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Cognition Uniquely Influences Dual-Task 
Tandem Gait Performance Among 
Athletes With a Concussion History
Eric J. Shumski, MS,*† Julianne D. Schmidt, PhD, ATC,†  and Robert C. Lynall, PhD, ATC†

Background: After a concussion, there are unique associations between static balance and landing with cognition. 
Previous research has explored these unique correlations, but the factor of time, dual-task, and different motor tasks leave 
gaps within the literature. The purpose of this study was to determine the associations between cognition and tandem gait 
performance.

Hypothesis: We hypothesized that athletes with a concussion history would display stronger associations compared with 
athletes without a concussion history between cognition and tandem gait.

Study Design: Cross-sectional.

Level of Evidence: Level 3.

Methods: A total of 126 athletes without (56.3% female; age, 18.8 ± 1.3 years; height, 176.7 ± 12.3 cm; mass, 74.8 ± 19.0 
kg) and 42 athletes with (40.5% female; age, 18.8 ± 1.3 years; height, 179.3 ± 11.9 cm; mass, 81.0 ± 25.1 kg) concussion 
history participated. Cognitive performance was assessed with CNS Vital Signs. Tandem gait was performed on a 3-meter 
walkway. Dual-task tandem gait included a concurrent cognitive task of serial subtraction, reciting months backward, or 
spelling words backward.

Results: Athletes with a concussion history exhibited a larger number of significant correlations compared with athletes 
without a concussion history for cognition and dual-task gait time (4 significant correlations: rho-range, -0.377 to 0.358 vs 
2 significant correlations: rho, -0.233 to 0.179) and dual-task cost gait time (4 correlations: rho range, -0.344 to 0.392 vs 1 
correlation: rho, -0.315). The time between concussion and testing did significantly moderate any associations (P = 0.11-
0.63). Athletes with a concussion history displayed better dual-task cost response rate (P = 0.01). There were no other group 
differences for any cognitive (P = 0.13-0.97) or tandem gait (P = 0.20-0.92) outcomes. 

Conclusion: Athletes with a concussion history display unique correlations between tandem gait and cognition. These 
correlations are unaffected by the time since concussion.

Clinical Relevance: These unique correlations may represent shared neural resources between cognition and movement 
that are only present for athletes with a concussion history. Time does not influence these outcomes, indicating the 
moderating effect of concussion on the correlations persists long-term after the initial injury.
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Concussions account for a large portion of injuries 
among National Collegiate Athletic Association (NCAA) 
athletes.61 Across the globe, the World Health 

Organization reports 600 concussions per every 100,000 
people.9 A plethora of symptoms (eg, headache, sensitivity to 
light, and difficulty concentrating) are commonly reported 
postconcussion but other deficits often exist, including balance, 
cognitive, and vestibular problems.30,41,42

Balance can be assessed through static and dynamic means, 
with the Balance Error Scoring System being one of the more 
common static assessments.27 Dynamic methods include normal 
gait and tandem gait.58 Both static and dynamic measures may 
be important postconcussion, and dynamic balance typically 
resolves slower than static balance. Tandem gait resolves at the 
return-to-play clinical milestone,44 and normal gait resolves 
approximately 2 months after initial injury under dual-task 
conditions.8 However, the exact recovery timeline reported in 
the literature is mixed.16,34,41

Cognition after a concussion is assessed on the sideline and 
throughout the return-to-play protocols. The Standardized 
Assessment of Concussion is a common sideline assessment that 
assesses attention and memory37 but does not reveal cognitive 
deficits beyond 48 hours.36 Computerized cognitive tests provide 
a more comprehensive assessment due to the inclusion of 
multiple cognitive domains, including composite memory, 
verbal memory, visual memory, psychomotor speed, reaction 
time, complex attention, cognitive flexibility, processing speed, 
executive function, simple attention, and motor speed.20 In 
general, the recovery of cognition occurs around 10 to 14 days 
postconcussion. However, impairments in verbal memory are 
commonly impaired at the end range of 14 days,35 and reaction 
time is impaired for up to 2-months postconcussion.30

