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Abstract
Background  Adaptations of dynamic balance performance are related to sway excursions in older adults with chronic low 
back pain (LBP). However, there is a lack of understanding on postural control within different thresholds of radius from 
the center of pressure (COP).
Purpose  This study was conducted to compare the normalized stability based on the time-in-boundary (TIB) during repeated 
unilateral limb standing trials between subjects with and without chronic LBP.
Methods  There were 26 older adults with LBP and 39 control subjects who completed three trials of repeated unilateral 
limb standing on a force plat.
Results  The TIB based on the seven thresholds was analyzed, and the groups demonstrated a significant interaction on 
thresholds for TIB (F = 8.76, p = 0.01). The TIB was significantly different in the 10 mm (F = 4.01, p = 0.04), 15 mm (F = 
5.21, p = 0.03), and 20 mm (F = 4.48, p = 0.04) radius of thresholds only in the second trial. However, there was no group 
difference on TIB at the first and third trials due to potential compensatory and/or adaptive reactions to avoid fall risks.
Conclusion  The LBP group lacked postural stability within the thresholds less than a 20 mm radius at the second trial of 
unilateral standing. The significant group interaction with the thresholds indicates an adaptation strategy on sway thresh-
olds. This postural reaction from repeated trials should be considered with sway excursion adjustments and fall prevention 
in older adults with LB.
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Introduction

Older adults with low back pain (LBP) may demonstrate 
fall-related self-efficacy on postural control that could 
impact neurophysiological changes [1–3]. Fall-related inju-
ries were reported in approximately 30% of adults 60 years 
of age or older [4–6]. These studies indicated that individu-
als with LBP may have serious functional consequences for 
balance deficits.

It has been reported that individuals with chronic LBP 
implement compensatory strategies in standing balance 
due to lower limb function [7, 8]. Clinicians utilize the 

unilateral standing test as one of the most valuable balance 
tests because it is widely considered to be cost-effective and 
feasible in clinical research settings [9, 10]. However, there 
is a lack of understanding on adaptations of dynamic bal-
ance performance during repeated unilateral standing trials 
between individuals with and without LBP.

Previous studies reported postural stability during uni-
lateral standing to assess time-to-boundary of postural 
control [11–13]. This measure estimates the time required 
for the center of pressure (COP) to reach the boundary of 
sway excursions if it were to continue on its instantaneous 
trajectory. Although their results imply different aspects of 
postural control in unilateral standing, the results are limited 
to make a postural correction before the COP reaches the 
base of support [14, 15]. A meta-analysis also reported poor 
sensitivity of the COP spatial-based measures due to the 
overlooked temporal aspect of balance [14]. These results 
might be related to various factors, including small sample 
sizes, test conditions for the balance strategy with pain, and, 
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more importantly, data analyses of sway excursions within 
the specific boundary.

A recent study reported setting boundaries to objectively 
analyze results for better accuracy in detecting postural defi-
cits [16]. Our normalized stability analyses for the time-in-
boundary (TIB) based on various thresholds may provide 
valid information for postural stability. A TIB analysis is a 
measurement to compute the total time percent which sub-
jects keep the COP within the ‘hypothetical circle,’ which 
was used as various levels of threshold. This normalized 
relative stability time analysis in individuals with LBP may 
provide additional clinical insights for postural stability. Pre-
vious studies summarized that balance is impaired in indi-
viduals with chronic LBP; however, there is limited evidence 
regarding possible postural sway mechanisms [7, 17, 18]. It 
is critical to consider fall prevention strategies from repeated 
unilateral standing trials, which is an objective measure for 
the adaptability of postural stability in older adults with and 
without LBP.

