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Abstract Mobile balance assessments using sensors in portable devices to objectively measure postural control have
become popular in recent years. However, there is a current gap in the literature with respect to how perceived fatigue and
perceived workload affect these mobile balance assessments. The purpose of this study was to measure postural control with
two objective mobile balance assessments (one for static balance and one for dynamic balance) before and after a
standardized fatigue protocol. Healthy participants (N=30, 33.6+£14.2 years) completed perceived fatigue/workload
assessments along with mobile static and dynamic balance tests before a fatigue protocol (including sprints, pushups, and
step-ups) and again four times after the fatigue protocol in windows approximately 9 minutes apart. Outcome measures at
each timepoint included the Rating of Perceived Exertion (RPE) for perceived fatigue, NASA Task Load Index (NASA-TLX)
for perceived workload, and objective metrics from the Balance Tracking System (BTrackS) Balance Test (static balance
assessment) and the AccWalker smartphone app (dynamic balance test). Repeated measures MANOVA/ANOVAS and
Spearman’s rho correlations were used to examine the relationship between perceived fatigue/workload and balance before
and after the fatigue protocol. The BTrackS Balance Test was affected acutely after fatigue, while AccWalker showed no
changes after fatigue. RPE and NASA-TLX were significantly correlated, but nearly all balance metrics were not associated
with perceived fatigue/workload. Perceived fatigue and workload acutely affect the BTrackS Balance Test, but not
AccWalker, which may help with the selection of a balance test based on the desired assessment characteristics and
administration time relative to physical exertion.
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. compromised [7]. Many balance tests have been developed
1. Introduction to characterize changes in balance due to natural aging,
injury, or disease.

The assessment of balance can be characterized as
objective or subjective. Traditionally, objective balance tests
were confined to laboratory settings due to the need for
specialized sensors to be in a controlled environment (i.e.,
a force plate affixed to a level surface). Alternatively,
subjective balance tests were developed to assess postural
control outside the laboratory—such as the Balance Error
Scoring System (BESS). However, questions about the
validity and reliability of the BESS have been raised due to
its subjectivity [8-11]. To meet the need of an objective
balance test that could be used outside the laboratory,
numerous mobile balance tests have been developed [12-23].
While the validity and reliability for some mobile balance
assessments have been described, these characteristics are
not reported for many of these mobile apps [15]. Moreover, it
is unclear the extent to which internal factors that may be
present during testing, such as fatigue, may influence the
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Postural control is defined as the ability to maintain
upright stance, which is accomplished through a complex
and dynamic process that integrates both internal and
external factors [1,2]. Humans are, to some degree,
inherently unstable, which affords the flexibility to respond
to unexpected perturbations that occur in daily life. Thus, a
certain level of instability contributes to our ability to
functionally interact with the environment and complete
tasks associated with activities of daily living or those more
specialized in nature. In a healthy system, the postural
control response is ideally proportionate to the disturbance to
maintain upright stance (i.e., balance) [3,4]. When postural
control is compromised, it will exhibit delayed timing and/or
reduced magnitude in response to a disturbance [5,6]. It is
well documented that postural control instability increases
when the neurosensory systems contributing to postural
control (vision, vestibular, and proprioceptive) are
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measure fatigue. As a result, researchers typically rely on
self-reported measures of perceived exhaustion or perceived
workload as a surrogate to fatigue. The Rating of Perceived
Exhaustion (RPE) has a long history of being used in this
context [24]. For the purposes of this paper, fatigue will be
referred to as “perceived fatigue” to convey it is the
participants’ feeling of fatigue and not an objectively
measurable variable, such as heart rate. Relative to perceived
workload, the NASA Task Load Index (NASA-TLX) is a
multidimensional assessment of the perceived workload
associated with a task [25]. The NASA-TLX considers the
physical, mental, and emotional factors required to complete
a task, and it has been previously used to assess perceived
workload in motor behavior tasks [26-29]. Using both RPE
and the NASA-TLX as surrogates of perceived fatigue and
workload would help address the aforementioned limitation
with mobile balance assessments.

