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Background

Gait impairments have been well-studied in concussed athletes. However, the sex-specific
effect of cumulative head impacts on gait is not well understood. When a cognitive task is
added to a walking task, dual-task gait assessments can help amplify deficits in gait and
are representative of tasks in everyday life. Dual-task cost is the difference in performance
from walking (single-task) to walking with a cognitive load (dual-task).

Purpose

The objectives of this study were to explore the differences between sexes in 1) dual-task
gait metrics, 2) gait metric changes from pre-season to post-concussion and post-season,
and 3) the dual-task costs associated with gait metrics.

Study Design

Cross-sectional study

Methods

Over two seasons, 77 female athlete-seasons and 64 male athlete-seasons from collegiate
club rugby teams participated in this study. Subjects wore inertial sensors and completed
walking trials with and without a cognitive test at pre-season, post-season, and
post-concussion (if applicable).

Results

Females athletes showed improvement in cadence (mean = 2.7 step/min increase), double
support time (mean = -0.8% gait cycle time decrease), gait speed (mean = 0.1 m/s
increase), and stride length (mean = 0.2 m increase) in both task conditions over the
course of the season (p < 0.030). Male athletes showed no differences in gait metrics over
the course of the season, except for faster gait speeds and longer stride lengths in the
dual-task condition (p < 0.034). In all four gait characteristics, at baseline and
post-season, females had higher dual-task costs (mean difference = 4.4, p < 0.003) than
the males.

Conclusions

This results of this study showed little evidence suggesting a relationship between
repetitive head impact exposure and gait deficits. However, there are sex-specific
differences that should be considered during the diagnosis and management of
sports-related concussion.
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Level of Evidence
Level 2b

INTRODUCTION

Concussions are diffuse injuries to the brain,! affecting var-
ious brain functions, including neurocognition and motor
control.2 Gait research has advanced the understanding of
the effect of concussions on motor control; altered gait pat-
terns have been observed as a result of sports-related con-
cussions.3~¢ Dual-task walking involves locomotion while
performing a concurrent cognitive task. Concussions usu-
ally affect motor and cognitive functions, so the divided
attention required in dual-tasks may be more sensitive to
post-concussion impairments than single-tasks.” The addi-
tion of a cognitive load while walking also allows the evalu-
ation of more subtle motor impairments due to the increase
in processing demands required and decrease in available
attention.8? Dual-task cost quantifies the change in a spe-
cific variable with the addition of the load (the difference
in the variable from single-task to dual-task).10 Assessing
the effects of dual-task is also advantageous as most sport
and daily living activities require both a motor and cogni-
tive component. Understanding their interaction in concus-
sion may provide helpful information in injury recovery.

Researchers have observed that a full recovery in gait
performance post-concussion required months to years, es-
pecially when the participant’s attention is divided.3411,12
More traditional markers of recovery, like symptom surveys
or neurocognitive test performance, typically analyze re-
covery on a shorter timeline.1314 Assessing gait is advan-
tageous because it is a non-novel task and can be objec-
tively measured,3%1215 unlike more obsolete methods of
measuring balancel617 or less mobile methods.!® Gait can
be measured in-lab, but also on-field, using portable iner-
tial measurement units. 1920

Accelerometry can be used to quantify gait and the incor-
poration of accelerometers into these body-worn portable
sensors allow for an assessment of gait that allows for wide-
spread use.1? Including a gait assessment in post-concus-
sion protocols may provide an objective and sensitive mea-
surement that can be assessed throughout return-to-play
to monitor progress and management. Because limited sex-
specific normative data exist for single and dual-task gait
characteristics,”2! baseline measurements are recom-
mended?2 as gait is unique to individuals and varies based
on body size,23 concussion history,®24 and sex.2> Females
generally report more symptoms post-concussion?® and
take a longer time to fully recover2’ than males. Due to the
differences in the presentation of concussions, it is inter-
esting to understand any sex-specific gait changes. Under-
standing the effect of sex on the presentation and recovery
of concussion will hopefully provide helpful information to
drive sex-specific interventions.