Motor function and cognition are correlated with each other. 
Among healthy athletes, better cognition is linked to safer jump/
drop landing mechanics.2,22,47,55 For example, athletes in the 
high-performing group, as categorized by the Concussion 
Resolution Index (an assessment of reaction time and 
processing speed), display smaller anterior tibial shear forces, 
smaller knee abduction moments, and smaller knee abduction 
angles compared with the lower-performing group.22 In 
addition, athletes without a concussion history have greater 
verbal memory and faster visual motor speed correlated with 
greater knee flexion, lower eye-hand coordination scores 
correlated with smaller knee extension moments, greater 
multiple object tracking scores correlated with smaller ankle 
dorsiflexion angles and smaller knee abduction moments,7 and 
slower functional visuomotor reaction correlated with smaller 
knee extension moments.2 However, after a musculoskeletal 
injury such as an anterior cruciate ligament tear, the relationship 
between cognition and movement becomes skewed, with the 
injured population relying more on vision and visual-spatial 
ability to perform movements.12,43 This skewness of association 
has been reported repeatedly after musculoskeletal injury,12,43 
concussion,2 and among healthy older adults compared with 
matched young adults.45

Further, structural and functional brain studies among healthy 
and pathologic populations give insight into the relationship 
between cognition and movement. For instance, the cerebellum 
is responsible for voluntary movements such as gait,1,15 and 
cognitive aspects such as spatial cognition, working memory, 
and verbal fluency (as revealed in a study of people with 
isolated cerebellar disease).52 Facilitation of the dorsolateral 
prefrontal cortex via noninvasive brain stimulation improved 
cognitive (eg, dual-tasking, reaction time, working memory,  
and processing speed) and motor tasks (eg, gait speed)  
among both healthy and people with neurologic 
pathologies.17,18,21,28,32,33,39,40,59 This demonstrates specific parts of 
the brain are involved in both cognition and movement and 
improving one may lead to associated changes in the other 
(positively or negatively).

A similar association between cognition and better motor 
function occurs postconcussion. During an acute 
postconcussion static balance assessment, athletes displayed 5 
significant correlations between cognition and balance, while 
before the concussion the same athletes displayed no significant 
correlations.57 During a landing task, athletes an average of 461 
days postconcussion displayed 13 significant correlations 
between cognition and common high-risk landing biomechanics 
compared with matched, nonconcussed controls, who displayed 
8 significant correlations.2 As movement and cognition are 
correlated, potentially, any task requiring the use of both 
simultaneously (ie, dual-task) will lead to performance deficits 
in either both or one of the tasks themselves.26 Sports require 
constant dual-tasking (tracking the ball and defender 
simultaneously while running and cutting). However, neither of 
the previous studies assessed whether there was an influence of 
time or the effect of dual-task (concurrent cognitive task) during 
the motor task on any of these outcomes. Insight into whether 
greater correlations exist may open avenues for more 
comprehensive active management techniques.

Therefore, it is critical to understand the association between 
clinically feasible dynamic balance assessments and cognition. 
The purpose of this study was to (1) determine the associations 
between cognition (as assessed with CNS Vital Signs) and 
single- and dual-task tandem gait time and dual-task cost 
tandem gait time, (2) determine whether the time between 
concussion and gait testing (days) moderates the relationship 
between cognition and single- and dual-task tandem gait time 
and dual-task cost tandem gait time, and (3) compare cognitive 
and tandem gait (single-task, dual-task, dual-task cost for 
response rate, percent correct, and tandem gait time) outcomes 
between athletes with and without a concussion history. We 
hypothesized that (1) athletes with a concussion history would 
display stronger associations compared with athletes without a 
concussion history between cognition and single- and dual-task 
and dual-task cost tandem gait time, (2) athletes testing closer to 
the concussion would display stronger associations that those 
further removed from their concussion, and (3) there would be 
no differences between cognitive outcomes between athletes 
with and without a concussion history.
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Methods

Data from 168 NCAA student-athletes were analyzed during 
baseline concussion testing. A total of 126 (75.0%) athletes did 
not have a concussion history and 42 (25.0%) athletes did have 
a concussion history. Participants were included if they were 
NCAA athletes, ≥18 years old, and provided written and 
informed consent. Participants were excluded if they self-
reported attention deficit hyperactivity disorder, attention deficit 
disorder, dyslexia, or memory disorder. All methods were 
approved by the University of Georgia’s institutional review 
board (PROJECT00001979).

