to estimate the associ-
ation between YoP and the HIEE. Specifically, YoP was
entered as the predictor variable within the model to assess
the degree to which YoP predicted estimation of head impact
exposure in the more detailed HIEE metric. R? indicated the
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degree of variance of head impact estimation via the HIEE
accounted for by YoP.

Aim 2. Analyses

The effects of YoP and HIEE on clinical measures of neuro-
behavioral functioning were assessed independently for each
outcome of interest within separate GLMs. Subsequently,
models including both exposure estimates as predictors were
also conducted for each outcome. For instances in which only
one particular exposure estimate was identified as being
significantly predictive of an outcome, a step-wise linear
regression was performed with that exposure estimate entered
first, and the other estimate entered as a second block entry, in
order to statistically assess the additional increase in variance
explained by the second metric (i.e., change in R?).
Otherwise, both exposure metrics were entered into the
GLMs simultaneously. Standardized beta coefficients for
YoP and HIEE were calculated. Zero-order, partial, and part
correlations were computed and inspected to determine the
unique contribution of each exposure estimate on outcomes.
Multicollinearity between the two exposure estimates was
assessed using the variance inflation factor (i.e., <5 deemed
as acceptable; Allison, 1999).

Statistical assumptions were examined and met, with the
exception of models involving three outcomes (HVLT-R
Delayed Recall, BSI-GSI, and BAI), which were observed
as violating the assumption of homoscedasticity (based on
Breusch-Pagan and Koenker tests; (Breusch & Pagan,
1979; Koenker, 1981) and robust standard errors were calcu-
lated for the models involving these select outcomes (Hayes
& Cai, 2007). Given that the HIEE considers only published
head impact telemetry data available in high school and
higher levels of competition athletics, analyses included
YoP from high school and later for equivalent comparison
to the HIEE. Sensitivity analyses involving all models were
performed with total YoP (i.e., including pre-high school) in
order to ensure consistency of results. Additional sensitivity
analyses included the number of prior self-reported concus-
sions in all models as a covariate in the first block entry of
the above models to control for effects of concussion history
on neurobehavioral outcomes. Concussion history was
binned into four categories including 0-1, 2-4, 5-7, 8+
(Table 1).

Aim 3. Analyses

Exploratory analyses were performed to examine the associ-
ation between the two exposure estimates and various dem-
ographic, psychosocial, and physical factors. Pearson
correlations examined the association between estimates of
exposure and continuous outcomes/demographic factors
(e.g., age). Independent #-tests examined group differences
in demographic variables, such as the presence of psychiatric
disorder (Yes vs. No) and the highest level of education
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Table 1. Demographic, sport, and medical history
M + SDIN (%)
Age 37.9+1.47
Race
White/Non-Hispanic 48 (82.8%)
Non-White 7 (12.1%)
Other 3(5.2%)
WTAR 111.8 (7.7)
NIH Picture Vocabulary 113.2 (10.3)
Education
Bachelor’s degree 34 (58.6%)
Graduate/Professional Degree 24 (41.4%)
Years of Football Participation 12.1+£3.2
Years of Football Participation from 8.1+1.6
High School and Beyond
NCAA Level of Play
Division I 42 (72.4%)
Division III 16 (27.6%)
Concussion History
Oto 1 23 (39.7%)
2to4 10 (17.2%)
5to7 12 (20.7%)
8+ 13 (22.4%)
Alcohol Use Disorders Identification Test* 6.2+49
Drug Abuse Screening Test” .02 £.86
Self-Reported Medical History
Anxiety 8 (13.8%)
Attention-deficit/hyperactivity disorder 3 (5.2%)
Chronic headache syndrome 2 (3.4%)
Chronic Obstructive Pulmonary Disease 0 (.0%)
Coronary artery disease/Myocardial Infarction 0 (.0%)
Depression 7 (12.1%)
Heart Attack/Myocardial Infarction 0 (.0%)
Hyperlipidemia 9 (15.5%)
Hypertension 8 (13.8%)
Inflammatory Bowel Disease 0 (.0%)
Learning Disability 1 (1.7%)
Migraine 3 (5.2%)
Osteoarthritis/Degenerative arthritis 7 (12.1%)
Rheumatoid arthritis 1 (1.7%)
Stroke 0 (.0%)

WTAR SS = Wechsler Test of Adult Reading Standard Score.
*Approximately 19% of the sample exceeded a cut-off score indicative of
harmful or hazardous drinking (>8).