A commonly used mobile balance assessment is the
Balance Tracking System (BTrackS; Balance Tracking
Systems, Inc, San Diego, California), which employs a
portable force plate interfaced with a tablet or laptop to
reliably [30] and validity [31] assess static postural control.
Normative data for BTrackS from more than 16,000 people
who were 5-100 years old have been published [32]. This
mobile balance assessment has been commonly used with
athletic populations [33], for which fatigue could be a factor
at the time of testing. BTrackS has been shown to be more
fatigue resistant than the subjective BESS test [34]. However,
the effect of fatigue on the BTracksS balance metric [center of
pressure (CoP) excursion] was still observed within 5
minutes of the fatigue protocol. While BTracksS is a viable
mobile balance assessment option, it relies on a static
balance task. Dynamic postural control is required in many
real-world tasks and it may provide a more ecologically valid
method to assessment balance. To address the need of an
objective and dynamic balance test, a smartphone app was
developed that measures postural control while the
participant performs a stepping-in-place task [14,35,36].
This test (termed AccWalker) has been shown to be a reliable
and valid way to measure postural control [35], as well as a
clinically useful tool to identify balance deficits after head
trauma [14]. However, the extent to which fatigue affect this
dynamic balance test is unknown.

The effect of perceived fatigue on the postural control has
previously been examined [34,37] and showed the time
course that could be expected for balance to return to
baseline levels after a fatiguing protocol. However, there
were limitations to this previous work. First, both studies
used RPE to assess postural control deficits after a fatiguing
protocol, but neither study examined the extent to which an
increase in RPE related to an increase in postural instability.
Second, neither study included a measure of perceived
workload, which would add a different dimension of
perceived fatigue to the assessment. Third, both studies only
used a static postural control task while on a force plate.
Therefore, the purpose of this study was to examine the
effects of perceived fatigue (measured by RPE and the
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NASA-TLX) on objective mobile balance tests (i.e., BtrackS
Balance Test and AccWalker). It was hypothesized that (1) a
decline in postural control will be observed immediately
after the fatigue protocol, but will return to baseline levels
after 9 minutes and (2) the magnitude of the immediate
postural control decline will be associated with an
individual’s level of perceived fatigue.

2. Methods

Participants (N=30, 33.6+£14.2 years, 21 females / 9 males)
were recruited from the local community. Inclusion criteria
included a self-report of current participation in at least
three hours of vigorous physical activity per week and no
current musculoskeletal injuries. Prior to data collection,
participants read and signed an informed consent form. The
study protocol and consent form were approved by the local
university Institutional Review Board.

All participants had on athletic clothes/shoes and
completed the same testing protocol: (1) one pre-test
assessment of perceived fatigue and postural control, (2) a
fatiguing protocol that took approximately 14-minutes to
complete, and (3) four post-test assessments of perceived
fatigue and postural control spaced out over four windows
that were 9-minutes in duration each, which was the shortest
window duration possible to complete all of the perceived
fatigue and postural control assessments (Figure 1). The
postural control assessment in the pre- and post-tests
included the BTracks Balance Test and the AccWalker
smartphone app.

Pre-tests Post-tests #1-4
Postural Control Postural Control
BTrackS BTrackS
AccWalker Fatigue AccWalker
Protocol
Perceived Fatigue Perceived Fatigue
RPE RPE
NASA-TLX NASA-TLX
9 min 14 min 9 min x 4 tests = 36 min

\ /
|

~60 min

Figure 1. Timeline of experimental procedure protocol

The BTrackS Balance Test consisted of three 20-second
standing trials on a portable force plate (sampled at 25 Hz)
with eyes closed the CoP excursion (total distance travelled)
was quantified 31, 38 (Figure 2A). AccWalker is a
smartphone app that measures spatial and temporal
characteristics of movement while the participant
performance stepping-in-place task. The smartphone was
placed on lateral aspect of the mid-thigh via a modified cell
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phone holder (Figure 2B). The protocol required participants
to step-in-place to the sound of a metronome for the first 10
seconds, followed by 60 seconds of stepping-in-place while
attempting to maintain the same pace after the metronome
turned off. Congruent with the protocol described in
previous work 35, this task was completed with eyes closed
(to perturb the visual system) and while laterally shaking the
head (to perturb the vestibular system) (Figure 2C).

