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Abstract: Maintenance of equilibrium is influenced by postural symmetry and deviations such as a
forward head. An exercise program involving an effect such as self-joint mobilization was developed
to address spinal curvature; however, its effect on postural stability is still unclear. The purpose of
this study was to address to what extent the self-mobilization exercise program would influence
postural sway while standing still. The Exercise group (n = 16) performed the self-mobilization
while lying supine on a cylinder-shaped tube (98 cm length, 15 cm diameter), consisting of three
warm-up positionings followed by seven motions. The Control group (n = 16) laid supine on a flat
surface with their legs flexed. Before and immediately after respective interventions, the plantar
center of pressure was quantified while subjects were standing with eyes open and closed. The
results show the exercise group reduced the postural sway in the antero-posterior direction only
during the eyes-closed condition. Neither exercise nor control groups showed a significant change in
postural sway during the eyes-open condition. Our findings indicate the self-mobilization exercise
program improved the participant’s stability when visual feedback was not reliable for postural
control. The improved postural control in the antero-posterior direction may be accounted for by
facilitated activation of planterflexors and dorsiflexors which are primary muscles in ankle strategy
for postural control. Effects of this exercise program on postural stability appear to be direction
dependent, which provide insight when healthcare professionals incorporate exercise programs for
postural symmetry.

Keywords: postural control; balance; sensorimotor integration; exercise

1. Introduction

Loss of stability can be caused by the asymmetrical distribution of body weight. Postu-
ral stability is controlled by constant and fine adjustment of the body’s center of gravity to
be inside the base of support [1]. This adjustment occurs both during dynamic activities and
static positions such as seating and standing. Specifically, appropriate motor commands
must be sent to muscles responsible for postural control while integrating multi-sensory
feedback from the visual, proprioceptive, and vestibular systems [2–5]. Central processing
of these sensory signals should be adapted to peripheral stimuli such as postural changes
and is critical for stability control [6]. This processing of multi-sensory feedback is com-
monly compromised, which can lead to impaired postural stability control [7]. In addition
to the central processing, multi-sensory feedback from visual [2], vestibular [8], and pro-
prioceptive [6,9–12] systems provide critical information for stability control. Specifically,
postural sway in standing increased due to a vibration applied directly over the ankle
muscles [3,4,13,14]. Thus, one’s ability of stability control is influenced by peripheral signals
responsible for detecting position changes and central processing of these signals.

Posture, specifically the spinal alignment and relative positions of body parts, is
a factor influencing stability [15–18]. Common postural deviations include sway back,
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rounded shoulder, thoracic hyperkyphosis, lumbar hyperlordosis, and forward head. Such
postural deviations can result in an increase in the activation of cervical and thoracic erector
spinae muscles among healthy adults [19] as an indication of adjusted motor commands
in response to postural changes. Additionally, the forward head and hyperkyphosis are
associated with a greater postural sway [18,20,21]. These findings support the notion that
posture can influence neuromuscular control of stability and resultant fluctuations of the
center of gravity. Although the clinical impacts of postural deviations on stability control
have been documented in the literature, it is still unclear how a change in posture induced
by an exercise intervention would influence stability control.

An exercise program was developed to aim for an effect such as joint mobilization
via self-initiated positionings and motions while lying supine. It is expected to cause a
gravitational force on body segments, resulting in a glide on joints, which is similar to a joint
play during joint mobilization. This self-mobilization exercise program can address spinal
curvature [22,23], where postural deviations such as hyperlordosis, hyperkyphosis, and
forward head are commonly seen. Additionally, after completion of the self-mobilization
exercise program, postural sway in anterior-posterior (AP), but not medio-lateral (ML)
direction, decreased when standing on an unstable, not stable platform [16]. This finding
can be interpreted as an improvement in postural stability by the self-mobilization exercise
program. However, there were limitations in the sway measurements particularly when
subjects stood on the stable platform. A protocol built into the measuring equipment (i.e.,
software in Biodex Balance System) was used to measure the postural sway without a direct
measurement of the plantar center of pressure (CoP). Although the postural stability was
improved by this exercise program, the sway analysis in the previous study [16] did not
reveal how postural stability was mechanically improved because of a lack of information
on plantar CoP. Thus, it is necessary to describe how individuals gain postural stability by
examining the movement of the plantar CoP data [24].