ANo participants exceeded cut-off scores for commonly used to identify the
presence of substance use disorders (>11).

(BA/BS vs. graduate degree or greater) across estimates of
RHI exposure.

RESULTS

Demographic and Contact Sport History

Demographic information and medical history of the sample
(N =58) are provided in Table 1. The sample had a mean age


https://doi.org/10.1017/S1355617721000047

26

B.L. Brett et al.

Table 2. Univariate models of exposure estimates in predicting neurobehavioral outcomes

Measure Raw Score M + SD

Years of Sport
Participation

Head Impact
Exposure Est.

Standardized Score M + SD p D R? p D R?

Performance Based

HVLT-R Immediate Recall* 27.33+3.28 47.91+£7.86 -.107 425 011 -.183 .169 .034
HVLT-R Delayed Recall* 9.72£1.78 47.86+8.53 -.107 425 011 -304 .020 .092
F-A-S* 44.26+9.75 47.76 +£8.63 -.058 .668 .003 -.176 .187 .03l
SDMT# 56.62 £8.31 103.34 £ 13.84 -374 .004 .140 -.263 .046 .069
TMT-A* 22.10+£6.48 5271 £11.03 219 099  .048 .078  .559  .006
TMT-B* 47.45£13.99 54.88 +10.45 423 001 179 .011 936 .000
Self-Report
Neuro-QoL Cognition* 34.21+£5.45 51.64+7.94 -.029 831 .001 -333 .011 .111
BRIEF-A BRI* 42.86+9.97 49.02+10.11 .086 .519  .007 312 017 .097
BRIEF-A MI* 58.47£14.11 50.29 £11.00 110 412 012 253 055  .064
BSI-GST* 6.47 £8.82 49.26 +8.82 151 258 .023 311 018  .097
Beck Depression Inventory 7.29+7.26 N/A 028  .838  .001 193 146 .037
Beck Anxiety Inventory 6.24£7.77 N/A 192 149 .037 216 103 .047

M =Mean; SD = Standard deviation; § = standardized beta estimate; p = p-value; R = r-squared (coefficient of determination); *T-score; AStandard score;
HVLT-R = Hopkins Verbal Learning Test-Revised; F-A-S = Verbal Fluency, F-A-S; SDMT = Symbol Digit Modalities Test; TMT = Trail Making Test;
Neuro-QoL Cognition = Quality of Life in Neurological Disorders Cognitive Functioning Short-Form; BRIEF-A = Behavior Rating Inventory of
Executive Function — Adult; BRI = Behavioral Regulation Index; MI = Metacognition Index; BDI=Beck Depression Inventory; BAI=Beck Anxiety
Inventory; BSI-GSI = Brief Symptom Inventory-18 Global Severity Index; N/A = Not applicable. Bold indicates associations that were statistically significant

at the .05 level.

of 37.9 (SD=1.5) and predominantly identified as White
(82.8%). Athletes reported participating in 12.1 (SD =3.2;
range = 6-19 years) years of football throughout their life-
time, on average, and retired from sport for approximately
15.39 years (SD =1.7). YoP from high school and through
higher levels of play was a mean of 8.1 years (SD = 1.6;
range =4-12 years). Of the sample, approximately 15.5%
briefly played football professionally (five participants
played professionally for 1 year and four played professio-
nally for 2 years).

Aim 1. YoP and the HIEE

YoP significantly predicted estimated head impact exposure
from the HIEE (8= .12, p = .005, R? = .13). Results from the
GLM showed that YoP accounted for only approximately
13% of the variance of head impact exposure estimation from
the HIEE. This suggests that 87% of the variation in head
impact estimation from the detailed metric is accounted for
by factors other than the number of years in which an athlete
participates in football. Neither exposure metric was signifi-
cantly associated with concussion history (HIEE p=.19,
p=.16; YoP p=-.23, p=.16).