Athletes with a history of concussion have been shown
to have a more conservative pattern in their gait,® including
decreased walking speed, decreased cadence, decreased
stride length, and increased double-leg support time com-
pared with control subjects during dual-task walking.12 It is
unknown how a season worth of cumulative head impacts

in a contact sport affects gait. The aims of this study were
to explore the differences between sexes in 1) dual-task gait
metrics, 2) gait metric changes from pre-season to post-
concussion and post-season, and 3) the dual-task costs as-
sociated with gait metrics.

METHODS
STUDY PARTICIPANTS

In Spring 2019, Fall 2019, and Spring 2020, athletes from
women’s and men’s collegiate club rugby teams were re-
cruited for this study. Written informed consent was ob-
tained from each participant after explaining the purpose,
associated benefits, and risks of the study according to the
ethical guidelines of Virginia Tech’s Institutional Review
Board (IRB). Seventy-seven female athlete-seasons (age:
20.7 £ 1.2 years, height: 1.7 £ 0.1 m, weight: 75.1 + 17.6 kg)
and 64 male athlete-seasons (age: 21.0 £ 1.2 years, height:
1.8 £0.1 m, weight: 89.5 * 17.5 kg) participated in the study.
If an athlete participated for two seasons, their data are
treated as two unique athlete-seasons, and they completed
the full dual-task gait protocol each season. Athletes re-
ported suspected concussions to the research team. Not all
concussions were clinically diagnosed.

DUAL-TASK GAIT PROTOCOL

The gait protocol was completed pre-season (baseline),
post-season, and post-concussion (if applicable). Athletes
were not tested if they had a lower extremity injury. Those
who sustained concussions were evaluated an average of 2.7
days after injury (range = 1 - 4 days). There were no post-
season data collected for Spring 2020, as the season was in-
terrupted due to COVID-19.

The gait protocol included two conditions: walking with-
out a cognitive task (single-task) and walking while com-
pleting a cognitive task (dual-task). Five trials were con-
ducted for each condition.2! The subject walked at a
self-selected, comfortable pace, barefoot or in socks. They
were instructed to walk towards an object 8 m in front of
them, walk around it, and return to the starting point.2!
For the dual-task trials, the test administrator explained the
task before the start of the walk and the athlete began walk-
ing when cued by an auditory beep. The test administra-
tor did not instruct the athlete to prioritize the motor or
cognitive task, only to continue walking while responding
to the task as best as possible.2! The dual-task consisted
of a Mini-Mental Status Examination (MMSE), which has
been shown to detect differences in dual-task walking after
concussion.?8 The MMSE contained three tasks: spelling a
5-letter word backward,!5:29 subtracting by 6s or 7s from
a randomly presented 2-digit number,30 and reciting the
months in reverse order starting from a randomly chosen
month.3! This cognitive test is similar to the Standardized
Concussion Assessment Tool, Version 3, which is used for
on-field concussion diagnosis.22:32 The tasks were ran-
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domly ordered to reduce learning effects from one trial to
the next.

During the walking protocols, athletes wore inertial
measurement units (Opal Sensor, APDM Inc. Portland, OR)
attached with an elastic strap on the lumbar spine, at the
lumbosacral junction, and on the dorsal surfaces of the left
and right feet (Figure 1). This system has been validated33
and utilized in clinical evaluations of gait through the com-
pletion of motor tasks.20 Data were collected at a sampling
frequency of 128 Hz and wirelessly synced to a computer
during each trial. Temporal-distance measurements were
calculated using Mobility Lab software?0 and variables of
interest included gait speed, cadence, double support time,
and stride length, previously shown to differentiate healthy
from concussed subjects.21,28,34

OUTCOME VARIABLES

Gait speed, cadence, double support time, and stride length
were measured for each athlete under both task conditions
at each time point. Gait speed was calculated as the average
velocity for the left and right foot across all gait cycles in
each trial (m/s). Cadence was defined as the rate of steps
per minute (steps/min). Double support time is the percent-
age of time that both feet were on the ground in each gait
cycle, reported as percent of gait cycle time (%GCT). Stride
length is the average distance for each foot between con-
secutive steps in each trial (m). The changes in each met-
ric were computed from baseline to post-season and base-
line to post-concussion (if applicable). Dual-task cost, the
percent change between single and dual-task conditions,
was calculated for each athlete to normalize their dual-task
performance to their single-task performance.3435 Dual-
task cost was calculated as (dual-task value - single-task
value)/(single-task value) and reported as a percentage.
Dual-task cost was measured for each gait characteristic of
interest.