There is a lack of understanding on adaptations of pos-
tural control with LBP within different thresholds of radius 
from the COP sway excursion during repeated trials of uni-
lateral standing between individuals with and without LBP. 
Postural stability within the boundaries might be different 
when considering other individual characteristics, such as 
age, body mass index (BMI), and gender. Without control-
ling those confounding factors, the results could lead to lim-
ited generalizability of the outcome measures. Therefore, 
the purpose of this study was to compare the normalized 
stability within the sway excursion boundaries based on the 
TIB during three repeated unilateral limb standing trials 
between individuals with and without chronic LBP. It was 
hypothesized that the LBP group would demonstrate reduced 
performance of TIB at the 10 mm threshold following the 
first unilateral standing trial compared to the control group.

Methods

Participants

Subjects were recruited from the community through adver-
tisement, and those subjects who met the study’s inclusion 
criteria received information about the study and signed a 
copy of the Institutional Review Board approved consent 
form. Subjects were eligible to participate if they were 
between 50 and 75 years of age and were right limb domi-
nant; had consistent LBP for at least a 3-month duration 
prior to data collection; had no serious pathology, such as 
nerve root compromise, at the time of data collection; and 
had no conditions which would prevent them from unilateral 
standing.

Subjects were excluded from participation if they had a 
diagnosed psychological illness that might interfere with 
the study’s protocol; had overt neurological signs (sensory 
deficits or motor paralysis); or were pregnant. The anthropo-
metric variations with age and BMI were considered when 
recruiting the control group. The dominant sides of the 
upper and lower limbs were applied in our study since previ-
ous reports confirmed them as confounding factors [19, 20].

Experimental procedures

During the consent process, each subject was given stand-
ardized procedures to measure the outcomes of the test dur-
ing unilateral standing with and without visual input. The 
level of disability of the participants was measured by the 
ODI, which consists of 10 items regarding the degree of 
severity to which back (or leg) trouble has affected the abil-
ity to manage tasks in everyday life. The 10 sections cover 
pain with daily functions, and each item is rated on a 6-point 
scale; a higher score means higher level of disability [21].

Upon arrival at the lab, individual demographic data were 
collected. Participants were instructed to remove their foot-
wear and to stand barefoot on the platform. Subjects wore 
a full-body safety harness system that imposed negligible 
resistance and protected them from any potential injuries 
if they completely lost their balance; however, the harness 
did not affect the subjects’ balance recovery or assist them 
in any way. The tension on the safety straps was adjusted so 
the straps were neither too slack nor too taught. The experi-
mental protocol included subjects standing on the computer-
controlled, motorized Bertec Balance Advantage® system, 
Computerized Dynamic Posturography with Immersion 
Virtual Reality (CDP-IVR), with their feet placed at a com-
fortable distance apart.

The medial malleolus of each foot of the subject was posi-
tioned over the blue horizontal line on the support surface, 
so that the ankle joint was aligned with the transverse rota-
tional axis and the lateral side of the calcaneus. The y-axis 
indicated AP movements on the platform, while side-to-side 
movements on the support surface occurred along the x-axis. 
The dual force plates can rotate about the x-axis, which rep-
resents the transverse axis of the ankle joint. This position 
acts as a reference point for the calculation of sway angles.

As shown in Fig. 1, the unilateral standing test was con-
ducted with the Bertec® Balance System for postural stabil-
ity during dominant limb standing. Each condition of the 
standardized procedure was demonstrated for the subjects. 
For example, each subject was asked to stand steady on the 
dominant foot for 10 s on the balance plate with his/her 
eyes open. The initial position included standing upright on 
the force plate with the contralateral hip and knee flexed to 
approximately 30 degrees. Though the subjects began each 
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trial with their arms at their sides, compensatory arm move-
ments were permitted to maintain balance.

The force plate (Columbus, Ohio) was used to record the 
ground reaction forces (GRF) based on the Fx, Fy, and Fz, 
in orthogonal directions at a sampling frequency of 1000 Hz. 
The manufacturer calibrated the force plate, and a sensitiv-
ity matrix was provided to convert the voltages to forces 
and torques. The data was collected from the unloaded plat-
form to determine the zero offset, and the balance changes 
imposed during unilateral limb stance balance tasks were 
utilized. Force plate data represented a combination of both 
disturbance and postural control reaction when subjects were 
engaged in a balance task typically employed to measure 
postural sway. The Bertec® force plates are the ‘gold stand-
ard’ for balance testing, and the plates have been shown to 
exhibit moderate to very high reliability across a range of 
postural sway measures [22]. All kinetic data were filtered 
using a fourth-order low-pass Butterworth filter with a 20 Hz 
cutoff frequency, and normalization was performed based on 
individual body weight.