Aim 2. YoP, HIEE, and Neurobehavioral
Functioning

A measure of processing speed and a measure of timed exec-
utive functioning were significantly associated with YoP
(Table 2). Specifically, greater YoP was significantly predic-
tive of worse performance on the SDMT, = —.37, p =.004,
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R?>= .14, and TMT-B, = .42, p = .001, R> = .18 (Figure 1).
The HIEE was significantly predictive of worse performance
of delayed memory recall on a measure of verbal episodic
memory (HVLT-R; g=-.30, p=.020, R*=.09) and
processing speed (SDMT; p=-.26, p=.046, R?=.07).
Greater self-reported difficulties with general cognition
(Neuro-QoL  Cognitive Function; f=-.33, p=.011,
R>=.11), general psychological distress (BSI-GSI;
p=.311,p=.018, R?=.10), and a select aspect of executive
functioning (i.e., behavioral regulation; BREIF-A BRI;
p=31,p=.017, R? =.10) were also significantly associated
with the HIEE (Figure 2).

When YoP and the HIEE were both included within mod-
els, YoP maintained significant associations with SDMT and
TMT-B, (ps < .05; Table 3). The HIEE only contributed an
additional 2% of the variance (R?>=.02) for both the
SDMT and TMT-B performance, which was not a sta-
tistically ~significant increase in variance explained,
ps >.05. Similarly, the associations between the HIEE and
the aforementioned outcomes (HVLT-R Delayed Recall,
Neuro-QoL. Cognitive Functioning, BSI-GSI, and BREIF-
A BRI) remained statistically significant when YoP was
entered secondarily into models, ps <.05. YoP did not signifi-
cantly increase the amount of variance explained in scores on
the HVLT-R Delayed Recall, Neuro-QoL Cognitive
Functioning, BSI-GSI, or the BRIEF-A BRI (R? increases
<.01; ps >.05). Conversely, when YoP and the HIEE were
simultaneously included within the model, the HIEE was
no longer significantly associated with SDMT performance
(p=-.15, p=.27). The difference in the zero-order
(—.263) and part correlation (—.137) of the HIEE with
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Fig. 1. Scatterplot of two cognitive measures, Symbol Digit Modalities Test (SDMT) and Trail Making Test-B (TMT-B), that were signifi-
cantly associated with years of sport participation (YoP). Associations of these measures with the Head Impact Exposure Estimate (HIEE) are
shown in the bottom quadrants for comparative purposes. The Y-axis represents raw score performance on measures and X-axis denotes cumu-
lative YoP (from high school and beyond) or the HIEE. Higher performance on the TMT-B indicates worse performance, whereas higher
performances on the SDMT represents better performance. Of note, the HIEE was no longer significantly associated with SDMT performance

once YoP was included within the model.

SDMT performance within the model including both expo-
sure metrics suggests that the amount of variance in SDMT
scores explained by the HIEE reduced from 7% to less than
2% when the effect YoP was also considered.

Sensitivity analyses assessing whether the inclusion of
concussion history as part of the above models influenced sta-
tistically significant associations revealed that all associations
between YoP (SDMT and TMT-B) and the HIEE (HVLT-R
Delayed Recall, BSI-GSI, Neuro-QoL Cognitive Function,
and BRIEF-A BRI) remained broadly unchanged when
concussion history was added to the univariate models.
Additionally, sensitivity analyses were performed in order
to ensure the above associations remained generally compa-
rable when considering YoP as total years of football played
versus YoP from high-school and later. The sole difference
was observed for TMT-B, in which the effect of YoP on per-
formance was weakened when total YoP (rather than YoP
from high school) were included in the univariate model
(p=.42, p=.001 to p=.23, p=.080), the model including
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the HIEE (f= .48, p=.001 to f=.27, p=.062), and the
model with both the HIEE and concussion history (f=.53,
p <.001 to f=.32, p=.035).