STATISTICAL ANALYSIS

Shapiro-Wilk tests were used to confirm the normality of
the gait metrics. Paired Welch two-sample t-tests were used
to compare the magnitudes and estimate the effect size and
precision of cadence, double support time, gait speed, and
stride length from baseline to post-season within each task
condition. The same paired comparisons were completed
for athletes with baseline and post-concussion time point
data. These comparisons were paired per athlete and com-
pared within sex. Welch two-sample t-tests were completed
to compare the differences in metrics between sexes from
baseline to post-season for each task condition. Because
there was only one concussion for the males, only females’
data were compared from baseline to post-concussion time
points.

Dual-task costs were not normally distributed, so paired
Wilcoxon rank-sum tests were used to compare dual-task
costs from baseline to post-season within sex for each gait
characteristic. Welch two-sample t-tests were used to es-
timate effect size and precision. Unpaired Wilcoxon rank-
sum tests compared dual-task cost for each metric at each
time. Again, only the females’ data were compared for the

Figure 1. Opal Sensors are attached to elastic straps
around the athlete’s waist and feet to measure gait
characteristics.

differences in baseline to post-concussion change, and be-
tween sex differences were not. Welch two-sample t-tests
were used to estimate the effect size and precision of the
comparisons. An o = 0.05 was used as a level of significance
for all statistics.

RESULTS

Gait metrics are presented from both task conditions at
each time point (where applicable) for all athletes (Table
1). All comparisons within sex were paired, i.e., only ath-
letes with both time points were included in this particular
analysis.

Females walked with faster cadences at both task condi-
tions at baseline and post-season than males (p < 0.032).
Males walked with longer stride length in dual-task condi-
tions at baseline and post-season (p < 0.023) and greater
double support time in single-task conditions at baseline (p
= (0.020). All other conditions were similar between sexes.
The addition of the dual-task negatively impacted all gait
metrics for both sexes at each time point (p < 0.001). Mean
percent differences and 95t percentile confidence intervals
between sex are shown in Figure 2. The females walked with
greater cadence and a shorter stride length for the males in
both task conditions. For each, mean differences were nor-
malized to the males’ mean so each gait metric could be
scaled for the sake of visualization. All baseline and post-
season data that were collected were included in this com-
parison.

Paired t-tests showed improvement in cadence (in-
crease), double support time (decrease), gait speed (in-
crease), and stride length (increase) in both task conditions
among the female athletes over the course of the season
(Table 2) (p < 0.030). There was no change in stride length
from baseline to post-season in dual-task (p = 0.071). The
same tests for the males showed no differences in the met-
rics over the course of the season, except for faster gait
speeds and longer stride lengths in the dual-task condition
by the end of the season (p < 0.034). In general, cadence,
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Table 1. Summary table for the mean values * the standard deviation for the four primary gait metrics from all
athletes from baseline, post-concussion (CX), post-season, and at single and dual-task conditions. Count is the

number of athlete-seasons in each category.

Sex Time Task Count Cadence Double Support Gait Speed Stride
Point (steps/min) Time (%GCT) (m/s) Length (m)

Female Baseline Dual 77 105.5+10.1 22.3+3.2 0.9+0.2 1.1+0.1
Single 77 113.0+9.0 20.1+2.9 1.1+0.2 1.1+0.1

Post-CX Dual 14 1024+ 111 23.2+3.2 0.9+0.2 1.1+0.1

Single 14 110.3+11.1 20.8+3.0 1.1+0.2 1.1+0.1

E‘e’im Dual 39 106.9£10.3 218+35 0.9£0.2 11+0.1

Single 39 1145+9.2 19.4+3.3 1.1+0.2 1.2+0.1

Male Baseline Dual 64 102.3+7.0 22.3+3.0 0.9+0.1 1.1+0.1
Single 64 106.5+5.6 20.8+2.7 1.0+0.1 1.1+0.1