Therefore, this study addressed the question of to what extent would the self-mobilization
exercise program influence multiple sway parameters while standing still on a stable surface.
To address this question, this study assessed the postural control represented by the plantar
CoP relative to the base of support in standing. The self-mobilization exercise program can
address spinal curvature deviation including hyperkyphosis, hyperlordosis, and forward
head and decreased sway in AP direction [16,22,23]. Based on these previous findings, we
hypothesized that postural sway parameters derived from the plantar CoP data after the
intervention of the exercise program would decrease in AP, but not ML direction. Additionally,
the secondary purpose of this study was to examine the effects of exercise programs on sway
parameters with eyes open and eyes closed. Our previous study [16] found that the exercise
program decreased postural sway regardless of the availability of visual feedback (i.e., eyes
closed or eyes open). Thus, our hypothesis was that changes in sway parameters after the
exercise program would be similar between with eyes closed and eyes open.

2. Materials and Methods
2.1. Subjects

Thirty-two young healthy subjects were recruited. Individuals were excluded from
the study if one of the following applied: history of major orthopedic injuries, psychiatric
conditions, excess curvature on the spine, and pregnancy. The screening was performed
through an interview, and the eligibility was based on self-reported health conditions.
Subjects were randomly assigned into one of two groups: exercise on a cylinder-shaped
tube (98 cm length, 15 cm diameter, durometer hardness: 24◦, StretchPole, LPN Corporation,
Nagoya, Japan, Exercise group), and a control group that laid supine on a flat surface
(Table 1). Subjects gave their written informed consent, and the protocols were approved
by the Office of the Institutional Review Board at the University of New Mexico (#683081).
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Table 1. Demographic and anthropometric characteristics of subjects by group.

Exercise (n = 16) Control (n = 16)

Age (years) 22.44 ± 5.39 22.81 ± 6.15
Sex (male/female) 9/7 9/7

Height (cm) 170.33 ± 10.32 168.63 ± 11.62
Weight (kg) 71.32 ± 17.85 73.72 ± 21.34

Body mass index (kg/m2) 24.34 ± 4.18 25.50 ± 5.08
The Exercise group = performed the exercise program on a cylinder-shaped tube; the Control group = laid supine
on a flat surface. Data are given as mean ± standard deviations except for sex.

2.2. Interventions

Subjects in the Exercise group performed the exercise program that has been previ-
ously described elsewhere [16,22,25,26] and in Supplementary Material. Briefly, the exercise
program was composed of the three preparatory positionings followed by seven motions
with small magnitude while lying on a Styrofoam cylinder-shaped tube (Figure S1). The du-
ration of the exercise program was approximately 15 min. A single experimenter instructed
each subject on how to perform the positionings and motions. Subjects in the Control group
were asked to lay supine on a flat surface for 15 min with their legs flexed. All subjects
were also required to refrain from any intensive exercises for one week before the study.

2.3. Procedures and Measurements

Before and immediately after respective interventions, the subject’s standing postural
stability was assessed by capturing the plantar pressure with the MatScan system (Tekscan,
Inc., Boston, MA, USA). The MatScan consists of a 5.7 mm thick floor mat (432 × 368 mm),
comprising 2288 resistive sensors (resolution: 1.4 sensors/cm2), and sampling data at a
frequency of 10 Hz. The sensors capture the distribution of pressure under both soles and
plantar center of pressure (CoP) was recorded while subjects stood on the pressure mat.
The sway parameters are determined by using the Sway Analysis Module (Tekscan, Inc.,
Boston, MA, USA.). Trajectories of CoP movement were used to compute sway parameters
including area, distance, antero-posterior (AP) excursion, medio-lateral (ML) excursion,
root mean square (RMS) AP displacement, and RMS ML displacement.

All subjects performed the postural stability assessment while standing still with
natural foot width, and arms on the side. During the assessment, subjects were asked to
look at a specific visual target located on a wall at a height of 1.335 m, separated from
a subject of at least 5.57 m. The postural stability assessment was performed with their
eyes open and closed (EO and EC, respectively). The comparison between EO and EC
conditions allowed us to examine changes in the contributions of the visual system to
postural stability after interventions. The duration of each trial was 10 s and repeated
3 times with at least 5 s rest between the trials. The sway parameters over 10 s of each
trial were recorded and averaged across the 3 trials for analysis. The order of EO and EC
conditions was counterbalanced across subjects.

