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Objectives:  To  prospectively  evaluate  single/dual-task  timed-up-and-go  (TUG)  and  tandem  gait  perfor-
mance among  children  and  adolescents  with  concussion  and  healthy  controls.
Design: Repeated  measures.
Methods:  Participants  with  concussion  (n  = 23;  age  = 14.1  ±  2.5  years;  52%  female)  completed  single/dual-
task  TUG,  tandem  gait,  and  symptom  assessments  6.7  ± 2.6  and  23.3  ± 6.1  days  post  injury.  The
control  group  (n  = 27;  age  =  14.1  ± 2.3  years;  48%  female)  completed  the  same  protocol  initially  and
10.7  ± 16.1  days  later.  All  participants  completed  single-task  (undivided  attention)  and  dual-task  (divided
attention)  tests.  The  primary  outcome  variable  was  test  completion  time.
Results:  The  concussion  group completed  single-task  (concussion  group  mean  =  11.1  ± 1.9  vs.  control
group  mean  9.9 ± 1.4  s, p = 0.027)  and  dual-task  (concussion  group  mean  =  14.4  ±  3.3  vs. control  group
mean  12.7  ± 1.9  s, p =  0.047)  TUG  tests  slower  than  the control  group  across  both  time  points.  The
concussion  group  completed  dual-task  tandem  gait  tests  slower  than the  control  group  at  both  time
points  (21.3  ± 6.3 vs. 16.8 ± 5.5  s, p  = 0.006),  and  were  slower  in  the  single-task  condition  at  the first
test  (19.8  ±  5.4 vs. 13.8  ± 4.4  s, p =  0.003).  Symptoms  were  significantly  worse  for  the  concussion  group
compared  to  the  control  group  at  the first  (34.1  ±  21.4  vs. 3.9 ± 9.1,  p <  0.001),  but  not  the  second  test
(9.1  ± 12.0  vs. 2.2  ± 6.8;  p =  0.08).

Conclusions:  Slower  dual-task  TUG  and  tandem  gait  times  were  detected  across  both  time  points  for  the
concussion  group  relative  to the  control  group.  In contrast,  single-task  tandem  gait deficits  appeared
to  improve  in a  similar  fashion  as  symptoms,  suggesting  increased  complexity  from  the addition  of  a
cognitive  task  allows  for the  detection  of persistent  post-concussion  deficits  that  might  take  longer  to
resolve.

© 2018  Sports  Medicine  Australia.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction
Sport-related concussion can affect many different brain areas
nd their associated functions, making accurate evaluation of post-
njury deficits and subsequent clinical recovery difficult.1 Thus, a

∗ Corresponding author.
E-mail address: David.Howell@ucdenver.edu (D.R. Howell).

ttps://doi.org/10.1016/j.jsams.2018.11.014
440-2440/© 2018 Sports Medicine Australia. Published by Elsevier Ltd. All rights reserve
multifaceted approach to measuring post-concussion function is
recommended.2 Among the many potential deficits that can arise
following injury, balance problems have been reported as a com-
mon  post-concussion deficit.3–5 Because multiple sensory systems
are needed for adequate balance control, assessing balance in a

multimodal and objective fashion can help healthcare providers
monitor recovery following concussion.2,6

The most common form of assessment used to determine pos-
tural stability is the Balance Error Scoring System (BESS) test.7

d.
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n easily implemented test, the BESS is useful in the acute
ost-concussion stages, but spontaneous recovery and learning
r practice effects may  contribute to diminishing value during
erial evaluations more than a week after a concussion.8,9 Some
esearchers have used more sophisticated measurement systems
uch as optical motion analysis to quantify post-concussion postu-
al control deficits.4,6 Although this approach allows for an accurate
ovement evaluation, the required cost, personnel, and space

emands prohibits its use across most clinical settings. Thus, there
s a need to identify sensitive tests that can objectively measure
ostural control and are feasible across diverse clinical settings.

The increased task complexity of dual-task paradigms for
easuring post-concussion deficits has been recognized in prior

tudies.10–13 These reports suggest that abnormal gait is present
ollowing a concussion and generally resolves over time, but the
nconsistency of findings, small sample sizes, and limited liter-
ture prohibit specific recommendations for measuring gait in
linical settings.10–13 Dual-tasks may  be more sensitive for detect-
ng persistent deficits after a concussion compared to single-task
aradigms, symptom inventories, and computerized neurocog-
itive tests.6,14,15 Although dual-task paradigms can range from

aboratory-based4 to clinically-based,16 their relative ease of use
an make them well suited for concussion assessments.

