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There is growing empirical evidence lending support to the existence of an “upper body
strategy” to extend the ankle and hip strategies in maintaining upright postural stability
among adults. Both postural stability and arm movement functions are still developing
in children. Therefore, enquiry concerning arm contribution to postural stability among
children is needed. This proof of concept study seeks to determine whether the arms
play a functionally relevant role in dynamic postural control among children. Twenty-
nine children (girls, n = 15; age, 10.6 + 0.5 years; height, 1.48 £ 0.08 m; mass,
42.8 + 11.4 kg; BMI, 19.2 + 3.7 kg/m?) completed three dynamic balance tests; (1) Y
Balance test®, (2) timed balance beam walking test, (3) transition from dynamic to static
balance using the dynamic postural stability index (DPSI). Each test was performed
with free and restricted arm movement. Restricting arm movements elicited a marked
degradation in the Y Balance reach distance (all directions, P < 0.001, d = —0.85
to —1.18) and timed balance beam walking test (P < 0.001, d = 1.01), while the
DPSI was the only metric that was not different between free and restricted arm
movements (P = 0.335, d = —0.08). This study provides direct evidence that the arms
play a functionally relevant role in dynamic balance performance among children. These
findings may provide the impetus to develop training interventions to improve the use of
the arms in activities of daily living.

Keywords: balance regulation, upper extremities, arm movements, mobility, children

INTRODUCTION

The ability to maintain postural control plays an important role in child development, representing
a fundamental pre-requisite to competently perform skilled movements and complex motor skills
(Mickle et al., 2011; Verbecque et al., 2016). Although the etiology of falls is complex, maturational
and/or experiential immaturities in static (i.e., increased postural sway) and dynamic (i.e., gait
disorders, such as a loss of symmetry or slowing of gait speed) postural control have been identified
as important intrinsic factors increasing the risk of falling and sustaining an injury in children
(Khambalia et al., 2006; Granacher et al., 2011). Therefore, an improved understanding of postural
control is important for the identification of children with an increased risk of falling and the
development of fall-prevention interventions.
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To maintain an upright position, the central nervous system
(CNS) must continually integrate and (re)weigh information
from visual, vestibular and proprioceptive systems to elicit
coordinated muscular responses (Mickle et al., 2011). Nashner
and McCollum (1985) proposed the existence of two distinct
modes of operation to maintain upright posture, referred
to as the ankle and hip strategies. Mechanically, the ankle
strategy is predominantly used during slow and small amplitude
perturbations (i.e., quiet bipedal standing) by moving the whole
body as a single segment inverted pendulum controlled by ankle
joint torque (Runge et al., 1999). In contrast, the hip strategy,
which moves the body as a double-segment inverted pendulum
with counterphase motion at the ankle and hip, is expected to
be employed for fast or large amplitude perturbations, or when
the support surface is narrow so that only little ankle torque can
be applied can be applied (Horak and Nashner, 1986). However,
it has been suggested that postural control is multivariate (as
opposed to bivariate) in nature (Hsu et al., 2007; Kilby et al,
2015). Although an upright posture can usually be maintained by
the ankle and hip during most scenarios, movements of the upper
body are not taken into account by these two control strategies.
Indeed, most clinical balance and mobility tests do not evaluate
arm movements. Although many studies acknowledge that the
arms play a major role in maintaining dynamic postural control
(Bruijn et al., 2010; Sawers and Ting, 2015), some studies allow
free arm movements (Faigenbaum et al., 2014), others restrict
arm movement (Muehlbauer et al., 2013), while others do not
provide specific details of arm position (Geldhof et al., 2006;
Humpbhriss et al., 2011). Given these observations, it is important
to investigate the potentially important role of arm movements
on postural stability, which will be valuable in elucidating some
of the fundamental aspects of postural control development in
children.

