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Abstract

Background: To determine the effect of contact/collision sport participation on measures of single-task (ST) and dual-task (DT) gait among
early- to middle-aged adults.

Methods: The study recruited 113 adults (34.88 £ 11.80 years, (mean = SD); 53.0% female) representing 4 groups. Groups included (a) former
non-contact/collision athletes and non-athletes who are not physically active (n=28); (b) former non-contact/collision athletes who are physi-
cally active (n=29); (c) former contact/collision sport athletes who participated in high-risk sports and are physically active (z =29); and (d) for-
mer rugby players with prolonged repetitive head impact exposure history who are physically active (n=27). Gait parameters were collected
using inertial measurement units during ST and DT gait. DT cost was calculated for all gait parameters (double support, gait speed, and stride
length). Groups were compared first using one-way analysis of covariance. Then a multiple regression was performed for participants in the high-
risk sport athletes and repetitive head impact exposure athletes groups only to predict gait outcomes from contact/collision sport career duration.
Results: There were no significant differences between groups on any ST, DT, or DT cost outcomes (p > 0.05). Contact/collision sport duration
did not predict any ST, DT, or DT cost gait outcomes.

Conclusion: Years and history of contact/collision sport participation does not appear to negatively affect or predict neurobehavioral function in
early- to mid-adulthood among physically active individuals.
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1. Introduction the existing studies are limited in generalizability and overall
effect sizes of significant findings.” Moreover, controversy
remains as to whether RHI exposure leads to a higher risk of
neurodegenerative diseases later in life.* © Since retrospective
RHI exposure information is not available for many patients
seeking evaluation, the National Institutes of Health/National
Institute of Neurological Disorders and Stroke (NINDS) trau-
matic encephalopathy syndrome consensus statement endorsed
the use of contact/collision sport career duration as a proxy
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Repetitive head impacts (RHI) are a form of neurotrauma
that occur through normal participation in contact/collision
sports (i.e., American football, football/soccer, ice hockey,
boxing, rugby, lacrosse, and wrestling).""” It is theorized that
RHI accumulated over years of contact/collision sports partici-
pation may have adverse effects on both short- and long-term
neurobehavioral functioning and health outcomes, yet many of
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sport athletes to the exclusion of females and other sport/cohort
groups.”’

Rugby is the most popular collision sport worldwide and
the only collision sport where the laws are the same for
both males and females,™’ thus indicating similar RHI
exposure.'’ While most contact/collision sport athletes typi-
cally stop their careers after high school or college, many
Americans only begin playing rugby at this time. There-
fore, they continue to experience RHI through adulthood
and often exceed the traumatic encephalopathy syndrome
threshold for exposure.”'""'? Growing evidence links rugby
participation and long-term physical and mental health dys-
function; however, sports participation during adulthood is
associated with increased physical activity, a known posi-
tive modifier of long-term health outcomes.'” '® Thus, the
negative effects of RHI and the positive effects of physical
activity on mid- and later-life neurobehavioral health (e.g.,
gait) remain to be elucidated.'”'"'®

Previous research on the long-term effects of RHI exposure
has relied on self-report or on simplistic clinical measures with
little to no inquiry into more objective and sensitive measures
of neurobehavioral health in aging/post-collegiate pop-
ulations.™” ** Gait has been referred to as the 6th vital sign
since it is an objective measure of neurological health, reflects
quality of life, and is sensitive to age- and neurological
impairment-related changes, with decreased performance (i.e.,
conservative gait strategies) in older and neurologically com-
promised populations.”” *° The addition of a cognitive chal-
lenge during gait, termed dual-task (DT) gait, has been utilized
to identify differences between neurologically impaired popu-
lations and healthy controls.”® Further, DT gait can be used to
identify post-concussion and persistent subclinical deficits in
executive function as well as neurophysiological impairments
by calculating the DT cost (i.e., the change from single task
(ST) to DT).”® Yet, because most investigations into gait
abnormalities due to RHI exposure/neurotrauma have been
limited to younger (e.g., college or high school) male collision
sport athletes or male and female contact/collision sport ath-
letes and have failed to account for potential confounders
(e.g., body mass index (BMI), age, concussion history,
and sex), the long-term effects of RHI on gait remain
inconclusive.'’~%*

Contact/collision sport-related RHI have been associated
with poorer long-term health outcomes,”'” but increased
physical activity is known to improve many health
outcomes.' >’ Thus, the purpose of this study was to deter-
mine the relationship between contact/collision sport career
duration on ST and DT gait in physically active early- to
middle-aged adults. We hypothesized that individuals with
a history of RHI exposure would have a conservative gait
strategy, evidenced by slower gait speed, a longer percen-
tage of time in double support, and shorter stride length
compared to individuals without RHI exposure. Secondly,
we hypothesized that longer career duration would be asso-
ciated with a conservative gait strategy (i.e., decreased gait
speed and stride length, and increased double support) and
worse DT cost in collision sport athletes.
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2. Methods
2.1. Participants