Two clinical tests used within the dual-task framework are the
imed-up-and-go (TUG)17 and tandem gait tests.18 The TUG test
s a well-established assessment of both gait and postural con-
rol that measures the time it takes for an individual to stand up
rom a chair, walk a set distance, turn around and sit back down.17

t has been used in several studies as an objective measure to
valuate functional mobility,19 and to determine the efficacy of a
estibular rehabilitation program for patients with persistent post-
oncussion symptoms.3 The tandem gait test assesses how fast a
atient can walk a set distance along a line while approximat-

ng their heel and toe together during locomotion.18,20 It had a
igher sensitivity and specificity compared to the BESS in the acute
ost-concussion stage in one study,20 and it has been identified as

 proxy measure for instrumented single-task and dual-task gait
valuations.18

Our objective was to prospectively evaluate single-task and
ual-task TUG and tandem gait performance among a group of
hildren and adolescents with concussion compared to healthy
ontrols. Based on prior studies,14,21 we hypothesized that the con-
ussion group would have slower single-task TUG and tandem gait
imes at the initial post-injury test only, and that they would have
lower dual-task TUG and tandem gait times than controls at both
esting time points relative to a group of healthy control partici-
ants.

. Methods

We  conducted a prospective investigation of children and ado-
escents between the ages of 8–18 years who completed the testing
rotocol on two occasions. Those with a concussion were tested

nitially within the first ten days of injury (time 1), and again
pproximately 3 weeks post injury (time 2). Follow-up test tim-
ng was selected as the time where we expected the majority of
articipants would no longer be experiencing concussion symp-
oms. The control group completed their initial examination (time
) and returned for their second test approximately two  weeks

ater (time 2). Concussion group participants were recruited from
 sport concussion clinic associated with a tertiary-care regional

hildren’s hospital between July 1, 2016 and February 1, 2018. After
njury, concussion participants self-referred to the clinic, or were
eferred from an emergency department or their primary health-
are provider. Control group participants were identified from an
edicine in Sport 22 (2019) 521–525

injury prevention center where they were completing an injury
prevention evaluation or a personal training session, or from chil-
dren of hospital employees. Control participants were matched
individually to concussion participants based on the age, sex, and
body size of concussion group participants. We  assessed prior
concussion history, documented the time of the most recent con-
cussion, and excluded potential participants who had sustained a
concussion within 6 months of initial testing or if they were still
experiencing concussion symptoms.

We  defined concussion consistent with the Consensus State-
ment on Concussion in Sport as a brain injury caused by a direct
blow to the head, face, neck or elsewhere on the body, result-
ing in the rapid onset of impairment of neurological function.22 A
board-certified sports medicine physician diagnosed each con-
cussion participant with a concussion prior to enrollment in the
study. The Institutional Review Board approved this study prior
to commencement. All participants and their parent/guardian
assented/consented to participate in the study through a written
informed consent procedure. Potential participants were excluded
if they had an existing lower extremity injury that may affect nor-
mal  gait or balance control, a documented learning disability, or
developmental delay. Only those who  sustained a concussion dur-
ing sports or by a mechanism involving forces similar to sports,
such as falling from ground level or being injured during recre-
ational activities, were included in the study. Patients with more
severe injury mechanisms, such as falling from a height or sus-
taining an injury during a motor vehicle collision, or those with
structural abnormalities visible with neuroimaging, were excluded.
Tests were administered by a single trained research assistant.