C Conditions
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!
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Figure 2. Balance assessments used in this study. The BTrackS Balance
Test (A) was implemented on a portable force plate (image from Benedict et
al., 2017). The AccWalker test was implemented using a smartphone placed
on the thigh during a stepping-in-place task (B) under two conditions (C)

Head shake

No-Vision

Each condition was performed twice, and the performance
averaged between the two trials. One practice trial of the
eyes closed and head shake conditions were provided prior to
the pre-test for familiarization purposes. The BTrackS
Balance Test and AccWalker order was counterbalanced in
order to control for an order effect. After each postural
control test, the participants were asked “what is your current
RPE?” and they indicated their answer verbally or by pointed
to the RPE chart held in front of them. Then the participant
completed the NASA-TLX form on their own, which was
quantified by adding the scores from all the questions. The
same procedure and order of operations was used during
each of the four post-test sessions. The post-test sessions
were completed within a window of 9-minutes and repeated
four times, providing a measurement of postural control four
times over a 36-minute post-fatigue window.

After the pre-test session, a fatigue protocol was
implemented that was similar to a previous study [34].
Participants were given five minutes of self-selected
warm-up before beginning the protocol. The fatigue protocol
started with three minutes of 20 m sprints. A lane was
marked with black tape on the side and lines to mark the
end of the 20 m; participants touched the end of each 20 m
with their hand. After sprints were performed, subjects
immediately moved to two minutes of pushups followed by
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two minutes of sit-ups, three minutes of step ups and three
more minutes of 20 m sprints. After the second set of sprints
the subject would, as quickly as possible, begin the first
postural post-test session. The estimated average time
between ending the fatigue protocol and beginning the first
post-test session was less than one minute.

The dependent variables for perceived fatigue and
workload were RPE and NASA-TLX scores, respectively.
The dependent variable for the BTrackS Balance Test was
the average total excursion of the CoP over the three trials.
The dependent variables for AccWalker were standard
deviation (SD) of stride time (measured in seconds) and peak
thigh flexion (measured in degrees).

Prior to addressing hypothesis 1, the RPE and
NASA-TLX scores across the five time points (pre-test, 0-9
min post-test, 9-18 min post-test, 18-27 min post-test, and
27-36 min post-test) were included in a multivariate
analysis of variance (MANOVA) to determine whether the
scores changed after the fatiguing protocol. If significant,
follow-up univariate ANOVAs were used to determine
which perceived fatigue variable(s) changed and pairwise
comparisons were then used to determine which time points
differed from each other.

To address hypothesis 1, a series of MANOVAs were used.
For AccWalker the first MANOVA included stride time SD
in the eyes closed and head shake conditions and the second
MANOVA included peak flexion SD in the eyes closed and
head shake conditions. The same follow-up procedure
described for the perceived fatigue variables were used for
the AccWalker data if warranted. For the BTrackS Balance
Test data, a repeated measures ANOVA was used to examine
changes across the five time points, with follow-up pairwise
comparisons used if appropriate. If the data exhibited a
non-normal distribution (confirmed by Mauchly’s test of
sphericity), then the Greenhouse-Geisser correction was
used. To address hypothesis 2, the magnitude of change in
postural control performance and perceived fatigue was first
measured by quantifying the difference between the pre-test
and 0-9 min post-test scores for each DV. Next, the
association between the postural control difference score
and fatigue difference scores was be examined by running
separate Spearman’s rho correlations.

3. Results

For perceived fatigue, the MANOVA indicated there was
a change across time points, F(8,17) = 11.70, p < .001,
Wilk's A = 0.154, partial n> = .846. The follow-up univariate
ANOVAs showed both RPE, F(2.05, 49.31) = 36.28, p
< .001, partial n” = .602, and NASA-TLX, F(1.98, 47.46) =
14.16, p < .001, partial n° = .371, changed across the time
points. For RPE, the pairwise comparisons showed a
significant increase between the pre-test (8.1+1.6) and the
0-9 min post-test (13.0+2.8). RPE remained elevated at the
9-18 min and 18-27 min post-tests (10.4+2.3 and 9.2+1.9,
respectively), returning to the baseline level at the 27-36 min
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post-test (8.8+2.1) (Figure 3A). For the NASA-TLX, the
pairwise comparisons showed a significant increase between
the pre-test (5.3x2.4) and the 0-9 min post-test (7.7£3.7),
then returning back to baseline levels at the 9-18 min, 18-27

min, and 27-36 min post-tests (5.6+3.1, 4.7+2.4, and 4.4+2.2,

respectively) (Figure 3B).
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Figure 3. RPE (A) and NASA-TLX (B) before (Pretest) and in each of the
four windows of time after the fatiguing protocol (0-9, 9-18, 18-27, and
27-36 min Post). The asterisk indicates a significant difference from the
Pretest
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Figure 4. Standard Deviation (SD) data of stride time with during the eyes
closed (A) and head shake (B) conditions during the AccWalker dynamic
balance test. Data are presented before (Pretest) and in each of the four
windows of time after the fatiguing protocol (0-9, 9-18, 18-27, and 27-36
min Post). No significant differences were observed

The MANOVA for AccWalker stride time SD indicated
there was no change across time points in the eyes closed or
head shake conditions, F(8,11) = 1.13, p = 416, Wilk's A =
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0.549, partial 1> = .451. Since the MANOVA was not
significant, no follow-up statistics were run. Stride time
standard deviation in both conditions at each time point are
presented in Figure 4A (eyes closed) and Figure 4B (head
shake).