Power analyses have been historically underutilized in neu-
rotrauma and gait research.”® As such, a power analysis
(G*Power 3.1; https://link.springer.com/content/pdf/10.3758/
BF03193146.pdf) was conducted based on the ST gait speed
of 13 total subjects across the 4 groups. (The ability of ST gait
to discriminate healthy from neurologically impaired individu-
als has been shown in previous research.””~’’) Results indi-
cated that 22 participants were needed per group to achieve
80% power for a medium effect size (Cohen’s f=0.25);"'
overall, 113 adults were enrolled (Table 1) (Fig. 1). Groups
differed significantly in terms of BMI and concussion history,
and thus these variables were accounted for in adjusted mod-
els. The inclusion and exclusion criteria for the 4 groups (non-
athletes (NON), non-contact/collision athletes (NCA), high-
risk sport athletes (HRS), and rugby/prolonged RHI exposure
athletes (RUG)) are described below (Table 2). Consistent
with previous studies, contact/collision sports included those
with potential and/or routine RHI exposure (i.e., American
football, soccer, ice hockey, boxing, rugby, lacrosse, and
wrestling).>'' Briefly, participants were recruited from 4
groups: (a) NON: individuals with no previous contact/colli-
sion sport experience who are not currently physically active
(n=28); (b) NCA: non-contact/collision sport athletes/individ-
uals with no previous contact/collision sport experience who
are physically active (n=29); (c) HRS: former contact/colli-
sion sport athletes who are physically active (n=29); and (d)
RUG: current/former rugby players with a history of playing
rugby after age 22 who are physically active (n=27). Of note,
none of the RUG group participants had actively participated
in contact rugby in the 6 months prior to the study due to coro-
navirus disease 2019 (COVID-19) related shutdowns (years
since last participating in contact/collision rugby: 8.5 £ 9.8
years; range: 0.5—36 years). Participants were recruited via
word of mouth, social media, and flyers posted at various
sports venues, and they were compensated for their participa-
tion in the form of an Amazon.com gift card. All participants
provided oral and written informed consent in accordance with
the University of Delaware’s Institutional Review Board.

2.2. Procedures

Participants completed online questionnaires to ascertain
relevant demographic information, physical activity status
(yes/no meeting American College of Sports Medicine guide-
lines of 150 min/week of moderate or 60 min/week of vigorous
physical activity’”), sport history, and career duration of con-
tact/collision sports via Qualtrics (Qualtrics, Provo, UT,
USA). Consistent with traumatic encephalopathy syndrome
guidelines, career duration was calculated for each participant
as the sum of each year played in each contact/collision sport
(e.g., 2 years of ice hockey and 2 years of American
football =4 years career duration).’

Participants completed 5 ST walking trials and 5 DT walk-
ing trials with a cognitive task (i.e., spelling 5-letter words
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Table 2

Inclusion and exclusion criteria by group.
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Group ID Description Inclusion criteria Exclusion criteria
NON Former non-contact athletes or non-athletes Never played organized contact/collision Self-report:
who are not physically active (no RHI sports Current pregnancy
exposure) Do not self-report currently meeting the Any acute or chronic impairment that would
ACSM physical activity guidelines (150 min interfere with normal gait and balance (e.g.,
of moderate or 60 min of vigorous physical vestibular disorders)
activity per week)™” Lower-extremity musculoskeletal injury at
NCA Former non-contact athletes who are physi- Never played organized contact/collision the time of testing
cally active (no RHI exposure) sports Concussion within 6 months of the test date
Self-report meeting ACSM physical activity Any pre-existing neurological, balance,
guidelines hearing, vestibular, or ocular disorders
HRS Former contact/collision sport athletes who History of organized contact/collision sport History of stroke or neurodegenerative
participated in sports with a high risk for participation but ceased by age 22 disease
RHI (i.e., boxing, football, ice hockey, Self-report meeting ACSM physical activity Unstable cardiac or pulmonary disease
lacrosse, soccer, wrestling) who are physi- guidelines
cally active (previous RHI exposure)
RUG Current and former rugby players with a his- Older than 22 years of age with a history of

tory of playing rugby after the age of 22 (i.e.,
RHI exposure into adulthood after the age at
which most collision sport participation

playing at least 1 year of full contact (i.e.,
tackle) rugby after the age of 22
Self-report meeting ACSM physical activity

ceases) (prolonged RHI exposure) guidelines

Abbreviations: ACSM = American College of Sports Medicine; HRS = high-risk sport athletes; NCA = non-contact athletes; NON = non-athletes; RHI = repetitive

head impacts; RUG = rugby/prolonged RHI exposure athletes.

were met. All analyses were run using SPSS Version 26
(SPSS, IBM, Armonk, NY, USA).