Post-CX Dual 1 90.6 25.1 0.8 1.1

Single 1 96.1 24.2 0.9 1.1

et Dual 37 1024+75 224427 1001 1101

Single 37 106.3+6.1 21.0+£25 1.1+0.1 1.2+0.1

Table 2. Summary table for changes in the four primary gait metrics and the 95% confidence interval from
athletes who completed baseline and post-season gait tests. The change is the difference from baseline to post-

season.
Female Dual 39 3.3[1.2,5.4] -0.8[-1.6,-0.1] 0.1[0.0,0.1] 0.0[0.0,0.0]
Single 39 2.1[0.5, 3.6] -0.7[-1.1,-0.2] 0.0[0.0,0.1] 0.0[0.0,0.0]
Male Dual 37 0.9[-0.8,2.5] -0.2[-0.6,0.3] 0.0[0.0,0.1] 0.0[0.0,0.0]
Single 37 0.1[-1.3,1.5] 0.0[-0.4,0.5] 0.0[0.0,0.0] 0.0[0.0,0.0]

Table 3. Summary table for changes in the four primary gait metrics and the 95% confidence interval from
athletes who completed baseline and post-concussion gait tests.

Sex Task Count A Cadence A Double Support Time A Gait Speed A Stride
(steps/min) (%GCT) (m/s) Length (m)

Female Dual 14 -2.2[-4.3,-0.1] 0.7[-0.2, 1.6] 0.0[-0.1,0.0] 0.0[0.0,0.0]
Single 14 -3.1[-4.8,-14] 0.7[0.0, 1.4] -0.1[-0.1,0.0] 0.0[0.0,0.0]

Male Dual 1 -6.5 17 -0.1 0.0
Single 1 -5.8 1.9 -0.1 -0.1

gait speed, and stride length increased while double support
time decreased by the end of the season, improving all char-
acteristics. Females showed greater improvement in all gait
metrics over the course of the season compared to males.
The females performed worse at post-concussion compared
to their baseline in each metric. Mean percent differences
and 95t percentile confidence intervals between time
points are shown in Figure 3. For each, mean differences are
normalized to the baseline mean so each gait metric could
be scaled for the sake of visualization. Only athlete-paired
data were included in this comparison (Appendix Table A1).

The metrics from baseline to post-concussion were sim-
ilarly compared to provide context to the changes over the
course of the season (Figure 3). Post-concussion changes

(Table 3) are opposite in magnitude to those seen in post-
season (Table 2), with cadence, gait speed, and stride length
increasing, and most double support times decreasing. Con-
sistent with prior literature, cadence, gait speed, and stride
length decrease while double support time increases after
concussion. All characteristics showed deficits in the fe-
males in both task conditions (p < 0.042) with the excep-
tions of double support time and stride length during the
dual-task condition (p > 0.083). It is impossible to general-
ize the males’ responses because post-concussion gait data
were only collected from one male athlete.

The costs for cadence, gait speed, and stride length are
all negative and double support time is positive because gait
becomes more conservative with the addition of the cog-
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Table 4. Summary table for mean dual-task cost of the four gait metrics in athletes at each time point.

. . Cadence Double Support Gait Speed Stride Length
Sex Time Point Count Cost (%) Cost (%) Cost (%) Cost (%)
Female Baseline 77 -6.6+4.0 11.3+7.7 -12.9+6.8 -6.9+4.3
Ezsntc'ussion 14 72429 11.9+62 -130+5.4 -6.2+3.6
Post-Season 39 -6.7+3.7 125+5.8 -134+5.9 -74+39
Male Baseline 64 -40+3.6 7.4+55 -8.6+6.0 -4.9+3.7
Post- 1 5.7 37 8.8 36
Concussion
Post-Season 37 -3.6+4.2 6.7+5.6 -7.7+68 -45+37
nitive load in the dual-task condition (Table 4). In all four
gait characteristics, at baseline and post-season, females ;Baseling : ‘ P°S"Seas‘l’" ‘
had higher dual-task costs (p < 0.003) than males (Figure 4). ~ Stride Length Single- . I
Females had a greater cost for each gait metric both at base- strids LengthiBual = } .
line and post-season. All baseline and post-season data that GZI fzmj‘;g'e] .| :
al ee ual - 1
were collected were included in this comparison (Table 4). § g | g o
. . . Double Support Single - I—.— ] \ Nt o o g
Paired Wilcox test showed cadence and gait speed had |/ o 0. 1

higher dual-task costs at baseline compared to post-season
for both males and females (p < 0.049) (Figure 5). Across all
conditions, gait speed had the highest cost. Dual-task cost
for double support time and stride length were not different
at baseline or post-season for males or females (p > 0.059)
(Figure 5). When comparing the post-concussion data to the
paired baseline data for the females, there were no differ-
ences in cost between the two time points (p > 0.384) (Fig-
ure 5). Dual-task cost did not change much from baseline
to post-season or post-concussion for either sex. Only ath-
lete-paired data were included in this comparison (Appen-
dix Table A2).