The MANOVA for thigh flexion SD indicated there was
no change across time points in the eyes closed or head shake
conditions, F(8, 13) = 2.15, p = .106, Wilk's A = 0.431,
partial n? = .569. Since the MANOVA was not significant,
no follow-up statistics were run. Thigh flexion standard
deviation in both conditions at each time point are presented
in Figure 5A (eyes closed) and Figure 5B (head shake).
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Figure 5. Standard deviation (SD) data of thigh flexion in the eyes closed
(A) and head shake (B) conditions during the AccWalker dynamic balance
test. Data are presented before (Pretest) and in each of the four windows of
time after the fatiguing protocol (0-9, 9-18, 18-27, and 27-36 min Post). No
significant differences were observed
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Figure 6. Path Length data of the Center of Pressure (CoP) While
Standing on the Forceplate During the BTrackS Balance Test. Data are
presented before (Pretest) and in each of the four windows of time after the
fatiguing protocol (0-9, 9-18, 18-27, and 27-36 min Post). The asterisk
indicates a significant difference from the Pretest. The asterisk indicates a
significant difference from the Pretest

For the BTrackS Balance Test, the repeated measures
ANOVA indicated there was a change across time points,
F(2.36,58.95) = 6.07, p = .003, partial n? = .195. Follow-up
the pairwise comparisons showed a significant increase
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between the pre-test (19.5£5.4 cm) and the 0-9 min post-test
(25.1£7.8 cm), then returning back to the baseline level at the
9-18 min (21.7x7.5 cm), 18-27 min (20.5x7.7 cm), and
27-36 min (20.3£6.5 cm) (Figure 6).

For hypothesis two, all correlations are presented in Table
1. The only significant association between the change in
perceived fatigue and the change in postural control was
between the NASA-TLX and AccWalker thigh flexion SD in
the head shake condition, ry(25)=.492, p = .012. A significant
correlation was observed between the two perceived fatigue
assessments, rs(30)=.544, p = .002 and between AccWalker
stride time SD in the eyes closed and head shake conditions,
rs(21)=.435, p = .049.

Table 1. Spermans rho correlations between change in fatigue and postural
control from the pre-test and 0-9 min post-test

Measure

1. Change in RPE

2. Change in NASA-TLX 0.544**
3. Change in AccWalker

stride time SD with EC 0198 0.074

4. Change in AccWalker

stride time SD with HS -0.018 -0.062

0.435*
5. Change in AccWalker

thigh flexion SD with EC -0.044-0.079

0.155 -0.165
6. Change in AccWalker

thigh flexion SD with HS

7. Change in BTrackS
Balance Test

0.241 0.492* 0.102 0.164 -0.309

-0.201 -0.188 0.060 0.350 -0.051

* indicates p < .05, ** indicates p < .01

4. Discussion

The purpose of this study was to examine the effects of
perceived fatigue and workload (measured by RPE and the
NASA-TLX) on objective mobile balance tests (i.e., BtrackS
Balance Test and AccWalker). Two hypotheses were tested.
Hypothesis one stated that a decline in postural control
would be observed immediately after the fatigue protocol but
will return to baseline levels after 9 minutes. Data from the
BtrackS Balance Test supported this hypothesis, but
AccWalker data showed no changes after the fatigue test.
Hypothesis two stated the magnitude of the immediate
postural control decline would be associated with an
individual’s level of perceived fatigue. Data from only one
pair of variables (NASA-TLX and AccWalker thigh flexion
SD) provided support for this hypothesis. Collectively, the
data showed that the BtrackS Balance Test is acutely
affected by perceived fatigue, whereas AccWalker showed
no changes in performance after the fatigue protocol.