3. Results
3.1. Instrumented gait parameters by group

Means, standard errors, range, and 95% confidence inter-
vals (95%Cls) for each gait variable of interest (i.e., gait speed,
stride length, double support) are presented in Table 3 along
with their associated DT cost outcomes. There were no signifi-
cant differences between groups in adjusted models for all gait
outcomes and DT costs for each variable (p > 0.05) (Table 3).
Of note, none of the groups differed by the clinically meaning-
ful change for ST gait speed (0.09 m/s) in adjusted models, fur-
ther indicating no clinical significance.’”

3.2. Career duration and gait parameters

Only the adjusted model for ST double support was signifi-
cant (p =0.009); however, career duration did not add signifi-
cantly to this model (p =0.058) (Table 4). None of the other
models significantly predicted any of the gait outcomes in con-
tact/collision sport athletes (i.e., HRS and RUG groups) (p >
0.05) (Table 4).

4. Discussion

RHI exposure may put individuals at risk for subtle acute
and chronic neurophysiological deficits;™'*** however, prior
studies have focused primarily on current collegiate or former
professional American football ~players.”'**%"%  We
addressed this limitation by including male and female athletes
from a variety of sports, with a special emphasis on rugby—a
sport representative of prolonged RHI exposure into adulthood

across the sexes. Contrary to our hypothesis, the primary find-
ing of this study was that participation in contact/collision
sports, including prolonged rugby participation into early
adulthood and middle age, was not associated with impaired
postural control. Further, career duration of contact/collision
sport was unrelated to postural control outcomes in physically
active contact/collision sport athletes. Collectively, these find-
ings suggest that previous and/or prolonged RHI exposure
may not negatively impact gait in early- to mid-adulthood in
individuals who report being physically active.

Gait was not impaired in early- to mid-adulthood in self-
reported physically active individuals with a history of sports-
related RHI exposure compared to both physically active and
inactive individuals without a history of RHI. This is consis-
tent with a 2021 review of current adolescent and collegiate
athletes that identified limited effects of acute RHI on gait
across a variety of measures.'” Similarly, recent investigations
of middle-aged former American football players and Ameri-
can amateur rugby players (male and female) reported that
career duration was unrelated to later-life or mid-life health
conditions and dysfunction.''*”*! Taken together, data among
physically active early- to mid-adult collision sport athletes
(i.e., aged 22—50 years) suggest that RHI exposure does not
adversely affect objective measures of neurobehavioral
health;3 however, the later-life effects (i.e., older adults aged
>65 years) and the effects in physically inactive individuals
with histories of prolonged RHI exposure (e.g., former adult
rugby players who are inactive) remain unknown.

The lack of differences between the collision sport athletes
and the non-contact/collision sport athletes herein may be the
result of the neuroprotective effects of exercising outweighing
the potential negative consequences of RHI exposure on pos-
tural control.*” ** Rugby is a multi-activity sport consisting of
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Table 3
Adjusted single- and dual-task gait outcomes by groups.
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Measure Group 1 (NON) Group 2 (NCA) Group 3 (HRS) Group 4 (RUG) F p npz

ST gait speed (m/s) 1.07 £ 0.03 1.12 £ 0.03 1.11 £0.03 1.04 £0.03 1.979 0.122 0.054
(95%CI: 1.01-1.12) (95%CI: 1.07-1.17) (95%CI: 1.06-1.16) (95%CTI: 0.99-1.10)

DT gait speed (m/s) 0.87 4+ 0.03 0.94 £+ 0.03 0.96 £ 0.03 0.88 £+ 0.03 1.779 0.156 0.049
(95%CI: 0.81-0.94) (95%CI: 0.88-1.00) (95%CI: 0.90-1.02) (95%CI: 0.81-0.95)

DT cost gait speed (%) -16.75 £ 2.16 -15.14 £ 2.05 -12.26 +2.05 -14.34+£2.20 0.753 0.523 0.021
(95%CI: -21.03 to —-12.46) (95%CI: -19.21 to -11.07) (95%CI: -16.33 to -8.19) (95%CI: —18.71 to -9.98)