Aim 3. Potential Confounding Factors and
Exposure Metrics

A number of demographic, health, and physical indices were
associated with both YoP and the HIEE, including premorbid
intellectual functioning, multiple metrics of pain, and role
limitations due to physical difficulties (Table 4). The largest
difference observed between the two exposure estimates was
for age (YoP, r=.26, p=.005; HIEE, r=.07, p=.612), in
which YoP was more strongly associated with older age.
The greatest discrepancy observed for the HIEE involved
social functioning, in which lower social functioning was
positively associated with the HIEE, but not YoP (HIEE,
r=-.26, p=.045; YoP, r=—-.14, p = .308).
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Fig. 2. Scatterplots of measures significantly associated with the Head Impact Exposure Estimate (HIEE). The Y-axis represents standardized
t-scores (mean = 50 and standard deviation, SD = 10) and X-axis denotes the HIEE. HVLT-R Delay = Hopkins Verbal Learning Test-Revised
Delayed Recall; QoL SF = Quality of Life in Neurological Disorders (Neuro-QoL) Cognitive Functioning Short-Form; BSI-GSI = Brief
Symptom Inventory-18 Global Severity Index; BRIEF-A = Behavior Rating Inventory of Executive Function — Adult; BRI = Behavioral
Regulation Index; higher ratings on the BRIEF-A and BSI-GSI indicate greater dysfunction, whereas higher ratings on the Neuro-QoL
Cognitive Functioning indicate higher (better) self-reported cognitive functioning; higher performance on the HVLT-R Delayed Recall indi-

cates better performance.

DISCUSSION

In this study of former collegiate football players 15 years
removed from sport, YoP was only mildly associated with
the HIEE, a comprehensive estimate of an athlete’s cumula-
tive volume of head impacts sustained over a career, account-
ing for only 13% of the variance. Though there was some
degree of overlap, each exposure metric was associated with
disparate sets of neurobehavioral functioning outcomes.
Thus, the mode of exposure estimation used for a given study
should be strongly considered when attempting to quantify
the risk of adverse long-term neurobehavioral outcomes as
the result of RHI from collision sports participation.
Ideally, a more comprehensive estimate of head impact expo-
sure, such as the HIEE, should be used when attempting to
investigate the association between cumulative head impact
exposure and long-term neurobehavioral outcomes; however,
in the absence of opportunity to collect such information,
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YoP can be utilized as an estimate of head impact exposure
given its modest relationship with the HIEE, as well as some
degree of overlap with neurobehavioral outcomes.

Aiml. YoP, HIEE, and Estimating Exposure

There was a small association between YoP and the HIEE.
This finding has implications for research investigating the
association between exposure to RHI and neurologic health
later in life when using YoP, in that it indicates that some
degree of error in estimation (i.e., either over- or under-
estimation) is occurring while attempting to capture the expo-
sure of interest. Error in estimation contains the potential to
produce biased estimates of risk, resulting in inaccurate con-
clusions regarding risk and outcome relationships, and
possibly giving rise to faulty public policy initiatives
(Edwards & Keil, 2017). It is assumed that the HIEE is most
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Table 3. Multivariable model involving both estimates of exposure simultaneously

Years of Football Participation Head Impact Exposure Est.

Zero-order Partial Part Zero-order Partial Part
Measure p Correl. Correl. Correl. p p Correl. Correl. Correl. p R
HVLT-R IR —.047 —-.107 —.044 —.044 743 —-.166 —.183 —-.156 -.155 247 .035
HVLT DR .004 —-.107 .003 .003 980 —.305 —.304 —.286 —-.285 .031 .092
F-A-S .007 —.058 .006 .006 962 —.178 —.176 —.166 -.166 216 .031
SDMT -.321 -.374 -.310 -.299 019 —.147 —.263 —.148 -137 273 159
TMT-A 219 219 205 204 126 —.001 .078 —.001 —.001 .996 .048
TMT-B 482 423 450 450 <.001 —.163 .011 —.168 -.152 211 .202
Neuro-QoL .085 -.029 .086 .081 .530 —.006 -.333 —.342 -.342 .010 .118
Cognition
BRIEF-A BRI —-.030 .086 —-.030 —.028 827 323 312 302 301 .022 .098
BRIEF-A MI 021 .110 .020 .020 .880 .246 253 231 229 .084 .065
BSI-GSI .045 151 .044 .042 746 295 311 278 275 .036 .098
BDI .049 .028 —.046 —.045 133 211 193 197 197 142 .039
BAI 131 192 125 122 335 169 216 161 158 232 .062