The first step in this study was to show that the fatigue
protocol led to an increase in perceived fatigue and workload,
which was observed in both RPE and the NASA-TLX.
Specifically, RPE was elevated up to 27 minutes after the
fatigue protocol, but the NASA-TLX was only elevated up
to 9 minutes after the fatigue protocol. While a similar
elevation in fatigue and workload was observed acutely —
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evidenced by the positive correlation in the change in RPE
and NASA-TLX tested in hypothesis two—the rate at which
perceived physical fatigue (indexed by RPE) and perceived
workload (indexed by NASA-TLX) recover appear to be at
different after the fatigue protocol. Some studies using
subjective/perceived fatigue measures have used both
RPE and NASA-TLX to measure how fatigue affects
manufacturing tasks [38] and cycling tasks [39]. To our
knowledge, this is the first study comparing the relation
between perceived physical fatigue and perceived workload
after a physically demanding protocol and our data suggest
they degrade at different rates after physical exertion. The
relatively fast rate of recovery in the NASA-TLX measure
may indicate that cognitive workload may be less affected
by a more physically fatiguing task. In addition, the
NASA-TLX asks more questions, therefore, it may elicit a
more specific profile of fatigue instead of the single numeric
measure afforded by RPE.

The BTrackS Balance Test and AccWalker test are both
mobile balance assessments that objectively measure
postural control. The BTrackS Balance test uses a portable
force plate, which measures the displacement of the CoP
over 20 second trials and the total distance travelled by the
CoP was used to quantify postural control. There was a
significant increase in the total excursion of the CoP between
the pre-test and first post-test, indicating that perceived
fatigue was related to a decrease in postural control as
assessed by the BTrackS Balance Test. As predicted,
postural control retuned to the pre-test level after the first
post-test window, suggesting that effect of fatigue the
BTrackS Balance Test lasts less than 9-minutes. This
observation supports previous findings by Benedict,
Hinshaw, Byron-Fields, Baweja and Goble [34], who
showed that the BTrackS Balance Test performance returned
to pre-fatigue levels within 5-minutes after the same fatigue
protocol used in the current study. Our study design only
allowed for nine-minute windows in the post-test session due
to the duration required to complete the BTrackS Balance
Test, AccWalker, RPE, and NASA-TLX assessments. Thus,
our data supports previous work [34], but their study had
a shorter time resolution to identify when the BTrackS
Balance Test returned to pre-fatigue levels. A unique
contribution of the current study is the inclusion of the
NASA-TLX, as the previous work only included RPE as a
perceived fatigue assessment [34]. The observation that the
NASA-TLX remained elevated in the 9-18 minute and
18-27-minute windows, during which time the BTrackS
Balance Test returned to pre-fatigue levels, suggests that
perceived workload and static postural control on a force
plate may fluctuate independently.

Perhaps the most interesting finding was no significant
changes in AccWalker postural control measures. It is
important to note the AccWalker uses stride time SD and
peak flexion SD as the metrics for postural control, whereas
the BTrackS Balance Test which uses center of pressure
movement. Thus, there is a fundamental difference in the
movement characteristics derived from each test. The tests
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also differ in task difficulty, where the BTrackS Balance Test
is a static postural control test and AccWalker is a dynamic
postural control task. Both tests have been shown to be
valid/reliable [30,31,35], resistant to practice effects [35,40],
and shown to have clinical utility in identifying balance
changes after head trauma [14,41]. While performance on
the BTrackS Balance Test has been shown to return to
pre-fatigue levels within 5-minutes [34], this presents a
challenge in athletic populations who may need a more
immediate assessment of postural control after physical
exertion. An objective test of postural control that has
appropriate clinical sensitivity and is not affected by
perceived fatigue would be desirable for clinicians who work
with athletic populations. The findings of the current study
suggest AccWalker fits within those constraints, as the two
variables previously shown to change after head trauma
(stride time SD and thigh flexion SD) [36] did not change
after the fatiguing protocol used in this study. This is a
desirable outcome, suggesting that a change in AccWalker
performance is likely due to neurosensory mechanisms
rather than perceived fatigue or workload.

The second hypothesis explored whether the magnitude of
the increased in perceived fatigue scaled with the change in
postural control. The findings suggest that this is not the case,
except for thigh flexion SD in the head shake condition
with the NASA-TLX. The head shake condition has been
anecdotally reported as more difficult than the eyes closed
condition in the current and previous studies, which may
account for the positive association between these two
metrics. This observation highlights the role of perceived
workload in physical tasks, which may help increase the
sensitivity of identifying neuromotor dysfunction in some
clinical populations. The positive association between
AccWalker stride time SD in the eyes open and head shake
conditions suggest that both metrics are similarly affected
by perceived fatigue, albeit rather minimally due to the
observations from hypothesis one.