DISCUSSION

The goal of including a dual-task condition in gait tests is
to identify deficits that may not be as prevalent when the
attention is focused on gait. In this study, the addition of
the mental load at each time point decreased cadence, gait
speed, and stride length and increased double support time
for both sexes, in line with other studies.2! Compared to
the males, females walked with faster cadences and shorter
stride lengths, similar to previous research.”34 It has been
suggested that females’ dual-task gait velocity is higher be-
cause females may be better than males at executing two
tasks at once.30 This also may explain the females’ improve-
ment in all four gait variables (except for stride length in
dual-task) over the course of the season. Males improved
their gait speed and stride length in dual-tasks only; the
rest of their metrics were not different from their baseline
values. In this study, collegiate rugby players did not exhibit
similar deficits in gait post-season to those they, or other
studies have shown, post-concussion.12:37-40 Compared to
a similar study by Howell, the athletes in this study spent
much less time in double support (mean range 34.0 — 38.2
for concussed and control males and females),3* but there
lacks a body of sex-specific normative value for comparison.

Cadence Single ! ]
i | I
I ] I

Cadence Dual i
-10% 5% 0% 5% 10% 159

-10% 5% 0% 5% 10% 15%

Figure 2. The mean difference gait metrics between
the sexes. The tails of each point represent the 95%
CI from a t-test. Points to the right of 0 indicate a
positive difference - that the males’ mean was
greater than the females’. Points to the left of 0
indicate a negative difference - that the males’
mean was less than the females’.

Female Female Male
B to PCX B to PS B to PS
Stride Length Single ~--i--- : -~ : T : ,,,,,,,,,,
Stride Length Dual e o | 1
Gait Speed Single | - 1 i
Gait Speed Dual I—eo— = 1
Double Support Single ' |l—o— : 4
Double Support Dual 1 [ PN, I
Cadence Single ' - 4 ! : ]
Cadence Dual :—.— : :
-5% 0% 5% 5% 0% 5% -5% 0% 5%

Figure 3. The mean difference of the post-season
(PS) (and post-concussion (PCX), for the females)
gait characteristic at the specified task from the
baseline (B) timepoint. The tails of each point
represent the 95% CI from a paired t-test. Points to
the right of 0 indicate a positive difference - that
the baseline mean was greater than the post-season
(and post-concussion). Points to the left of 0
indicate a negative difference - that the baseline
mean was less than the post-season (and post-
concussion).

The changes the females showed post-concussion are
consistent with post-concussion gait tests in the litera-
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ture.’3% Their cadence, gait speed, and stride length in-
creased, and most double support times decreased. Previous
work has shown a decrease in these metrics post-concus-
sion, 3435 indicating a more conservative gait pattern, with
the athletes walking slower with smaller steps post-concus-
sion.

At baseline and post-season, females had higher dual-
task costs than the males in all four variables. In general,
gait speed had the largest dual-task cost. Dual-task costs
for gait speed have been used as a predictor of prolonged
recovery time in concussed athletes.4! Previous literature
has shown a more significant cadence cost in females com-
pared to males post-concussion.34 In the same study, they
did not notice any dual-task cost difference between male
and female controls,34 which is inconsistent with these re-
sults at baseline. They did not see a difference in dual-task
cost from control males to concussed males either,34 which
follows the same trend as the male athletes at baseline and
post-season in this study.

It was expected that females would have a higher cost
than males and that cost would be higher at post-concus-
sion compared to baseline.%3542 The additional cognitive
load was expected to reflect functional changes post-con-
cussion and decreased interhemispheric brain connectiv-
ity,43 forcing the brain to reorganize to perform the chal-
lenging task while simultaneously providing resources for
walking. In concussed athletes, this resource allocation is
expected to be hindered, 444> and appropriately reflected in
dual-task costs. However, in this study, there were no dif-
ferences in cost between the paired baseline and post-con-
cussion data. Previous work has shown dual-task deficits
at days 5-6,%0 or in the year following,%0 which is after all
of the athletes in this study were tested. Additionally, as
gait metrics in athletes in the current study improved over
the season, cadence and gait speed had higher dual-task
costs at baseline compared to post-season for both sexes.
No study has quantified cost after a season of impacts for
comparison.