Self-reported concussion history was collected with the 
University of Michigan National Institute of Health sport-related 
concussion common data element form during concussion 
baseline testing.6 Demographic information such as age, height, 
mass, and shoe size were self-reported during concussion 
baseline testing.

A computerized cognitive assessment (CNS Vital Signs) was 
completed as part of a baseline concussion assessment program 
for all athletes before the start of their season.20 We used 
athletes’ first assessment for all analyses, except if an athlete’s 
test was deemed invalid by the computerized testing platform 
or if ≥2 domains were below the 5th percentile. In these cases 

(7.1% of all participants), a subsequent assessment (median 
[interquartile range] =13 [8-22] days after initial testing) was 
completed and used for analysis.

The computerized assessment, CNS Vital Signs, was completed 
in a well-lit room while seated at a desk.49 CNS Vital Signs 
provides outcome scores for composite memory, verbal 
memory, visual memory, psychomotor speed, reaction time, 
complex attention, cognitive flexibility, processing speed, 
executive function, simple attention, and motor speed. Full 
details of each cognitive domains’ calculation and interpretation 
can be found elsewhere,10 but Table 1 provides a brief 
interpretation. Raw CNS Vital Signs scores were used for 
analyses.

Tandem gait was performed on a 3-meter walkway. Athletes 
were instructed to walk heel-to-toe to one end of the walkway, 
turn around, and walk back as fast as possible (total 6-meter 
distance).25 Single-task tandem gait was performed first, then 
alternating between single- and dual-task tandem gait until 5 
trials of each condition were completed. During dual-task 
tandem gait, participants completed a concurrent cognitive task 
administered in a random order including (1) reciting the 
months backward, (2) spelling words backward, or (3) serial 
subtraction by 6 or 7.25 All tandem gait assessments were 
performed by research team members and certified athletic 

Table 1.  CNS Vital Signs cognitive domains interpretations

Domain Interpretationa

Composite memory How well a subject can recognize, remember, and retrieve words and geometric figures

Verbal memory How well a subject can recognize, remember, and retrieve words

Visual memory How well a subject can recognize, remember, and retrieve geometric figures

Psychomotor speed How well a subject perceives, attends, responds to visual-perceptual information, and performs 
motor speed and fine motor coordination

Reaction timeb How quickly a subject can react, in milliseconds, to a simple and increasingly complex direction set

Complex attentionb Ability to track and respond to a variety of stimuli over lengthy periods of time and/or perform mental 
tasks requiring vigilance quickly and accurately

Cognitive flexibility How well a subject is able to adapt to rapidly changing and increasingly complex set of directions 
and/or to manipulate the information

Processing speed How well a subject recognizes and processes information (ie, perceiving, attending/responding to 
incoming information, motor speed, fine motor coordination, and visual-perceptual ability

Executive function How well a subject recognizes rules, categories, and manages or navigates rapid decision-making

Simple attention Ability to track and respond to a single defined stimulus over length periods of time while 
performance vigilance and response inhibit quickly and accurately

Motor speed Ability to perform movements to produce and satisfy an intention toward a manual action and goal

aInterpretation is verbatim from page 13 of the CNS Vital Signs interpretation guide (https://www.cnsvs.com/WhitePapers/CNSVS-BriefInterpretationGuide.pdf).
bLower scores are better.



SPORTS HEALTHvol. 16 • no. 4

545

trainers; however, all baseline testing (of which tandem gait is a 
part) is overseen by certified athletic trainers. Furthermore, the 
research team collectively conducts over 100 assessments (CNS 
Vital Signs, tandem gait, Balance Error Scoring System, and 
other baseline concussion battery tests) per year. A standard set 
of instructions is given to all participants to decrease 
interpersonal variability.

Single-task measures of reciting the months backward, spelling 
words backward, or serial subtraction by 6 or 7 were completed 
before all tandem gait trials while standing still. Athletes 
completed 1 to 2 trials of each task under single-task (no 
tandem gait) conditions. Athletes were instructed to complete 
the task as quickly and as accurately as possible for 20 seconds.

Single- and dual-task tandem gait cognitive tasks were scored 
for accuracy (percent correct) and response rate (responses per 
second). Outcomes were averaged across all cognitive tasks. 
Tandem gait times (seconds) were collected with a stopwatch 
and all trials were averaged respectively to their condition.