A limitation of this study was that we did not include a
measure of perceived fatigue or workload immediately after
the fatigue protocol. This would have allowed for a measure
of perceived fatigue and workload at the time subject
finished the fatigue portion rather than after the first set of
postural control measures—around 9 minutes post-fatigue.
Given the first mobile balance test (BTrackS or AccWalker)
occurred immediately after fatigue, this may have provided a
more representative amount of perceived exertion or
workload for the first post-test. Another limitation is some
subjects mentioned verbally to the lead investigator they felt
the head-shake task became easier with each administration.
This supports the previous observation that a small
learning effect is expected between the first and second
administration of the head shake condition [35]. Thus, while
the fatigue protocol was expected to increase the SD of the
AccWalker variables, the fact that the first post-test was the
second administration of the test suggest that the expected
increase in SD may have been negated by a decrease in SD
from the learning effect. The learning effect was minimized

Effect of Perceived Fatigue and Workload on Two Mobile Balance Tests

by providing a practice trial before the pre-test. Nevertheless,
it may have reduced AccWalker’s ability to identify fatigue
effects. This observation is tempered by the lack of change
in the eyes closed condition after fatigue, which was not
shown to have a learning effect from the first to second
administration [35]. Thus, it is likely that any learning effects
played a rather minimal factor in the performance on the
AccWalker test. Lastly, the post-test window duration that
was required to complete the two postural control tests and
the two perceived fatigue tests was larger than previous
research who explored similar questions. Specifically Fox,
Mihalik, Blackburn, Battaglini and Guskiewicz [37] used
3-5 min windows and Benedict, Hinshaw, Byron-Fields,
Baweja and Goble [34] used 5-minute windows. The
9-minute windows used in this study reduced our ability to
precisely identify when perceived fatigue began to have a
lesser effect on postural control.

5. Conclusions

The BTrackS Balance Test and the AccWalker dynamic
balance assessment provide clinicians a way to objectively
measure postural control, which builds upon previously
developed subjective tests used in this context. The data
show that perceived fatigue and workload acutely affect the
BTrackS Balance Test, but not AccWalker. It may be that the
AccWalker is not sensitive enough to changes in postural
control to detect the deficits that occur. These findings may
help clinicians working with civilian, military, and athletic
communities better select the test most appropriate for them
based on their desired assessment characteristics (static or
dynamic balance) and administration time relative to
physical exertion.

REFERENCES

[1] D.A. Winter, A.E. Patla, J.S. Frank, Assessment of balance
control in humans, Medical Progress Through Technology
16(1-2) (1990) 31-51.

[2] K. Oie, T. Kiemel, J. Jeka, Multisensory fusion: simultaneous
re-weighting of vision and touch for the control of human
posture, Cognitive Brain Research 14(1) (2002) 164-176.

[3] S. Rietdyk, A. Patla, D. Winter, M. Ishac, C. Little, Balance
recovery from medio-lateral perturbations of the upper body
during standing, Journal of Biomechanics 32(11) (1999)
1149-1158.

[4] A.L. Adkin, J.S. Frank, M.G. Carpenter, G.W. Peysar,
posture, Postural control is scaled to level of postural threat,
Gait & Posture 12(2) (2000) 87-93.

[5] R. Claudino, E.C. dos Santos, M.J. Santos, Compensatory but
not anticipatory adjustments are altered in older adults during
lateral postural perturbations, Clinical Neurophysiology
124(8) (2013) 1628-1637.

[6] M.F. Gago, D. Yelshyna, E. Bicho, H.D. Silva, L. Rocha,



(7]

(8]

[°]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

International Journal of Sports Science 2020, 10(6): 123-130

M.L. Rodrigues, et al., Compensatory postural adjustments in
an oculus virtual reality environment and the risk of falling in
Alzheimer's disease, Dementia and Geriatric Cognitive
Disorders Extra 6(2) (2016) 252-267.

R. Peterka, Sensorimotor integration in human postural
control, Journal of Neurophysiology 88(3) (2002) 1097-1118.

T.A. Buckley, J.R. Oldham, J.B. Caccese, Postural control
deficits identify lingering post-concussion neurological
deficits, Journal of Sport and Health Science 5(1) (2016)
61-69.