The primary TUG outcome variable was  the time required to
complete the test in single- and dual-task conditions. During the
test, participants were seated with their back against the back of a
chair and were not wearing shoes. They were instructed to stand up
from a chair without using the arm rests, walk a distance of 3 m at
their normal pace, turn at approximately 180◦ where a piece of tape
on the ground marked the turnaround point, then walk and sit back
down, again without the use of the chair’s arm rests. TUG test com-
pletion time was acquired and automatically calculated using a set
of instrumented inertial sensors (Opal Sensor, APDM Inc., Portland,
OR23,24) consisting of one sensor at the level of the lumbosacral
junction and one sensor on the dorsum of both feet, attached with
an elastic strap. This experimental setup has been previously used
to calculate instrumented TUG test time with a greater sensitiv-
ity to subtle changes than hand-timing.25 Mobility Lab version 2.0
software was used to automatically calculate TUG outcome vari-
ables in single-task and dual-task conditions separately. One TUG
trial was  performed per condition. During the dual-task TUG, a cog-
nitive test was simultaneously performed based upon a previous
dual-task TUG study where participants were asked to subtract by
6 s or 7 s from a randomly presented 2-digit number.17 They were
given instructions prior to task initiation, began once cued by the
test administrator, and continued completing both tasks (motor
and cognitive) throughout the trial.

Consistent with previously published studies,18,21,26 partici-
pants also completed the single-task and dual-task timed tandem
gait test. The primary outcome variable from this assessment is
the time required to complete the test, averaged across three
trials completed in each condition. During both conditions, partici-
pants completed the tandem gait test consistent with standardized
instructions,27 where they walked without shoes with an alternate
heel-to-toe gait along a 3 m length of sports tape. While completing
the test, instructions were given to approximate their heel and toe,

walk beyond the end of the 3 m line, make a 180◦ turn and return
to the original starting point while walking in the same heel-to-
toe fashion. Test administrators timed each trial using a standard
stopwatch or smartphone to the nearest hundredth of a second.
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ailed trials were defined as an overt separation of heel and toe,
tepping off the tape, or touching the test administrator. If a par-
icipant failed a trial, they repeated the test until they successfully
ompleted three trials. All participants were able to successfully
omplete three tandem gait trials.

During the dual-task condition, participants were asked to
imultaneously complete one of three different cognitive test
orms: spelling a five-letter word backwards, serial subtraction by

 s or 7 s from a randomly presented 2-digit number, or reciting the
onths in reverse order starting from a randomly selected month.

rior to trial commencement, participants were given the task to
omplete during the trial and instructed to begin doing both tasks
i.e. walk and talk) simultaneously throughout the duration of the
ait trial. The same test form was not used consecutively to avoid
ractice effects from one trial to the next. This cognitive test has
een used in prior studies of dual-task tandem gait.18,21,26

All participants completed a symptom assessment using the
ost-Concussion Symptom Scale (PCSS), which has been previously
sed in adolescents with concussion to assess the number and
everity of concussion symptoms present at the time of testing.28,29

n the PCSS, participants rate 22 concussion symptoms on a scale
rom 0 to 6, where zero indicates that the patient is not experienc-
ng the listed symptom, and six indicates the maximum severity
or that symptom. Thus, a higher score indicates worse concussion
ymptoms experienced by the participant.

Continuous variables are presented as means (standard devia-
ion) and medians [interquartile range], and categorical variables
re presented as the number included and corresponding percent-
ges. Differences in participant demographic and injury history
haracteristics between concussion and control groups were ana-
yzed using independent samples t-tests for continuous variables,
nd chi-square analyses for categorical variables.

To compare TUG and tandem gait test outcomes between groups
between-subject independent variable) and across time (within-
ubject independent variable), we used a repeated measures mixed
ffects analyses of covariance (ANCOVA). To account for poten-
ial confounding variables, we entered covariates into the model
onsisting of participant characteristics with potential differences
etween groups, defined as p < 0.20. Using this approach, we inves-
igated the interactions and main effects of group (concussion vs.
ontrol) and time (time 1 vs. time 2) for each of the dynamic
ostural control outcome variables (TUG, tandem gait times) in
ingle-task and dual-task conditions, and symptom severity. If we
etected a significant interaction, we performed post-hoc pairwise
omparisons between groups at both time points, and statistical
ignificance was defined as p < 0.01 to adjust for multiple compar-
sons. In addition, we analyzed the test–retest correlation of each
est in single-task and dual-task conditions for the concussion and
ontrol groups separately using Spearman’s rho correlations. All
tatistical analyses were two-sided, and performed with Statistical
ackage for the Social Sciences (version 24, IBM Inc., Armonk, NY).