2.4. Statistical Analysis

The sway parameters over 10 s were averaged across the 3 trials for statistical analysis.
One-way analysis of variance (ANOVA) was used to determine differences in subjects’
demographic and anthropometric characteristics between the two groups. Two-way mixed
ANOVA with Intervention (Exercise vs. Control) as a between-subject factor and Time
(Pre-test vs. Post-test) as a within-subject factor was used to examine changes in the
sway parameters and group difference for each condition (i.e., EO and EC conditions).
When appropriate, post hoc tests were run using pairwise comparisons with Bonferroni
corrections for the interactions between Intervention and Time. Sphericity assumptions
were tested for all analyses (Mauchly’s sphericity test). When the sphericity assumptions
were violated, we used Greenhouse–Geisser analysis (p < 0.01). Box’s test was used to
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test the homogeneity of covariance (p > 0.05). All tests were performed at the p ≤ 0.05
significance level. Values in the text are reported as means ± standard error of the mean.

3. Results
3.1. Subjects

The demographic and anthropometric characteristics of the subjects are summarized
in Table 1. A one-way ANOVA demonstrated no significant difference in age, height,
weight, or body mass index between the two groups (p > 0.05).

3.2. Sway Parameters in Eyes-Open Condition

During the eyes-open condition (Figure 1, left), the analysis of the two-way mixed
ANOVA showed that no interaction between Time and Intervention (Area, F[1,30] = 0.817,
p = 0.37; Distance, F[1,30] = 3.899, p = 0.06; AP excursion, F[1,30] = 2.692, p = 0.11; ML:
excursion, F[1,30] = 0.055, p = 0.82; RMS AP displacement, F[1,30] = 0.003, p = 0.96; RMS
ML displacement, F[1,30] = 0.001, p = 0.98). In addition, there were also no main effects
of Time on all sway parameters (Area, F[1,30] = 0.336, p = 0.57; Distance, F[1,30] = 1.156,
p = 0.29; AP excursion, F[1,30] = 1.418, p = 0.24; ML: excursion, F[1,30] = 0.06, p = 0.80; RMS
AP displacement, F[1,30] = 0.664, p = 0.42; RMS ML displacement, F[1,30] = 0.241, p = 0.62) or
Intervention (Area, F[1,30] = 0.001, p = 0.98; Distance, F[1,30] = 0.000, p = 0.99; AP excursion,
F[1,30] = 0.297, p = 0.59; ML: excursion, F[1,30] = 1.365, p = 0.25; RMS AP displacement,
F[1,30] = 0.423, p = 0.52; RMS ML displacement, F[1,30] = 1.148, p = 0.29). No interaction
or main effects on all sway parameters indicate no effect of the exercise program on the
postural stability when subjects stood still with their eyes open.
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Figure 1. Center of Pressure (CoP) sway parameters for the eyes-open (left) eyes closed (right)
conditions. Parameters averaged across all subjects before and after the exercise program (pre-test
and post-test, respectively) are shown for the groups (Ex: Exercise and Control: black and white
circles, respectively). Vertical lines denote the standard error of the mean.
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3.3. Sway Parameters in Eyes-Closed Condition

During the eyes-closed condition (Figure 1, right), the analysis of the two-way mixed
ANOVA revealed a significant interaction between Time and Intervention for Area,
(F[1,30] = 9.063, p = 0.005, η2 = 0.232), Distance (F[1,30] = 7.689, p = 0.009, η2 = 0.204), AP excur-
sion (F[1,30] = 4.213, p = 0.04, η2 = 0.123), and RMS AP displacement (F[1,30] = 4.226, p = 0.04,
η2 = 0.123), but not ML excursion (F[1,30] = 0.420, p = 0.52), or RMS ML displacement
(F[1,30] = 0.063, p = 0.80). The post-hoc tests revealed that Area, Distance, AP excursion,
and RMS AP displacement significantly decreased in the Exercise group only (Figure 1.
p < 0.05).

4. Discussion

This study examined the effects of a self-mobilization exercise program that was
designed to realign the spinal curvature on multiple CoP sway parameters while standing
on a stable surface. The main findings of this study are that (a) no significant difference
in the CoP sway parameters between the pre- and post-test measures for both groups
with eyes open, and (b) a significant decrease in the area, distance, excursion, and RMS
displacement of the CoP sway in the AP direction in the Exercise group with eyes closed.
Changes in excursion or RMS displacement in the ML direction were not significant for both
groups with eyes open or closed. These findings indicate not only less overall movement of
CoP as shown by decreased CoP area, distance, and AP excursion but also less fluctuation of
CoP as shown by decreased RMS CoP displacement. Therefore, a comprehensive analysis
of postural stability with multiple CoP parameters allowed us to interpret that participants
became more stable in standing with their eyes closed after the self-mobilization exercise
program [24,27].