P = standardized beta estimated; partial correlation = correlation between exposure metric and outcome when controlling for the influence of the other exposure
metric on both the first exposure metric and the neurobehavioral outcome; part correlation = correlation between exposure metric and outcome when controlling
for the influence of the other exposure metric on only the first exposure metric and not the neurobehavioral outcome; Correl = Correlation; p = p-value;
R = r-squared (coefficient of determination); HVLT-R =Hopkins Verbal Learning Test-Revised; IR =Immediate Recall; DR =Delayed Recall;
F-A-S = Verbal Fluency, F-A-S; SDMT = Symbol Digit Modalities Test; TMT =Trail Making Test; Neuro-QoL Cognition = Quality of Life in
Neurological Disorders Cognitive Functioning Short-Form; BRIEF-A = Behavior Rating Inventory of Executive Function — Adult; BRI = Behavioral
Regulation Index; MI = Metacognition Index; BDI = Beck Depression Inventory; BAI = Beck Anxiety Inventory; BSI-GSI = Brief Symptom Inventory-18

Global Severity Index. Bold indicates associations that were statistically significant at the .05 level.

optimal and more accurate in estimating RHI exposure due to
the greater level of detail incorporated into the final exposure
estimate. However, it cannot be ruled out that the reason for
the small association between YoP and the HIEE, and dis-
crepant associations with outcome measures, could be due
to error involved in the recall of specific practices or games
participated in at least 15 years prior as part of the HIEE.
While the initial development study of the HIEE reported that
player reports and public records of online professional
games differed by a maximum discrepancy of 1 game, there
is potential for greater error in the recall of games or details
around specific practice involvement at younger ages.

The modest association between YoP and the HIEE, a
more comprehensive estimate of head impact exposure, is
particularly important, as several studies have reported on
significant associations between years of football/contact
sport participation with the presence of neuropathology
(Mez et al., 2019; Mez et al., 2017), lower cognitive perfor-
mance (i.e., reaction time/visual memory; Schultz et al.,
2018; Singh et al., 2014), brain morphometry (i.e., thalamic
volumes; Brett et al., 2020), and depression (Roberts et al.,
2019). These adverse outcomes associated with YoP are
attributed to RHI. Current results showing potential error
when using YoP as an estimate of RHI suggest that other fac-
tors may also be influencing these associations.

Aim 2. YoP, HIEE, and Neurobehavioral
Functioning

Prior studies have reported similar associations between con-
tact sport exposure and poorer memory (verbal and visual)
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performance in older adults (Alosco et al., 2017; Lepage
et al., 2018). Most studies to date have been limited by the
use of group comparisons (i.e., former football players com-
pared to controls) to investigate the association between RHI
exposure and adverse neurobehavioral outcomes later in life,
making it difficult to decompose the differential effects of
head impact exposure, cumulative concussions, and other
factors (Alosco et al., 2017; Alosco et al., 2020; Goswami
et al,, 2016; Lepage et al., 2018; Schultz et al., 2018;
Singh et al., 2014; Terpstra et al., 2019). Results from this
study revealed that performance on metrics of processing
speed (SDMT) and delayed verbal memory recall (HVLT-R)
were associated with the HIEE, a comprehensive estimate of
head impact exposure that captures multiple dimensions of
exposure history within a single metric. When YoP was taken
into account, the association between the HIEE and SDMT
was no longer significant and the amount of variance in
SDMT performance explained by the HIEE was reduced
from 7% to less than 2%. These findings further reinforce
the notion that while these two exposure estimates are meas-
uring aspects of the same construct (i.e., RHI), they each are
also capturing different factors that may also influence neuro-
behavioral functioning.

Regarding psychological functioning, the current study
observed a significant association between the HIEE with
general psychological distress (BSI-GSI), but not with mea-
sures intended to specifically assess depression (BDI-II) and
anxiety (BAI). A fundamental difference between these mea-
sures is that one-third of the items on the measure of general
distress are dedicated to capturing somatic symptoms of dis-
tress. Results from the exploratory analyses of the current
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Table 4. Exploratory associations between exposure estimates and various demographic, health, and psychosocial factors

Years of Sport Participation

Head Impact Exposure Est.