There is growing empirical evidence lending support to the
existence of an “upper body strategy” to enhance the body of
work that includes ankle and hip postural stability strategies
(Hsu et al., 2007), particularly during challenging dynamic tasks
(e.g., walking across a narrow beam) (Bostrom et al.,, 2018).
Accordingly, the influence of arm movements on postural control
only appears to be evident underchallenging constraints or
task demands. For example, restricting arm movements impairs
performance in functional mobility tests (i.e., timed-up and-go)
(Milosevic et al., 2011), reduces dynamic postural control (i.e.,
Y Balance test) (Hébert-Losier, 2017) and impairs mechanisms
to minimize postural sway during quiet tandem standing (Patel
et al.,, 2014). In addition, arm movements play a functional role
in postural recovery during standing (Allum et al., 2002; Maki
and Mcllroy, 2006) and walking (Marigold et al., 2003; Roos
et al., 2008; Pijnappels et al.,, 2010), further strengthening the
hypothesis that the upper extremities play an important role
during challenging postural tasks. Therefore, it is reasonable to
suggest that the contribution of the arms becomes important after
a certain “threshold” of postural stress has been met.

The demands placed on the postural control system during
dynamic postural tasks (i.e., walking across a narrow beam or
standing on a single limb and reaching with the contralateral
limb), are considerably greater than standing or walking

(Bostrom et al., 2018). Although evidence has demonstrated a
degradation in postural control with restricted arm movements
in young (Patel et al., 2014; Hébert-Losier, 2017; Bostrém et al.,
2018) and intermediate aged (Milosevic et al., 2011) adults,
little is known about the role of arm movements on dynamic
postural control in children. Indeed, there is a reasonable
theoretical basis for expectation that arm movements will make
a substantial and functionally relevant contribution to dynamic
postural tasks in children, because their neuromuscular system
is not yet fully matured and fundamental motor skills are
still emerging (Granacher and Gollhofer, 2012). Determining
whether arm movements play a role in performance of dynamic
postural control tasks will be influential in guiding future
efforts to incorporate/exclude upper body movements into
rehabilitation, training and assessment protocols designed to test
and improve postural control in children. These findings will
also be influential in providing the impetus for future research
to clearly define and describe arm placement and movement
to avoid misinterpretation of dynamic postural tasks and for
replication purposes.

Therefore, the aim of this study was to investigate the effects
of arm movements on the performance of dynamic postural
tasks in children. Considering the important contribution of arm
movements to dynamic postural control in adults (Milosevic
etal,, 2011; Patel et al., 2014; Hébert-Losier, 2017) we hypothesize
that free arm movements lead to better postural performance
among children than restricted arm movements. The difference
in performance between restricted and non-restricted conditions
will provide a specific quantitative assessment of individuals
reliance on lower body postural control mechanisms.

MATERIALS AND METHODS

Participants

An a priori power analysis (statistical power = 0.80, alpha = 0.05,
effect size = 0.48) was conducted for composite Y Balance score
(Hébert-Losier, 2017) and revealed that 29 participants would
be sufficient for finding statistically significant effects of arm
restriction on dynamic balance performance. Thus, the present
study consisted of a group of twenty-nine (girls, n = 15; age,
10.6 & 0.5 years [range, 10.1-11.2 years]; height, 1.48 £ 0.08 m;
mass, 42.8 + 11.4 kg; BMI, 19.2 + 3.7 kg/m?, waist circumference,
68.6 = 9.1 cm; right foot dominant, n = 27; dominant leg length,
79.0 £ 5.3 cm) children, recruited from their primary schools
in the city of Coventry, United Kingdom. Foot dominance was
defined as the foot used to kick a ball. Physical Maturity was
assessed by predicting the age at peak height velocity (APHV)
using the equation (Mirwald et al., 2002), which is a method
based on the growth patterns of the upper body and legs of
every individual and is compared to the average population
with the aim to classify children between early, average and
late maturers. This technique of measuring APHV was chosen
because it had the advantages of being non-invasive and more
economical in relation to labor and monetary cost (Mirwald
et al,, 2002). All parents completed a health screen questionnaire
prior to participation. This requested information relating to any
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physical, cognitive or other issues that prevented participation
in physical activity. This includes details in relation to chronic
disease (e.g., diabetes), special educational needs (e.g., ADHD),
injuries, muscular deficits or cardiovascular impairments as well
as confirming that children had normal vision and no auditory
impairments. Following institutional ethics approval and prior
to conducting the experiment, all participants as well as the
children’s parents gave their written informed consent. The study
was carried out in accordance with the guidelines outlined in the
Declaration of Helsinki (1964).