Dual-task costs were calculated in the typical manner such 
that negative values represent a decrease in performance during 
the dual-task condition relative to the single-task condition24:

Dual-task cost

Dual-task condition (Single-task condition)

(

=

( ) −
SSingle-task condition)









 	 (1)

Of the 18 dependent variables (cognitive domains [Table 1] and 
gait outcomes [response rate, percent correct, and gait time for 
single- and dual-task; dual-task cost response rate, dual-task 
cost percent correct, dual-task cost gait time]), 8 (44.4%) and 16 
(88.9%) were not normally distributed for athletes with and 
without a concussion history, respectively, per the Shapiro-
Wilk’s test (P < 0.05). Therefore, aim (1) was assessed with 
Pearson r and Spearman rho correlations were used for 
parametric and nonparametric correlations. Aim (2) was 
assessed with linear regressions including an interaction term 
between significant correlations from aim (1) and days between 
concussion and gait testing. Aim (3) was assessed with 
independent t tests and Mann-Whitney U tests to compare dual-
task cost outcomes between groups. Separate 2 (group) × 2 
(condition [single-task, dual-task]) nonparametric mixed model 
analyses of variance (ANOVA) were used for not normally 
distributed variables. The nonparametric mixed model analyses 
were conducted with an aligned ranked transformation ANOVA 
from the R package “ARTool.”60 Analyses were completed with R 
statistical software (Version 4.0.3). An alpha level of 0.05 was 
established a priori with post hoc Bonferroni adjustments.

We explored potential confounders on single- and dual-task 
gait outcomes to include as potential covariates in our analyses. 
Variables such as sex, age, height, mass, shoe size (standardized 
to men’s shoe size), total number of concussions, and time 
between concussion and baseline testing were assessed for 
significant correlations with single- and dual-task tandem gait 
and dual-task gait cost. There were no significant correlations  

(P = 0.12 to 0.95; r/rho range, -0.130 to 0.098) and no 
demographic group differences (Table 2); therefore, none of 
these variables were included as covariates.

Demographic information was compared with a series of 
independent samples t tests. Shoe size was compared with a 
Mann-Whitney U test. The proportion of male to female athletes 
between groups was compared with a chi-square test (Table 2). 
Pearson’s r and Spearman rho correlation coefficients were 
interpreted as negligible (≤0.10), weak (0.11-0.39), moderate 
(0.40-0.69), strong (0.70-0.89), and very strong (≥0.90).53 
Normally distributed variables’ effect sizes were calculated with 
Hedge’s g and interpreted as small (<0.20), medium (0.20-0.80), 
and large (>0.80).11 Non-normally distributed variables’ effect 
sizes were calculated with Cliff’s Delta and interpreted as small 
(≤0.33), medium (0.34-0.47), and large (≥0.48).51

Results

There were no significant demographic differences between 
athletes with and without a concussion history (Table 2).

Concussion Cognitive and 
Tandem Gait Correlations

Motor speed (rho = -0.317; P < 0.01) and psychomotor speed 
(rho = -0.283; P < 0.01) were weakly, significantly correlated 
with single-task tandem gait time for athletes without a 
concussion history. Motor speed (r = -0.309; P = 0.05) was 
weakly, significantly correlated with faster single-task tandem 
gait time for athletes with a concussion history (Table 3).

Processing speed (rho = -0.233; P < 0.01), psychomotor speed 
(rho = -0.305; P < 0.01), and reaction time (rho = 0.179; P = 
0.04) were weakly, significantly correlated with dual-task gait 
time for athletes without a concussion history. Executive 
function (rho = -0.377; P = 0.01), cognitive flexibility (rho = 
-0.351; P = 0.02), complex attention (rho = -0.342; P = 0.03), 
and (rho = 0.358, P = 0.02) were weakly, significantly correlated 
with dual-task tandem gait time (Table 3).

Processing speed (rho = -0.315; P < 0.01) was weakly, 
significantly correlated with dual-task cost tandem gait time for 
athletes without a concussion history. Complex attention (rho = 
-0.392; P = 0.01), cognitive flexibility (rho = 0.344; P = 0.03), 
executive function (rho = 0.338; P = 0.03), and simple attention 
(rho = 0.323; P = 0.04) were weakly, significantly correlated 
with dual-task cost tandem gait time for athletes with a 
concussion history (Table 3).