Pearson r/t-value p-value Pearson r/t-value p-value
Age .26 .005 .07 612
Education (BA/BS or above) 1.30 .198 1.67 .100
Race (White/non-White) —.86 .393 -.18 .119
WTAR -39 003 -.28 033
Collegiate Division (I or III) 1.10 277 a7 446
Psychiatric History (y/n) -1.34 185 -.07 .946
VR-36 Physical Function* —.18 178 -.197 .149
VR-36 Role Limitation* -.34 .008 -29 026
VR-36 Energy/Fatigue* -.13 .336 —.14 .307
VR-36 General Health* .03 .814 -.03 .807
VR-36 Social Function* —.14 .308 -.26 045
VR-36 Pain* -31 018 -33 012
BPI Pain Severity 30 024 24 .066
BPI Pain Interference 30 020 26 047
Life Events Scale 24 .076 .06 .658

WTAR = Wechsler Test of Adult Reading Standard Score; VR-36 = Veteran’s Rand-36 Item Health Survey; BPI = Brief Pain Inventory. Bold indicates asso-

ciations that were statistically significant at the .05 level.
*Higher scores indicate better functioning the respective area.

study showed that the HIEE was significantly associated with
a number of measures reflecting pain and physical difficul-
ties, reinforcing the notion that the HIEE may have been sig-
nificantly associated with only the measure of general distress
because of the strong emphasis on physical symptoms.
Interestingly, YoP was also significantly associated with sim-
ilar measures reflecting pain and physical difficulties in the
exploratory analyses, but not related to the measure of general
psychological distress (BSI-GSI) in the primary analyses.
Similar to investigations of cognitive functioning
described above, many prior studies examining the unique
contributions of RHI exposure to greater psychological
symptoms in former athletes are limited and have not
investigated RHI exposure independent from concussion his-
tory. Previous studies utilizing group comparisons (football
vs. control group) have also reported on higher self-reported
levels of psychological distress (e.g., depression or apathy)
among former football players later in life as compared to
controls, but they have not explicitly controlled for the effects
of concussion (Alosco et al.,, 2017; Alosco et al., 2020;
Lepage et al., 2018; Multani et al., 2016; Strain et al.,
2013). Controlling for the effects of prior concussions is
vital, as the association between cumulative concussion his-
tory and psychiatric outcomes has been well documented in
the literature (Brett, Huber, Wild, Nelson, & McCrea, 2019;
Brett, Mummareddy, Kuhn, Yengo-Kahn, & Zuckerman,
2019; Didehbani, Cullum, Mansinghani, Conover, &
Hart, 2013; Guskiewicz et al., 2007). Using a different compre-
hensive estimate of head impact exposure (Cumulative Head
Impact Index), one prior study controlled for concussion his-
tory using instrumental variable modeling and reported a sig-
nificant association between greater head impact exposure
with depression symptoms, apathy scores, and self-reported
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executive function difficulties on the same measure as the cur-
rent study (i.e., BRIEF-A; Montenigro et al., 2017).

Based on the previous findings demonstrating a positive
relationship between psychological distress and subjective
cognitive difficulties, the concurrently observed association
between the HIEE with both general psychological distress
and self-reported global and executive function difficulties
is unsurprising (Crumley, Stetler, & Horhota, 2014; Smith,
Petersen, Ivnik, Malec, & Tangalos, 1996). Self-reported
cognitive and psychological difficulties have been independ-
ently recorded as risk factors for the longitudinal decline in
objectively assessed cognitive functioning among individuals
at mid-life (Mitchell, Beaumont, Ferguson, Yadegarfar, &
Stubbs, 2014; Wilson et al., 2003). This is particularly impor-
tant as it relates to the current sample (mean age of 37.9), who
represent an important population with opportunity for pro-
phylactic intervention (e.g., mental health treatment,
increased mental activity, improved health-promoting behav-
iors, etc.) to mitigate potential long-term adverse outcomes
(Roberts et al., 2020; Yao et al., 2020). Longitudinal
follow-up is required to further investigate this possibility.