Experimental Procedure

Participants completed dynamic postural tasks of varying
difficulty under two different verbally conveyed instructions of
arm position; (1) arms placed flat across the chest touching the
contralateral shoulder (i.e., restricted arm movement) and (2)
arm movement without restriction (i.e., free arm movement).
To ensure familiarization and to remove potential learning
effects, each participant completed three practice trials and three
recorded trials for each test condition (i.e., arms vs. no-arms) The
order of balance tasks was randomized, as were the arm position
instructions. For the free arm movement, participants were
instructed to be able to move their arms freely during the tasks.
For the restricted arm position, compliance to the instructions
was monitored visually by the investigators. If the arms moved
away from the chest the trial was discarded and repeated.
Given the age of the participants, minor arm adjustments were
permitted. The investigators were always available to assist the
participants to complete the tests safely.

Y Balance Test

The Y Balance Test Kit™ was used to determine dynamic
postural control. As described by Plisky et al. (2006), the Y
Balance Test Kit™ consists of a stance platform to which three
pieces of plastic pipe are attached in the anterior, posteromedial,
and posterolateral reach directions. The posteromedial and
posterolateral pipes are positioned 135° from the anterior pipe
with 45° between the posterior pipes. Participants stood on the
center of a foot plate with the most distal point of the great toe at
the starting line. While maintaining a single-leg stance with the
dominant limb, participants were asked to push a target (reach
indicator) along the pipe with the contralateral limb (i.e., non-
dominant limb) in the anterior, posteromedial and posterolateral
directions. Maximal reach distance was measured by reading
the tape measure at the edge of the reach indicator, reflecting
the point where the most distal part of the foot reached. The
trial was discarded and repeated if the participant (1) failed to
maintain single limb stance (i.e., touch the floor with the reach
limb), (2) failed to remain in contact with the reach indicator
at the most distal point (i.e., kicked the reach indicator to
achieve greater distance), (3) used the reach indicator to support
weight (i.e., mechanical support) or (4) failed to return to the
reach foot at the center of the foot plate. Although the reach
direction was randomized, to improve reproducibility of the
testing protocol, participants performed three consecutive reach
attempts for each direction. The greatest reach distance for each
direction was used for subsequent analysis. Reach distance was

normalized to limb length (reach distance/limb length * 100)
(Plisky et al., 2006). Each participants dominant limb length
was measured in centimeters from the anterior superior iliac
spine to the most distal portion of the medial malleolus using
an anthropometric measuring tape (Gribble and Hertel, 2003).
Additionally, the composite reach score was also calculated as
the sum of the three reach distances divided by three times the
limb length and multiplied by 100. A composite reach score
was calculated as the sum of the three reach directions divided
by three times limb length, and then multiplied by 100 (Plisky
et al., 2006). A composition score below 94% is related to
neuromotor deficit and a greater probability of injuries (Plisky
et al., 2006). Therefore, we used this criterion to determine the
clinical relevance of changes in Y Balance performance with
restricted arm movements.”

Dynamic Postural Stability Index

Dynamic postural stability index (DPSI) was assessed using
an anterior jump-landing task on the dominant limb (Sell,
2012). DPSI is a unitless composite score of anteroposterior
(y), mediolateral (x), and vertical (z) ground reaction forces
(GRF) and is similar to the static postural stability task, in
that a higher DPSI indicates worse postural control (Sell, 2012).
Participants were instructed to stand on two legs at distance
of 40% of their body height from the center of the force
platform (AMTI, AccuGait, Watertown, MA, United States).
Each participant was instructed to jump forward over a 6-inch
hurdle on to the force platform and land on their dominant
limb, stabilize as quickly as possible and, balance for 10 s.
The hurdle was positioned at a distance of 20% of their body
height (i.e., half way between the starting point and the center
of the force platform). Each participant completed a minimum
of three practice attempts. Trials were discarded and repeated
if the participants contralateral limb touched the floor. Data
were sampled at 200 Hz (AMTI, Netforce, Watertown, MA,
United States) and data were passed through a fourth order low
pass Butterworth filter with a 20 Hz cut-off frequency. DPSI
was calculated using the first 3 s of the ground reaction forces
following initial contact, defined as the instant the vertical ground
reaction force exceeded 15 N (equation below). An average DPSI
from the three trials in each condition was used for further
analysis.