ST stride length (m) 1.15£0.02 1.16 £0.02 1.15 £ 0.02 1.10 £ 0.02 1.912 0.132 0.052
(95%CI: 1.11-1.18) (95%CI: 1.13-1.20) (95%CI: 1.11-1.18) (95%CI: 1.07-1.14)

DT stride length (m) 1.05 £0.02 1.07 £ 0.02 1.06 £ 0.02 1.02 £ 0.02 1.071 0.365 0.030
(95%CI: 1.01-1.10) (95%CI: 1.03-1.11) (95%CI: 1.02-1.10) (95%CT: 0.97-1.06)

DT cost stride length (%)  -7.85 £ 1.20 -8.49+1.14 =747+ 1.14 -8.00 +1.22 0.139 0.936 0.004
(95%CI: -10.24 to -5.47)  (95%CI: -10.76 to —6.22)  (95%CI: -9.74 to -5.20)  (95%CI: —10.43 to -5.57)

ST double support (%) 21.25+0.53 20.71 £ 0.50 20.55 +0.50 21.81 +£0.54 1.163 0.327 0.032
(95%CT: 20.19-22.30) (95%CI: 19.71-21.71) (95%CI: 19.55-21.55) (95%CI: 20.74-22.88)

DT double support (%) 2422 £ 0.61 23.65 +0.58 22.42 +0.58 2438 +0.62 2.250 0.087 0.061
(95%CT: 23.00-25.43) (95%CI: 22.50-24.80) (95%ClI: 21.27-23.57) (95%ClI: 23.15-25.61)

DT cost double support (%) 14.85 £+ 2.18 1523 £2.07 11.85+2.07 1270 £2.22 0.576 0.633 0.016

(95%CI: 10.52-19.18) (95%CI: 11.12-19.34)

(95%CI: 7.74-17.10) (95%CI: 8.29-17.10)

Notes: Data reported as adjusted mean + SE. Models are adjusted for concussion history, age, sex, and BMI. For DT cost outcomes, a negative value indicates
slower gait speed, less time in double support, and shorter strides in DT conditions. There were significant differences between groups in adjusted models.
Abbreviations: 95%CI=95% confidence interval; BMI=body mass index; DT =dual task; HRS=high-risk sport athletes; NCA =non-contact athletes;
NON =non-athletes; RHI =repetitive head impacts; RUG = rugby/prolonged RHI exposure athletes; ST = single task.

repeated high-intensity sprint efforts separated by variable rest
durations, jogging, and dynamic exertion (e.g., scrum, ruck, or
tackle); moreover, the average rugby player covers between
4200—6500 m per 80-min match and spends 42% of the match
above 85% of their maximum heart rate.”> As such, physical
activity from contact/collision sport participation provides
players with improved cardiovascular and physical health in
later life, reducing risk of chronic disease and increasing life-
span compared to the general population, which may be a
result of the cumulative effects of increased levels of lifetime
physical activity.'>** " This may partially explain our lack
of group differences. Since the HRS and RUG groups were
physically active, the chronic benefits of exercise may out-
weigh the negative consequences, if any, of RHI. Of note,
these participants were generally young (~35 years old; 87%
were under 50 years old) compared to other cohorts of middle-
aged adults, meaning it is possible that the negative conse-
quences of RHI may not have manifested yet among the HRS

and RUG groups. Indeed, self-reported head trauma is related
to worse DT gait in middle-aged former professional American
football players, independent of career duration, age, and
BML.* Furthermore, physical inactivity, which usually indi-
cates low levels of cardiorespiratory fitness, is a risk factor for
many diseases.” "' Indeed, among former professional
American football players, declines in physical activity were
related to increased neuropsychiatric dysfunction,’” which has
been linked to worse gait performance.’” However, many of
these chronic conditions result from chronic physical inactivity
and poor lifestyle choices, which, again, may not yet have
manifested negative consequences in our young cohort. In
addition, our measurement of physical activity was based upon
current physical activity status and did not account for previ-
ous regular physical activity throughout one’s lifespan. Taken
together, these findings suggest that RHI history and physical
activity status in early- to mid-adulthood are unrelated to gait
performance.

Table 4

Adjusted multiple linear regression: Collision sport athletes and gait.