Aim 3. YoP, HIEE, and Exploratory Factors

Within the current study, YoP explained only a select propor-
tion of variance (13%) in the HIEE; therefore, 87% of the
variation in head impact estimation was accounted for by
other factors. Given this, the observed associations between
YoP and performance on objectively measured tests of
processing speed and executive functioning suggest that
other factors related to YoP, and not cumulative head impact
exposure, may be related to cognitive test performance.
Within the current study, exploratory analyses failed to
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identify potential factors (i.e., pain, sleep disturbance) that
may be uniquely associated with YoP and not the HIEE,
however.

Further studies are required to better understand the addi-
tional factors underlying the associations among YoP and
these adverse outcomes beyond RHI. For example, prior
commentaries have suggested that developmental or other
intrinsic factors prior to sport enrollment may account for
the unmeasured effects related to greater contact sport partici-
pation. Scheier (2019) hypothesized a potential phenomenon
in which children exhibiting greater externalizing behaviors
may be more likely to be enrolled in physical contact sports
earlier in development as a means to help provide an outlet for
these behaviors (Gerstorf, Siedlecki, Tucker-Drob, &
Salthouse, 2008). This could potentially account for execu-
tive functioning differences within the current study, as
one possibility (Palermo et al., 2006). Social and cultural fac-
tors may also influence sport enrollment and choice, as one
study reported that those who are culturally disadvantaged
(e.g., Socioeconomic status, academic resources, etc.) exhib-
ited greater interest and rely more strongly on basketball and
football in order to obtain social capital (e.g., development of
effective functional social relationships, interactions, and
interpersonal sense of identity; Eitle & FEitle, 2002).

LIMITATIONS

Though the HIEE is an extremely thorough estimate of head
impact exposure that involves a guided structured interview
to ensure the utmost accuracy in the recall of all aspects of
football play, this instrument is still reliant on retrospective
recall. As such, there is a possibility of bias due to faulty
recall. Further validation of this comprehensive metric is also
required, including measurement of how the recall of seasons
long activities may align with recorded data from prospec-
tively collected HITs data. Relatedly, the HIEE does not con-
sider pre-high-school football participation as part of the
HIEE due to the fact that robust head telemetry data for youth
football had not yet been published at the time of the instru-
ment’s development. Given that the objective of this study
was to examine the association between YoP and the
HIEE, as well as their associations with neurobehavioral out-
comes, YoP from high school and after was a more appropri-
ate measure for this aim. Sensitivity analyses using total years
of football participation revealed that the observed findings
were relatively robust.

The current study included predominantly White-identifying
former players with estimated intellectual abilities in the
high average range and the generalizability of the current find-
ings beyond this sample requires further investigation.
Relatedly, the current sample was comprised of football play-
ers who participated in sport at least at the collegiate level and
the findings cannot be generalized to those who only play at
lower levels or other sports. This is noteworthy given that fre-
quency and magnitude of head impacts can vary depending
on the level of play (Crisco et al., 2011; Daniel, Rowson, &
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Duma, 2012; Mihalik et al., 2007; Sandmo et al., 2020).
At this time, comprehensive metrics of head impact exposure
solely exist for football only and further efforts should be
made toward the development of comprehensive metrics
for other contact sports (Karton et al., 2020; Kerr et al.,
2015; Montenigro et al., 2017). Finally, the association
between estimates of head impact exposure and visual
memory or attention could not be determined, as the neuro-
psychological battery in the current study did not include tests
representative of these cognitive domains.

CONCLUSION

YoP was marginally associated with a more comprehensive
estimate of cumulative head impact exposure over a career,
and each estimate of exposure was related to disparate neuro-
behavioral outcomes in former football players. Associations
between both exposure estimates and neurobehavioral out-
comes yielded small effect sizes and RHI must be considered
alongside other intrinsic, social, behavioral, and environmen-
tal factors when examining neurobehavioral functioning in
former collision-sport athletes. Studies attempting to investi-
gate the long-term effects of RHI should make efforts to better
estimate exposure to head impacts beyond years of primary
sport participation in order to more accurately assess the asso-
ciation between exposure and long-term neurological health
outcomes among former athletes.
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