DPSI =

\/ 3" (GRFx)* + Y (GRFy)® + Y (body weight — GRFz)?

number of data points

Tandem Walk

For the tandem walk test, participants were asked to walk along
a 2-m length balance beam (8 cm width), starting with the
dominant foot, and complete three measurements for each arm
position. The width of the beam was chosen based on previous
research (Sawers and Ting, 2015) and prior feasibility testing.
All participants wore comfortable shoes. Walking speed was
self-selected, but participants were aware they were being timed.
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The time taken to step on to the balance beam, walk along the
balance beam, step off, turn around, step back onto the balance
beam and return back to the original position was recorded
in seconds by two raters using a stopwatch. Task failure was
defined as stepping off the beam during the trial. For safety, two
members of staff walked either side of the participant to prevent
falling, but without interfering with the test. The fastest times
for free and restricted arm movements were used in subsequent
analysis.

Data Analysis

Data were analyzed using SPSS version 24.0 (IBM Inc., Chicago,
IL, United States). Paired t-tests were carried out to determine
differences in dynamic balance and mobility performance
between free arm and restricted arm movements. For all
analyses, normality (Shapiro-Wilk test) and homogeneity of
variance/sphericity (Levene’s test) were performed and confirmed
prior to parametric analyses. Data were also analyzed for practical
meaningfulness using magnitude-based inferences. Magnitude of
effect size (Cohen’s d) was calculated for all metrics and were
interpreted using thresholds of <0.2 (trivial), 0.2 (small), 0.6
(moderate), 1.2 (large), and 2.0 (very large) (Hopkins et al., 2009).
Statistical significance was accepted at P < 0.05.

RESULTS

Recognizing that gender and maturation status may influence
the performance of balance assessments, as part of our initial
exploratory analyses we conducted a 2 (gender; male and
female) x 2 (arm contribution; free and restricted) way analysis
of co-variance (ANCOVA), controlling for APHV to determine
the effects of gender as a between-subject factor. There were
no significant interactive or main effects of gender for any
of the outcome measures. Arm movement had the greatest
effect in the balance beam test (Table 1). Mean balance beam
walking time increased by 1.5 s (19.2%) when participants

TABLE 1 | Mean + SD and Cohen’s d effects size for the difference in dynamic
balance performance between free and restricted arm movement conditions.

Variable Free-arm Restricted Cohen’s d
movement arm-movement

Tandem walk (sec) 76+1.2 9.1+ 1.6* 1.01

Dynamic postural 0.563 + 0.002 0.563 + 0.002 —0.08

stability index

Y Balance test anterior 74.0+5.3 67.7 + 5.9* —-1.13

direction (% leg length)

Y Balance test 108.4 +9.3 98.8 + 11.6* -0.92

posteromedial (% leg

length)

Y Balance test 1079+ 11.3 97.7 £ 13.3* —0.83

posterolateral (% leg

length)

Composite score (% 122.5 £ 14.7 113.1 £ 15.8* -0.62

leg length)

*Indicates significant difference between free and restricted arm conditions
(P < 0.001).

arm movements were restricted (f(25) = —10.889, P < 0.001,
d = 1.01) (Figure 1A). In contrast, the DPSI did not show
statistically significant changes with restricted arm movement
(t(28) = 0.940, P = 0.335, d = —0.08) (Figure 1B). The Y Balance
reach distance decreased in the anterior (mean diff; 6.3 cm,
t2s) = 11.563, P < 0.001, d = —1.13), posteromedial (mean diff;
9.6 cm, t(28) = 6.627, P < 0.001, d = —0.85) and posterolateral
(mean diff; 10.6 cm t8) = 8.653, P < 0.001, d = —0.92)
directions when arm movements were restricted. Accordingly,
composite Y Balance score also decreased by 9.6% (t(2g) = 7.638,
P < 0.001, d = —0.63) (Figures 2A-C). Although none of the
participants were classified as at-risk with free arm movements,
four participants were identified as at-risk when the arms were
restricted (Figure 2D).