J.T. Finnoff, V.J. Peterson, J.H. Hollman, J. Smith, Intrarater
and interrater reliability of the Balance Error Scoring System
(BESS), PM&R 1(1) (2009) 50-54.

C. Rochefort, C. Walters-Stewart, M. Aglipay, N.
Barrowman, R. Zemek, H. Sveistrup, Balance markers in
adolescents at 1 month postconcussion, Orthopaedic Journal
of Sports Medicine 5(3) (2017) 2325967117695507.

N.G. Murray, R.J. Reed-Jones, B.J. Szekely, D.W. Powell,
Clinical assessments of balance in adults with concussion: An
update, Seminars in speech and language, Georg Thieme
Verlag (2019) 48-56.

J.0. Chang, S.S. Levy, S.W. Seay, D.J. Goble, An alternative
to the balance error scoring system: Using a low-cost balance
board to improve the validity/reliability of sports-related
concussion balance testing, Clinical Journal of Sport
Medicine 24(3) (2014) 256-262.

J.A. Patterson, R.Z. Amick, P.D. Pandya, N. Hakansson, M.J.
Jorgensen, Comparison of a mobile technology application
with the Balance Error Scoring System, International Journal
of Athletic Therapy and Training 19(3) (2014) 4-7.

C.K. Rhea, N.A. Kuznetsov, S.E. Ross, B. Long, J.T. Jakiela,
J.M. Bailie, et al., Development of a portable tool for
screening neuromotor sequelae from repetitive low-level blast
exposure, Military Medicine 182(3/4) (2017) 147-154.

K.L. Roeing, K.L. Hsieh, J.J. Sosnoff, A systematic review of
balance and fall risk assessments with mobile phone
technology, Archives of Gerontology and Geriatrics 73 (2017)
222-226.

K.L. Hsieh, K.L. Roach, D.A. Wajda, J.J. Sosnoff,
Smartphone technology can measure postural stability and
discriminate fall risk in older adults, Gait & Posture 67 (2019)
160-165.

J.A. Moral-Munoz, B. Esteban-Moreno, E. Herrera-Viedma,
M.J. Cobo, 1.J. Pérez, Smartphone Applications to Perform
Body Balance Assessment: a Standardized Review, Journal
of Medical Systems 42(7) (2018) 119.

Y.-L. Chiu, Y.-J. Tsai, C.-H. Lin, Y.-R. Hou, W.-H. Sung,
Evaluation of a smartphone-based assessment system in
subjects with chronic ankle instability, Computer Methods
and Programs in Biomedicine 139 (2017) 191-195.

Y.-R. Hou, Y.-L. Chiu, S.-L. Chiang, H.-Y. Chen, W.-H.
Sung, Feasibility of a smartphone-based balance assessment
system for subjects with chronic stroke, Computer Methods
and Programs in Biomedicine 161 (2018) 191-195.

S.J. Ozinga, S.M. Linder, J.L. Alberts, Use of mobile device
accelerometry to enhance evaluation of postural instability
in Parkinson disease, Archives of Physical Medicine and

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

(32]

[33]

[34]

[35]

129

Rehabilitation 98(4) (2017) 649-658.

Y.-R. Hou, Y.-L. Chiu, S.-L. Chiang, H.-Y. Chen, W.-H.
Sung, Development of a smartphone-based balance
assessment system for subjects with stroke, Sensors 20(1)
(2020) 88.

M. Ghislieri, L. Gastaldi, S. Pastorelli, S. Tadano, V. Agostini,
Wearable inertial sensors to assess standing balance: A
systematic review, Sensors 19(19) (2019) 4075.

J. Polechonski, A. Nawrocka, P. Wodarski, R. Tomik,
Applicability of smartphone for dynamic postural stability
evaluation, BioMed Research International 2019 (2019)
Article 1D 9753898.

M.J. Chen, X. Fan, S.T. Moe, Criterion-related validity of the
Borg ratings of perceived exertion scale in healthy individuals:
a meta-analysis, Journal of Sports Sciences 20(11) (2002)
873-899.

S.G. Hart, NASA-task load index (NASA-TLX); 20 years
later, Proceedings of the human factors and ergonomics
society annual meeting, Sage Publications Sage CA: Los
Angeles, CA, 2006, pp. 904-908.