Outcomes F p R? Adjusted R?
ST gait speed 1.222 0.313 0.109 0.020
DT gait speed 0.732 0.603 0.068 -0.025
DT cost gait speed 0.641 0.669 0.060 -0.034
ST double support 3.485 0.009* 0.258 0.184
DT double support 1.735 0.144 0.248 0.063
DT cost double support 1.223 0.312 0.109 0.050
ST stride length 2.083 0.083 0.172 0.090
DT stride length 1.796 0.131 0.152 0.067
DT cost stride length 1.356 0.257 0.119 0.031

Notes: Career duration was the predictor variable for all models. Adjusted model covariates included concussion history, age, sex, body mass index, and career

duration.
* Significant at p < 0.01.
Abbreviations: DT = dual task; ST = single task.
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A secondary finding of this study, contrary to our hypo-
thesis, was that contact/collision sport career duration was
unrelated to gait performance in current and former contact/
collision sport athletes (HRS and RUG groups). Again, gait—
particularly DT gait—is an important marker of neurobehavio-
ral health that is sensitive to changes in neurological function
and aging.”* To our knowledge, this was the first study to
investigate the relationship between RHI and gait in early- to
mid-life (i.e., aged 30—50 years) across a variety of RHI expo-
sure history.'” Concussion leads to a more conservative gait
strategy acutely post-injury, with DT gait highlighting impair-
ments, yet the literature on the effects of RHI on gait remain
mixed.'”*® Herein, our data suggest that neither career dura-
tion, sex, age, BMI, nor concussion history added significantly
to the prediction of ST and DT gait performance. This is con-
sistent with a recent finding by Oldham et al.”' whereby career
duration in collision and contact sports was unrelated to ST,
DT, and DT cost for gait speed or stride length in a younger
cohort of collegiate athletes with shorter career duration. Fur-
ther, the finding that career duration, age, and BMI were unre-
lated to gait performance is consistent with Manor et al.’s*’
finding that these factors did not influence the relationship
between self-reported symptomatic head trauma and walking
performance in middle-aged American football players. This
finding could also be the result of any negative consequences
not yet having manifested. Additionally, it could be that the
RHI experienced by these individuals were not sufficient to
warrant any changes in gait. Thus, consistent with previous
data among contact/collision sport athletes in college, our data
suggest that RHI history is unrelated to gait performance in
early- to mid-adulthood."”*'

A primary limitation of this study was that this heteroge-
neous sample had a relatively small proportion of older adults,
which may contribute additional confounders that were not
accounted for and limit extrapolation to older cohorts. Our
sample may have been susceptible to survivor or respondent
bias as individuals with neurophysiological dysfunction may
have removed themselves from participation in contact/collision
sports or failed to volunteer for the study while healthy and
resilient individuals continued to participate in sport and subse-
quently volunteered for study participation. However, it should
be noted that our study is different from previous research that
limited itself by enrolling only symptomatic RHI-exposed indi-
viduals, which potentially biased the results.” Furthermore, there
were considerable differences in the sex composition of each
group, which although not statistically significant, may have
introduced further bias into our analyses. We addressed this dif-
ference in sex composition (which may be a result of the vary-
ing availability of contact/collision sports for females compared
to males”) by accounting for sex in all adjusted models. Another
limitation was the use of career duration as a metric for RHI
exposure, which may not be sensitive to the effects of playing
style, culture, and competition levels. However, this method
was chosen based on the recommendation of the NINDS trau-
matic encephalopathy syndrome consensus statement and has
been previously utilized in other research as a measure of RHI
exposure because it permits a rough estimation in the absence
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of biomechanical data, which is not feasible to collect across the
lifespan.””'" Lastly, this study relied on self-reported measures
of physical activity as a dichotomous outcome (yes/no for meet-
ing American College of Sports Medicine physical activity
guidelines). Although self-reported measures of physical activity
have been used in previous research,”* they may fail to capture
the accuracy and precision needed to detect the true effects of
exercise (i.e., frequency, intensity, type, time) on the included
outcomes. Furthermore, our cohort did not have an HRS or
RUG group that was not currently physically active, thereby
preventing analysis of the effects of physical activity and RHI
on gait. Future studies should further explore both current and
prior exercise habits (i.e., the chronicity of regular physical
activity) across the sporting spectrum.

5. Conclusion

Prolonged participation in contact/collision sports in physi-
cally active individuals is unrelated to postural control in
early- to mid-adulthood. Further, RHI exposure, assessed by
career duration, does not appear to negatively affect postural
control in early- to mid-adulthood. These findings add to the
growing body of literature showing that exposure to RHI
through routine contact/collision sport participation, assessed
by career duration, is unrelated to neurological dysfunction in
early- to mid-adulthood. This study fills a gap in the literature
among female and male collision sport athletes in early- to
mid-adulthood who participated in prolonged contact/collision
sports. However, consistent with the NINDS traumatic enceph-
alopathy syndrome call to action, future research should seek
to expand on these findings by conducting more research in
older adults and utilizing more specific measures of RHI expo-
sure and physical activity.
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