Cognitive Outcomes Moderated 
by Time Since Concussion

The median number of days between concussion and testing 
was 1394.0 days (range, 192.0-4456.0 days). Three athletes only 
reported the year of the concussion and were removed from 
this analysis.

The time between concussion and testing did not significantly 
moderate the relationship between single-task gait time and 
motor speed (F

3,35
 = 2.2; P = 0.11; R2 = 0.156). The time 
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between concussion and testing did not moderate the 
relationship between dual-task gait time and reaction time  
(F

3,35
 = 0.7; P = 0.55; R2 = 0.057), cognitive flexibility (F

3,35
 = 2.1; 

P = 0.11; R2 = 0.155), or executive function (F
3,35

 = 2.4; P = 0.08; 
R2 = 0.172). The overall model for complex attention and 

dual-task gait time (F
3,35

 = 3.0; P = 0.04; R2 = 0.207) was 
significant, but none of the individual predictors of executive 
function raw score (P = 0.57; R2 = 0.158), days between 
concussion and testing (P = 0.17; R2 = 0.022), or their 
interaction (P = 0.28; R2 = 0.027) were significant.

Table 2.  Participant demographics

Concussion History 
(n = 42)

No History
(n = 126)

 
P

Sex, % (female)a 40.5 56.3 0.07

Age, ya 18.8 (1.3) 18.8 (1.3) 0.91

Height, cma 179.3 (11.9) 176.7 (12.3) 0.22

Mass, kga 81.0 (25.1) 74.8 (19.0) 0.09

Shoe sizeb,c 11.0 (4.0) 9.0 (5.0) 0.27

Total number of concussionsc 1.5 [0.5] - -

Time between concussion and testing, daysc 1394.00 [1786.00] - -

aMean (SD).
bShoe size standardized to male shoe size.
cMedian [interquartile range], full range reported in Results.

Table 3.  Correlations between cognition and tandem gait time

Concussion Historya No Historya

  Single-Task Dual-Task
Dual-Task 

Cost Single-Task Dual-Task
Dual-Task 

Cost

Composite memory −0.096 −0.158 −0.011 0.089 0.046 −0.006

Verbal memory −0.054 −0.038 −0.025 0.059 0.049 −0.003

Visual memory −0.106b −0.100 0.044 0.062 0.027 0.020

Psychomotor speed −0.216b −0.115 0.127 −0.283 −0.305 −0.092

Reaction time 0.258b 0.358 0.115 0.102 0.179 0.049

Complex attention 0.173b 0.342 0.392 0.033 −0.041 −0.060

Cognitive flexibility −0.239b −0.351 −0.344 −0.089 0.021 0.112

Processing speed 0.122 −0.034 −0.224 −0.012 −0.233 −0.315

Executive function −0.268b −0.377 −0.338 −0.144 −0.029 0.095

Simple attention −0.168 −0.290 −0.323 −0.043 −0.089 −0.118

Motor speed −0.309b −0.024 0.291 −0.317 −0.171 0.113

aBold values indicate significant correlation coefficients (P < 0.05). Spearman rho correlation used for analysis unless otherwise indicated.
bPearson r correlation used for analysis.
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The time between concussion and testing did not significantly 
moderate the relationship between dual-task cost and complex 
attention (F

3,35
 = 1.4; P = 0.27; R2 = 0.105), cognitive flexibility 

(F
3,35

 = 1.0; P = 0.41; R2= 0.077), executive function (F
3,35

 = 1.0; 
P = 0.41; R2 = 0.079), or simple attention (F

3,35
 = 0.6; P = 0.63; 

R2 = 0.047).

Cognitive Outcomes Group Comparisons

There were no significant differences for any of the cognitive 
outcomes between athletes with and without a concussion 
history (Table 4).

Single-Task, Dual-Task, and Dual-
Task Cost Tandem Gait Outcomes

There was a significant interaction (F
1,166

 = 4.504; P = 0.04) for 
response rate, but there was no main effect of group (F

1,166
 = 

0.042, P = 0.84) or condition (F
1,166

 = 0.145, P = 0.70). However, 
after decomposing the interaction, there were no significant 
differences with or without corrections for multiple comparisons 
(P range

nonadjusted
 = 0.11-0.91; Table 5).