DISCUSSION

This is the first study to examine the effect of the use of the arms
on multiple measures of dynamic postural control in a pediatric
population. The results are therefore novel and have practical
application for physical therapists, sport and exercise scientists,
physical educators and strength and conditioning coaches
who work with children to enhance movement performance.
We found moderate to large magnitude reductions in the
performance of two out of three dynamic postural control
tests when arm movements were restricted, partially supporting
our hypothesis. The results of the present study suggest that
arm movements significantly influence performance in dynamic
postural situations in children. Such findings align with prior
work conducted in adults which suggests the existence of
an “upper body strategy” (Hsu et al, 2007; Bostrom et al.,
2018). These important findings also indicate that upper body
movements should be incorporated into assessment protocols
designed to test and improve postural control in children.
More specifically, arm movements could be standardized (i.e.,
arms stretched out at an angle of 90° shoulder abduction in
the frontal plane) or completely restricted (i.e., hands across
chest).

Previous research has indicated that a composite Y Balance
reach score of less than or equal to 94% was significantly
associated with lower extremity injury (Plisky et al., 2006).
As expected, a significant degradation in reach distance was
observed when arm movements were restricted. Although only
four participants fell below the 94% criterion line with restricted
arm movements, all participants demonstrated a reduction in
reach distance (A—2 to —22%), indicating a general decline in
dynamic postural control. Although the result of the Y Balance
test are not intended to infer an increased risk of injury, this
study seeks to evaluate the extent to which the arms contributed
(or not) to performance in dynamic tasks in children, as no
study to date had examined this in children. This is an important
first step before additional exploration could be undertaken in
relation to injury risks. Importantly, we found that anterior reach
distance was the most affected direction with restricted arm
movements. These findings are in direct contrast to previous
reports in young adults, where anterior reach distance did not
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FIGURE 1 | Mean =+ SD tandem walk time (A) and dynamic postural stability index (DPSI) (B) with free (black bars) and restricted (white bars) arm movements.

d-Value represents Cohen’s d effect size.
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differ between free and restricted arm movements (Hébert-
Losier, 2017). Anterior reach with the lower limb involves
posterior displacement of body mass away from the base of
support, which is an uncommon task (i.e., upper body leaning
backward). In contrast, posterior reach directions require the
body mass to be displaced anteriorly (i.e., upper body reaching
forward), which is more functionally relevant and familiar to
children. Therefore, the posteromedial and posterolateral reach
directions may utilize more practiced motor patterns and are
thus less susceptible to change than anterior reach seen here. The
most likely explanation for the better reach performance in the
free arm movement condition relates to the mechanical effects
of outstretching the arms. Specifically, greater dispersion of body
mass in the sagittal plane from a vertical line perpendicular
from the base of support increases the moment of inertia,
which should theoretically increase stability of the postural
control system. Additionally, free arm movements may generate
restoring torque to aid dynamic postural control (Patel et al,
2014).

Data indicated the timed beam walk was suitable as a
quantitative assessment of dynamic stability based on its
sensitivity and discriminatory capability in this sample. The
timed tandem beam walk test lacks predictive validity/diagnostic
cut-oft values, therefore, the 1.5 s mean difference in performance
is harder to practically interpret. However, this finding suggests
that the arms beneficially contribute to one or more of the tasks of
stepping up, stepping down, turning or walking across a narrow
beam. With respect to the later, Bostrom et al. (2018) recently
examined movements of the upper and lower body during
tandem beam walking. They reported that when the task became
more difficult (i.e., for narrower beam width), the contribution of
upper body movements to balance maintenance increased, while
the lower body contribution remained the same. Taken together,

these findings suggest that the arms hierarchically compliment
the lower body during dynamic balance scenarios.

In the present study, the DPSI was the only postural control
metric which did not show significant changes with restricted
arm movement. This finding was not expected. Outstretching
the arms has been shown to reduce postural sway during quiet
tandem standing (Patel et al., 2014). It is possible that ankle,
knee and hip neuromuscular response strategies would effectively
respond to the directionality of this task (i.e., anterior jump).
Thus, improvements in performance with the arms stretched
out to the side may only be evident under task constraints
which challenge postural control in the frontal plane (i.e., tandem
walk, or lateral jumps) (Milosevic et al., 2011; Patel et al., 2014;
Hébert-Losier, 2017). A further possibility for the non-significant
improvement in DPSI seen here reflects a “ceiling effect” in
the restricted arm movement condition. Specifically, the task of
jumping forward and landing on a single limb may have already
been close to optimal, and therefore using the arms freely does
now allow for any noticeable improvement in balance. Further,
much like the Y Balance test and the tandem walk, the DPSI
is quantitative in nature. Therefore, it is possible that postural
control strategies helped absorb the vertical ground reaction force
from contact to stabilization of the vertical displacement of the
COM during landing.