. Results

There were 50 total participants who completed the study: 23
ith a concussion and 27 control participants (Table 1). Four con-

ussion group participants were lost to follow-up, thus their data
ere not included in our analyses. The concussion group completed

he first assessment at a mean of 6.7 ± 2.6 days post concussion,
nd the second assessment 23.3 ± 6.1 days following injury. The
ontrol group completed the initial assessment, and returned for

he second assessment 10.7 ± 16.1 days later. The concussion group
eported a significantly greater number of prior lifetime concus-
ions than the controls (Table 1), and this variable was subsequently
ncluded in the ANCOVA models.
edicine in Sport 22 (2019) 521–525 523

For single-task TUG completion time, participants with a con-
cussion completed the test slower than controls across both time
points (Table 2; p = 0.027; �p

2 = 0.10). Both groups completed the
single-task TUG faster at the second time point than the first
(p = 0.028; �p

2 = 0.10). Similarly, for dual-task TUG completion
time, participants with a concussion completed the test slower
than controls across both time points (Table 2; p = 0.047; �p

2 = 0.08).
Both groups completed the dual-task TUG faster at the second time
point relative to the first (p = 0.001; �p

2 = 0.22).
During the single-task condition of the tandem gait test, the con-

trol group completed the test faster than the concussion group
at the first test (Table 2; p = 0.001), but not at the second time
point (p = 0.035). For the dual-task tandem gait test, the concussion
group completed the test slower than controls across both time
points (Table 2; p = 0.006; �p

2 = 0.22); both groups completed the
test faster at the second time point relative to the first (p = 0.010;
�p

2 = 0.21).
As would be expected, the concussion group had significantly

worse symptoms than the control group at time 1 (Table 2;
p < 0.001), but not at time 2 (p = 0.02). There was a trend toward the
concussion group reporting more symptoms at time 2, and there
was considerable variability among individuals within the concus-
sion group in their symptom reporting at that time period. The
concussion group PCSS scores significantly decreased from time
1 to time 2 (p < 0.001). The control group PCSS scores remained
similar at each time point.

4. Discussion

Slower dual-task TUG and tandem gait completion times con-
tinued to persist at follow up testing among some athletes with
a recent concussion. In contrast, single-task tandem gait deficits
resolved more quickly. Thus, the increased complexity induced by
the addition of a cognitive task completed concurrently during the
tandem gait test may  have allowed for the detection of contin-
ual post-concussion deficits. Overall, these findings indicate the
potential clinical applicability for the objective detection of pos-
tural control deficits after concussion using dual-task tests with
relatively few equipment demands, including a chair, strip of tape,
tape measure, and standard stopwatch.

Within the framework of dual-task TUG testing, a recent study
reported excellent test–retest reliability among healthy collegiate
student athletes.17 Our findings build upon this work by com-
paring a group of children and adolescents with concussion to
a healthy control group of children and adolescents. The control
group showed relative consistency across time, while those with a
concussion exhibited slower TUG completion times on average in
both testing conditions across the two  testing points. While these
between-group deficits continued, the concussion group appeared
to resolve the majority of their symptoms, although some remained
symptomatic. In a different setting, Alsalaheen et al. observed that
among patients with persistent dizziness and gait/balance dysfunc-
tion, vestibular rehabilitation resulted in significantly faster TUG
times.3 Taken together with our findings, this suggests that the
TUG test may  be useful in measuring the efficacy of rehabilitation
protocols that provides information beyond symptom inventories.

The single-task timed tandem gait test is included as one com-
ponent of the SCAT-3.30 All participants in our study were able
to successfully complete three trials in both single-task and dual-
task conditions. Thus, the inclusion of a timed component of the
test allows for clinicians to obtain objective and continuous out-

come variable information regarding postural stability, whereas
the recommended pass/fail criteria put forth by the SCAT-5 can
be subjective and may  only be able to detect overt motor deficits.
Furthermore, the inclusion of a dual-task condition allowed us to
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Table 1
Demographic characteristics of study participants (mean, SD or n, %).