The overall improvement in gait and decrease in dual-
task cost could result from a learning effect of the tests.
Still, there does not appear to be a deficit in gait or more
conservative gait pattern that accumulated over the season.
A study examining acute postural control effects after a
simulated match load of rugby impacts also suggested no
changes following subconcussive impacts.” The learning
effect is likely noticeable in this study as athletes completed
the protocol multiple times in a season, and many partic-
ipated in multiple seasons. Other studies compared con-
cussed athletes to controls,3435:48 which reduces the over-
all number of times an athlete would complete the
dual-task protocol. Additionally, a season’s worth of exer-
cise and training in their sport may have contributed to gait
metrics improving.

There were several limitations to this study. Only one
male post-concussion time point was collected, making it
impossible to generalize about males’ responses post-con-
cussion, compare them to the females at post-concussion,
or compare them to males at baseline and post-season. Ad-
ditionally, age, height, weight, or prior concussion history
were not included in the comparisons in this analysis. Al-
though likely the differences in sizes between males and fe-

Baseline Post-Season
; [ | 1
Stride Length | —@— | —@—
| ]
I 1
Gait Speed i —— 1 ——
i o [}
Double Support ¢ L. —e— ! ——
: . I
| [}
Cadence 1 —0— 1 -
i | [}
-10% -5% 0% 5% 10% -10%  -5% 0% 5% 10%

Figure 4. The mean difference of the female dual-
task cost at the specified gait variable from the
males’. The tails of each point represent the 95% CI
from a t-test. The absolute value of double support
time was taken as the cost for the females was
greater in magnitude but a negative value. Points to
the right of 0 indicate a positive difference - that
the males’ mean cost was greater than the females’.

Female Female Male
B to PCX B to PS B to PS
H ' 1 h N
Stride Length - ! ! 1
: I 1 [ I
| I 3|
Gait Speed -
E I ] T
| [} Ll
Double Support b I 7
I | ol
Cadence i i o+
] 1 i [} ! il
4% -2% 0% 2% -4% -2% 0% 2% -4% -2% 0% 2%

Figure 5. The mean difference of the post-season
(PS) (and post-concussion (PCX), for the females)
dual-task cost at each gait characteristic from the
baseline (B) timepoint. The tails of each point
represent the 95% CI from a paired t-test. The
magnitude of double support was taken to be
consistent with the other metrics. Points to the left
of 0 indicate a negative difference - that the
baseline mean was less than the post-season (and
post-concussion).

males may contribute to the four gait variables, BMIs from
the two groups are similar, and the dual-task cost normal-
izes performance individually. The environment in which
the tests were conducted was not always consistent. They
were conducted in the lab or the hallway, but sometimes
the lab was busier than others, and the other distractions
may have confounded the subject’s attention. However, the
accuracy of these dual-task tests was not checked because
the divided attention should be enough to elucidate differ-
ences; their performance on the MMSE should not matter.
It has been shown that females prioritize the accuracy of
their answers over their gait compared to their male coun-
terparts.4?
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CONCLUSION

The results of this study indicate that collegiate rugby play-
ers do not exhibit post-season gait deficits, but show post-
concussion gait deficits, similar to previous work.12,37-40
This suggests that although gait is affected by a concussive
impact, it may not be affected by a season’s worth of head
impacts. Contrary to other studies,%0:4¢ the female athletes
in this cohort did not exhibit differences in dual-task cost
from baseline to post-concussion. Although the results of
this study are mixed, dual-task gait can be used to uncover
functional deficits in athletes who may be asymptomatic
and do not exhibit neuropsychological dysfunction.#> Still,
it is important to use dual-task gait in the context of other
diagnostic tools. The sex-specific differences in gait metrics
and dual-task cost at each time point suggest a need to con-

sider the sex of the athlete in concussion diagnostics and
therapies. Including dual-task gait assessments is also rele-
vant given the implication of concussion on musculoskele-
tal injuries,> and therefore should be incorporated into
future clinical assessments and sex-specific concussion in-
terventions.
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