Implications

There are several important implications to be garnered from
the present study. Firstly, this study provides the first direct
evidence that the arms play a functionally relevant role in
certain dynamic postural tasks among children. In agreement
with previous research (Milosevic et al., 2011; Hébert-Losier,
2017) we support the recommendations that future research
should clearly define and describe arm placement and movement
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to avoid misinterpretation of dynamic balance tests and to
facilitate experimental replication. Similarly, studies that adopt
either a restricted or free arm movement should not be used
interchangeably. The intent of this study was not to simply
provide recommendations for arm placement, as this will depend
upon the aims of the clinician/therapist. Instead, this proof of
concept study intended to elucidate the importance of the use
of the arms as a critical factor in postural stability strategies
to better inform clinicians, physical therapists, researchers
and practitioners for the purposes of identifying impairments,
planning individualized interventions and evaluating change
over time. We suggest that permitting arm movements is more
functionally relevant to typical activities of daily living, but it
is difficult to control the variability and dynamic nature of how

individuals use the arms. In contrast, restricting arm movements
is likely to provide a more definite and standardized assessment
of lower limb function. More specifically, this task controls for
the differential use of the arms to overcome a lack of postural
control demonstrated by the ankle, knee, and hip postural control
mechanisms. Thus, assessing the difference in performances
scores during restricted and non-restricted protocols may
provide a better understanding of the extent to which people use
their arms to further improve balance even when their lower body
postural control is well-developed. These findings might also
provide the impetus to develop training interventions to enhance
postural control by employing constraint-based strategies with
the arms in activities of daily living. Specifically, the observed
improvement in performance with free arm movement suggests
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that initially allowing arm movements may be valuable in acting
as a starting point as part of a continuum of balance training
to progress to more challenging programs (i.e., restricted arm
movements). In contrast, it may also be appropriate to restrict
arm movements to decrease the moment of inertia to promote
more effective control of the COM by focusing on ankle, knee and
hip coordinative development strategies. Such proximal-distal
strategies may promote a more sensitive anticipatory and/or
recovery postural response mechanism.

Limitations

A few limitations in this work should be acknowledged. Firstly,
we were unable to measure or control arm movements (i.e.,
kinematics) during either of the free or restricted conditions.
As no quantitative movement analysis was undertaken we are
aware that this study cannot comprehensively contribute to
understanding upper body strategies used for movement. We are
conscious that, due to the demands placed on participants and
their age, we were unable to also measure ankle, knee, and hip
postural control mechanisms. Future research would, however,
be welcome which addresses this issue. Secondly, we calculated
the DPSI from a forward jump. Given the important contribution
of arm movements to lateral postural control, future studies
should examine the effects of arm movement on a lateral jump
(Wikstrom et al., 2005; Sell, 2012). A more detailed analysis of
dynamic stability should also include the anteroposterior and
mediolateral stability index (Wikstrom et al., 2006). We did not
calculate the mediolateral stability index because it has previously
been shown to have poor test-retest reliability (r = 0.38) and
a high standard error of measurement as a percentage of the
mean score (26.1%) compared to the DPSI (3.7%) (Wikstrom
et al., 2005). Another limitation was that we only examined
Y Balance test performance on the dominant limb (stance
limb). Therefore, we are precluded from calculating asymmetry
between the dominant and non-dominant leg. It is likely that
the detrimental effects of arm restriction on Y Balance test
performance would be more pronounced on the non-dominant
leg. Finally, we did not measure reactive balance. Several studies
have reported that arm movements play a functional role in trip
recovery in response to perturbations during standing (Allum
et al., 2002; Maki and Mcllroy, 2006) and walking (Marigold
et al., 2003; Roos et al., 2008; Pijnappels et al., 2010) scenarios.
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