Variable Concussion group (n = 23) Control group (n = 27) p Value Cohen’s d

Age (years) 14.1 (2.5) 14.1 (2.3) 0.98 0.01
Height (cm) 160.6 (14.5) 160.2 (12.0) 0.93 0.03
Weight (kg) 57.6 (16.9) 52.4 (13.4) 0.24 0.34
Female sex 12 (52%) 13 (48%) 0.78 N/A
Prior  history of concussion 10 (43%) 4 (15%) 0.04 N/A
LOC  at time of injury? 1 (4%) N/A N/A N/A

Table 2
Test completion times (seconds) for single- and dual-task TUG and TG, and total symptom severity scores at each assessment.

Test Group Condition Assessment 1 Assessment 2 Test–retest Spearman r

Mean (SD) Median [IQR] Mean (SD) Median [IQR]

TUG time Concussion Single 11.7 (2.1) 11.4 [10.5–13.6] 10.5 (1.7) 10.9 [9.0–11.6] 0.40
Dual  15.2 (3.7) 13.7 [12.7–17.2] 13.4 (2.9) 13.1 [12.0–14.4] 0.60

Control Single 10.0 (1.7) 9.7 [8.7–11.1] 9.7 (1.2) 9.8 [9.0–10.5] 0.49
Dual  13.1 (2.1) 13.1 [11.9–14.6] 12.3 (1.8) 12.1 [11.3–13.8] 0.77

Tandem gait time Concussion Single 19.8 (5.4) 17.2 [16.8–23.5] 15.7 (3.8) 14.5 [13.3–17.1] 0.46
Dual  23.3 (6.4) 21.2 [20.1–24.4] 18.8 (5.9) 17.8 [14.4–23.0] 0.80

Control Single 13.8 (4.4) 12.8 [11.9–15.6] 13.5 (4.4) 13.3 [10.6–14.4] 0.47
Dual  17.4 (6.7) 16.0 [12.9–22.4] 16.9 (5.2) 15.9 [13.5–18.3] 0.66

 [17–
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PCSS  Score Concussion 34.1 (21.4) 31
Control 4.1 (4.5) 1 

etect between-group differences for a longer duration of time
han the single-task form, consistent with prior observations.14,21

ecause the tandem gait test provides a higher level of sensitivity
nd specificity than other concussion tests of postural stability,20

nd is a relevant proxy measure for more sophisticated dual-task
ait examinations,18 monitoring recovery from concussion with the
andem gait test may  be appropriate in clinical settings. Further
ork among individuals in different populations than our study

hould be explored to better determine the utility of this type
f testing paradigm. Furthermore, future studies should directly
ompare the practicality of both the tandem gait and TUG tests in
ifferent clinical environments to determine their clinical utility.

Our study had limitations. The sample size of both participants
roups was relatively small and participants were tested only on
wo occasions. We  recruited and tested participants from a single
linical environment. Our participant sample consisted of adoles-
ent athletes who reported to a specialty care center. Thus, they
ay  have represented a cohort of individuals with more severe

njuries than what is typically seen in an acute care setting and our
ndings may  not be generalizable to other locations or study pop-
lations. There may  have been practice effects that we could not
ccount for with the administration of the tests, because there was
ot a counter-balanced presentation of tasks. Further, the follow-up
est time varied somewhat between groups and may  have affected
ur observed outcomes. There were a variable number of minimum
rials per task, thus, our study lacked standardization between TUG
nd tandem gait assessments, particularly under dual-task condi-
ions. Finally, we did not record the presence, duration, or absence
f post-traumatic amnesia at the time of injury in concussed par-
icipants.

. Conclusion

In conclusion, we identified dynamic postural control differ-
nces between concussion and control groups using objective

nd clinically feasible dual-task tests. The inclusion of a dual-task
nto these paradigms may  allow clinicians to identify otherwise
nnoticed deficits, and should be considered as adjunct evalua-
ive techniques in addition to the established battery of cognitive,
45] 9.1 (12.0) 3 [0–17] 0.39
2.3 (6.9) 0 [0–2] 0.63

vestibulo-ocular, and balance tests commonly used across different
clinical settings.

Practical implications

• We  identified differences between adolescents and children with
a concussion compared to controls using two  different objective
dynamic postural control tasks.

• Slower dual-task TUG and tandem gait completion times contin-
ued to persist at follow up testing among some athletes with a
recent concussion.

• Implementation of dual-task postural control tests is possible
using standard equipment such as a chair, strip of tape, tape
measure, and standard stopwatch.
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