We found decreased CoP shift in the AP, but not ML direction, which is consistent
with the previous study [16], even with multiple CoP sway parameters. The decreased CoP
sway in the AP direction can be explained by the positioning of participants during the
exercise program. Throughout the exercise program, subjects were asked to lie supine on
the pole and 3 body areas (i.e., sacrum, thoracic spinal processes, and back of the head)
only were supported on the pole. This position causes a gravitational pull on the body
parts that are not supported on the tube (e.g., hip, shoulder joints) toward the posterior.
The posterior gravitational pull is thought to be a primary factor of changes in spinal
alignment [16,23] as well as postural stability in the AP direction without any side-to-
side effects. Thus, the effects of the exercise program on postural stability appear to be
direction dependent. Postural sway in the AP direction is controlled by the activation of
planterflexors and dorsiflexors while postural sway in the ML direction is predominantly
controlled by the hip abductors and adductors [28,29]. Accurate somatosensory information
from the muscle receptors is required in the ankle strategy for postural stability. Specifically,
disturbed proprioceptive feedback by vibration applied over the triceps surae muscle
tendons induced an increase in movement of the center of mass as well as CoP during quiet
standing [30]. Thus, the exercise program used in the present study might facilitate the
activation of ankle muscles for postural control in the AP direction, but not the hip muscles,
resulting in no changes in the sway in the ML direction during static standing.

The present study found decreases in CoP parameters during the eyes-closed con-
dition only. This finding indicates that the postural sway was reduced by this exercise
program when visual feedback did not contribute to stability control. In our experiment,
it is speculated that the improvement of postural stability is dominated by other sensory
systems (i.e., vestibular, proprioception), rather than the visual system. This is consistent
with the previous study that showed a greater reduction in postural sway during challeng-
ing balance tasks, e.g., standing on a foam surface with eyes closed [5]. When the eyes
are closed, the visual system cannot provide accurate information regarding the spatial
orientation in the environment [2]. With little or no contribution by the visual system,
postural control becomes a more challenging task. During challenging conditions, the
source of sensory information would be shifted to more reliable sources for stability control.
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Specifically, the nervous system would rely on more vestibular and proprioceptive signals
when the accuracy of visual feedback decreases such as the eye-closed condition [31,32].

However, mechanisms of the shift in sensory integration behind the reduced postural
sway are still unclear. Further investigations are needed to examine dominant sensory
systems for stability control in response to challenging conditions. Additionally, since
the present study assessed the postural stability while standing still, a contribution of
the postural change on the postural stability in a dynamic task such as gait needs to be
investigated. Similarly, because only healthy young adults participated in the present study,
investigations on whether our findings can be applied to patient and elderly populations
are required.

Despite the limitations, our findings indicated that the self-mobilization exercise pro-
gram can be implemented for improving postural stability in the AP direction. Additionally,
it is important to note that changes in postural stability were found as a result of the ex-
ercise program without the presence of any pathology. Participants in this present study
were healthy young adults with no known orthopedic injuries, psychiatric conditions, or
excess spinal curvature associated with postural asymmetry. Thus, the exercise program
can be clinically beneficial for those who may need to improve postural stability as well
as to understand the general response of spinal realignment on postural stability in the
AP direction.

5. Conclusions

After the completion of the self-mobilization exercise program, it is expected to reduce
the postural sway in the AP direction during static standing with the eyes closed. The
posterior gravitational pull on the hip and shoulder joints during the exercise program
would be a primary factor contributing to the reduced postural sway in the AP direction.
Activation of planterflexors and dorsiflexors which are primary muscles in ankle strategy
for postural control in the AP direction might be facilitated after the exercise program.
When visual feedback is not reliable during the eyes-closed condition, postural stability
was maintained by shifting the reliable sensory information more toward the vestibular
and proprioceptive systems. The reduced static postural sway with the eyes closed due
to the exercise program should be clinically meaningful because it indicated a successful
distribution of the center of mass in the sagittal plane. The effects of the exercise program
on postural stability appear to be direction dependent. Improved postural sway by the
rearranged distribution of the center of mass can be an applicable concept to other directions
such as trunk lateral mobilization for lumbar region symmetry. This information will
benefit various healthcare professionals including, but not limited to physical therapists,
athletic trainers, and conditioning coaches when they consider a therapeutic intervention
for rearranging the spinal segment and improving postural symmetry.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/sym15071321/s1, Figure S1: Self-mobilization exercise program
for the Exercise group.
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