L.D. Raisbeck, J.A. Diekfuss, W. Wyatt, J.B. Shea, Motor
imagery, physical practice, and memory: The effects on
performance and workload, Perceptual and Motor Skills
121(3) (2015) 691-705.

J.A. Diekfuss, P. Ward, L.D. Raisbeck, Attention, workload,
and performance: A dual-task simulated shooting study,
International Journal of Sport Exercise Psychology 15(4)
(2017) 423-437.

L.D. Raisbeck, J.A. Diekfuss, Fine and gross motor skills:
The effects on skill-focused dual-tasks, Human Movement
Science 43 (2015) 146-154.

L.D. Raisbeck, J.A. Diekfuss, Verbal cues and attentional
focus: A simulated target-shooting experiment, Journal of
Motor Learning & Development 5(1) (2017) 148-159.

D.J. Goble, E. Khan, H.S. Baweja, S.M. O'Connor, A point of
application study to determine the accuracy, precision and
reliability of a low-cost balance plate for center of pressure
measurement, Journal of Biomechanics 71 (2018) 277-280.

S.M. O’Connor, H.S. Baweja, D.J. Goble, Validating the
BTrackS Balance Plate as a low cost alternative for the
measurement of sway-induced center of pressure, Journal of
Biomechanics 49(16) (2016) 4142-4145.

D.J. Goble, H.S. Baweja, Normative data for the BTrackS
balance test of postural sway: Results from 16,357
community-dwelling individuals who were 5 to 100 years old,
Physical Therapy 98(9) (2018) 779-785.

D.J. Goble, M.J. Rauh, H.S. Baweja, Normative Data for the
BTrackS Balance Test Concussion-Management Tool:
Results From 10,045 Athletes Aged 8 to 21 Years, Journal of
Athletic Training 54(4) (2019) 439-444.

S.E. Benedict, J.W. Hinshaw, R. Byron-Fields, H.S. Baweja,
D.J. Goble, Effects of fatigue on the BTracksS balance test for
concussion management, International Journal of Athletic
Therapy and Training 22(4) (2017) 23-28.

N.A. Kuznetsov, R.K. Robins, B. Long, J.T. Jakiela, F.J.
Haran, S.E. Ross, et al., Validity and reliability of smartphone



130

[36]

[37]

[38]

Jordan W. Stafford et al.:

orientation measurement to quantify dynamic balance
function, Physiological Measurement 39 (2018) 02NTO1.

C.K. Rhea, N.A. Kuznetsov, S.E. Ross, W.G. Wright,
F.J. Haran, E.B. Schneider, et al., A custom smartphone
app to monitor neuromotor performance after repeated
sub-concussive head trauma from blast exposure: An update
on the I-TAB project, Military Health System Research
Symposium, virtual (in-person cancelled due to COVID-19)
(2020).

Z.G. Fox, J.P. Mihalik, J.T. Blackburn, C.L. Battaglini, K.M.
Guskiewicz, Return of postural control to baseline after
anaerobic and aerobic exercise protocols, Journal of Athletic
Training 43(5) (2008) 456-463.

A. Baghdadi, Z2.S. Maman, L. Lu, L.A. Cavuoto, F.M.
Megahed, Effects of task type, task duration, and age on body
kinematics and subjective fatigue, Proceedings of the Human

Copyright © 2020 The Author(s). Published by Scientific & Academic Publishing
This work is licensed under the Creative Commons Attribution International License (CC BY). http://creativecommons.org/licenses/by/4.0/

[39]

[40]

[41]

Effect of Perceived Fatigue and Workload on Two Mobile Balance Tests

Factors and Ergonomics Society Annual Meeting, SAGE
Publications Sage CA: Los Angeles, CA (2017) 1040-1040.

J. Vera, R. Jiménez, J.A. Garci, J.C. Perales, D. Cardenas,
Baseline intraocular pressure is associated with subjective
sensitivity to physical exertion in young males, Research
Quarterly for Exercise and Sport 89(1) (2018) 25-37.

M.C. Hearn, S.S. Levy, H.S. Baweja, D.J. Goble, BTrackS
balance test for concussion management is resistant to
practice effects, Clinical Journal of Sport Medicine 28(2)
(2018) 177-179.

D.J. Goble, K.A. Manyak, T.E. Abdenour, M.J. Rauh, H.S.
Baweja, An initial evaluation of the BTrackS balance plate
and sports balance software for concussion diagnosis,
International Journal of Sports Physical Therapy 11(2) (2016)
149-155.