There was a significant main effect of condition (F
1,166

 = 
21.389, P < 0.01) where single-task percent correct was 
significantly more accurate compared with dual-task percent 
correct (mean difference [95% CI] = 3.89% (1.69-6.09);  
P < 0.01, Cliff’s Delta = 0.257). There was no main effect of 
group (F

1,166
 = 0.073; P = 0.79) or group by condition interaction 

(F
1,166

 = 0.377; P = 0.54; Table 5).

There was a significant main effect of condition (F
1,166

 = 
678.924; P < 0.01) where single-task gait time was significantly 
faster compared with dual-task gait time (mean difference [95% 
CI] = 6.76 s (5.83-7.69); P < 0.01; Cliff’s Delta = 0.765). There 
was no main effect of group (F

1,166
 = 1.656; P = 0.20) or group 

by condition interaction (F
1,166

 = 1.999; P = 0.16; Table 5).
Athletes with a concussion history had significantly better 

dual-task cost response rate compared with athletes without a 
concussion history (U = 1953.0; mean difference [95% CI] = 
0.091 (0.017-0.166) responses per second, P = 0.01; Cliff’s Delta 
= 0.262). There was no difference in dual-task cost percent 
correct (U = 2555.5, P = 0.80; Cliff’s Delta = 0.026) or gait time 
(U = 2465.0; P = 0.51; Cliff’s Delta = 0.068) between groups 
(Table 5).

Discussion

There were similar correlations between athletes with and 
without a concussion history for single-task gait time. Athletes 
with a concussion history had slightly greater strength of 
correlations for dual-task gait time, and had more cognitive 
domains significantly correlated (4 vs 2), compared with athletes 
without a concussion history. In addition, athletes with a 
concussion history displayed a greater number of significant 
correlations between cognition and dual-task cost tandem gait 
time (9 vs 5). The time between concussion and testing did not 
moderate the relationship between gait outcomes and cognition. 

Table 4.  CNS Vital Signs

Concussion History 
(n = 42)

No History
(n = 126) P Effect Size

Composite memorya 101.5 (13.0) 101.0 (10.0) 0.82 0.023

Verbal memorya 53.0 (9.0) 54.0 (7.0) 0.16 0.144

Visual memorya 49.0 (9.0) 47.0 (8.0) 0.13 0.156

Psychomotor speedb 177.7 (15.6) 179.1 (18.2) 0.80 0.074

Reaction timeac 624.5 (150.0) 621.0 (94.0) 0.86 0.019

Complex attentionac 9.0 (8.0) 8.0 (5.0) 0.76 0.032

Cognitive flexibilitya 50.0 (10.0) 48.5 (13.0) 0.63 0.049

Processing speeda 58.0 (13.0) 62.0 (14.0) 0.14 0.153

Executive functiona 51.5 (10.0) 50.5 (12.0) 0.60 0.054

Simple attentiona 39.0 (3.0) 39.0 (3.0) 0.66 0.044

Motor speedb 117.6 (12.7) 117.7 (14.4) 0.97 0.006

aMedian (interquartile range) and Cliff’s Delta effect size reported.
bMean (SD) reported, Hedge’s g effect size reported.
cLower numbers are better.
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Dual-task tandem gait time was significantly slower, and dual-
task tandem gait percent correct was significantly worse 
compared with their respective single-task conditions, regardless 
of group.

The single-task gait time, for both groups, was significantly 
correlated with CNS Vital Signs motor and psychomotor speed 
domains. Although CNS Vital Signs assesses cognition, these 
tasks may be considered less cognitive and more motor-centric. 
For instance, the motor task requires tapping the space bar as 
quickly as possible. Athletes with a concussion history displayed 
unique correlations with complex attention, cognitive flexibility, 
and executive function, and dual-task tandem gait time. Both 
groups displayed reaction time correlations with dual-task 
tandem gait time. CNS Vital Signs generally defines complex 
attention, cognitive flexibility, and executive function as the 
ability to handle/manipulate multiple streams of information in 
various manners. Dual-task during gait is the process of 
handling both a cognitive and motor task, but the correlations 
were not significant for controls. Previous research associating 
cognition with static balance (Sensory Organization Test) 
speculated that their results indicate a shared neural process,57 
and the same may be true in our study. This shared neural 
process may not exist until the concussion occurs (although we 
do not have preconcussion data to confirm). For example, the 
prefrontal cortex displays higher activation during a squatting 
task and a cognitive task compared with matched controls.14,56 
The prefrontal cortex is responsible for various aspects of 
cognition and complex movement preparation but not the 
movement itself.48 However, the greater activation may represent 

an increased need for cognitive input during movement 
postconcussion. Similar results are seen after an anterior 
cruciate ligament injury.19

There was no significant moderation of time between 
concussion testing for any of the significant correlations. 
Functional changes within the brain may persist well into 
adulthood after a concussion. For instance, greater cortical 
inhibition as measured with transcranial magnetic stimulation is 
displayed acutely and up to 30 years postconcussion.13,54 
Prolonged p300 latency (electroencephalography measure of 
attention) is similarly displayed years postconcussion.29 
Although symptoms, balance, and other common concussion 
ailments may resolve, certain underlying functional mechanisms, 
and in our study correlations, persist. Our results from this study 
agree with a previous study that showed unique correlations 
between cognition and landing biomechanics an average of 461 
days postconcussion compared with controls.2

Our results demonstrate an association between cognition and 
movement (tandem gait) that also occurs in instances of neural 
deterioration such as the natural aging process. Specifically, 
cognition is related to both gait speed and fall risk in older 
adults,23,45 whereas they are not related among young adults.45 
Concussions have been hypothesized to speed up the aging 
process,5 and are associated with an increased risk of 
developing neurodegenerative diseases.4,31 In addition, the 
unique correlations may represent shared neural resources.57 
This potentially indicates neither cognitive nor motor functions 
are easily accessible postconcussion leading to an increased risk 
for musculoskeletal injury.38,50 The shared neural resources may 

Table 5.  Gait outcomes

Condition Concussion History (n = 42)a No History (n = 126)a

Gait time, sb Single-task 13.69 (3.76) 14.08 (3.57)

Dual-task 18.82 (7.00) 20.52 (6.93)

Percent correct, %b Single-task 94.44 (10.45) 95.83 (11.11)

Dual-task 91.31 (13.75) 90.65 (12.92)

Response rate, responses per second Single-task 0.40 (0.16) 0.40 (0.15)

Dual-task 0.41 (0.20) 0.42 (0.17)

Dual task costc

Gait time - -0.39 (0.26) -0.42 (0.27)

Percent correct - -0.02 (0.12) -0.03 (0.11)

Response rated - 0.06 (0.22) -0.04 (0.22)

aMedian (interquartile range).
bMain effect of condition (P < 0.05).
cCalculated as described in equation 1.
dAthletes with a concussion history had better dual-task cost response-rate compared with controls (P = 0.01).
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also represent a break in the automaticity of a task 
postconcussion due to the task requiring greater cognitive 
input.3,46 Training concepts have been hypothesized to improve 
the automaticity of tasks,3 but none have been tested empirically 
postconcussion.

Several limitations are present. First, concussion history was 
self-reported. Although we followed a similar protocol to 
previous research,6 self-reported concussion history may have 
influenced our findings. Second, we did not have any record of 
musculoskeletal injury history. Acute or chronic lingering 
impairments from a musculoskeletal injury may have influenced 
our results as they often display their own unique correlations.19 
Third, we did not have preconcussion data so we cannot define 
cause and effect. Lastly, we used clinically friendly measures of 
tandem gait and dual-task outcomes. More sensitive measures of 
gait may offer insight into more prolonged deficits 
postconcussion.34

In conclusion, athletes with a concussion history display 
unique correlations between tandem gait and cognition. These 
correlations were unaffected by the time since concussion and 
may represent shared neural resources between cognitive and 
motor function57; however, confounding factors such as a 
previous musculoskeletal injury, data on which was not 
collected in our study, may have influenced our results. 
Clinically, this may represent a break in the automaticity of 
movements; however, further research is needed to determine 
the underlying mechanisms.

Clinical Recommendation

Concussions moderate the relationship between cognition and 
tandem gait performance long term after the initial injury. 
Clinicians should ensure that dual-task performances have fully 
recovered. Future research should continue to evaluate the 
impact these unique correlations may have on various behavioral 
outcomes such as the increased risk of musculoskeletal injury 
and neurodegenerative pathologies.4,31,38,50
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