All subjects were able to stand the requested time of 10 s 
during the test protocol. Regarding the kinetic data, the COP 
sway path lengths (mm) for the medial–lateral (ML) and 
anterior–posterior (AP) directions were compared. These 
parameters were independent of the effect of body weight, 
and those linear measures quantify the amount of variability 
in the data. Therefore, the COP refers to the point of appli-
cation of the GRF vector, and it describes the organization 
of posture. The weighted sum of the time-varying position 
of the COP sway excursions during unilateral standing was 
calculated using the orthogonal forces and moments as 
recorded by the force plates. The ranges were analyzed by 

seven different levels of threshold (10 mm, 15 mm, 20 mm, 
25 mm, 30 mm, 35 mm, and 40 mm) from the COP excur-
sions (Fig. 2).

Statistical analysis

Preliminary power analyses were conducted based on the 
pilot data comparing groups, under the assumption of setting 
the type I error rate at 0.05. The mixed repeated measure 
ANOVA was utilized between groups to analyze any main 
and/or interaction effects on the dependent variables includ-
ing observed power (or post-hoc power). This observed 
power is the statistical power of the test to estimate the 
power of a test given an observed effect size.

The effect sizes were also confirmed by partial eta-
squared values (η2p) within a repeated measures analysis of 
variance (ANOVA) squared (small ≥ 0.01, medium ≥ 0.06, 
large ≥ 0.14), which was used to indicate the mean differ-
ence between groups with and without LBP. The mean dif-
ference between groups was analyzed by the Cohen’s d (d; 
small ≥ 0.2, medium ≥ 0.5, large ≥ 0.8). The demographic 
factors, such as age and BMI, were used as covariates if 
a group difference was revealed. Statistical analyses were 
completed using SPSS 26.0 (IBM Corp, Armonk NY, USA). 
For all statistical tests, the type I error rate was set at 0.05.

Results

As shown in Table 1, 26 subjects with LBP (16 female and 
10 male) and 39 control subjects (20 female and 19 male) 
participated in the study. There was no significant group 
difference on gender (χ2 = 0.66, p = 0.41), age (t = − 1.31, 
p = 0.19), or BMI (t = 1.33, p = 0.18). The LBP group 
reported higher ODI (t = − 8.52, p = 0.001) scores than the 
control group.

As shown in Table  2, the TIB within the threshold 
boundaries was analyzed by the repeated measure ANOVA 
between groups with and without LBP. The groups dem-
onstrated a significant interaction on thresholds (F = 8.76, 
p = 0.01, η2p = 0.10). The main effects of repeated trials 
(F = 4.21, p = 0.04, η2p = 0.06) and thresholds (F = 124.85, 
p = 0.001, η2p = 0.68) demonstrated significant differences. 
However, the groups did not demonstrate a significant inter-
action on repeated trials x thresholds (F = 0.11, p = 0.75, 
η2p = 0.01). The observed powers for trials (0.52), thresh-
olds (1.00), and trials x thresholds (0.46) were warranted to 
establish statistical significance.

In Fig. 3, plots with separate lines were distributed 
for each subject during three repeated unilateral standing 
trials. The trends of TIB responses were similar across 
the trials within the group, and most subjects performed 
postural stability greater than 75% of the TIB radius at 

Fig. 1   The starting position of the unilateral standing test. Each sub-
ject was protected by a full-body safety harness and was instructed to 
remain on his/her dominant foot during the trial. Subjects were asked 
to stand barefoot on the dominant foot for 10 s, whilst flexing the con-
tralateral knee at approximately 30° behind them and maintaining a 
vertical limb position to the standing limb. This balance test was per-
formed with 10 s rest between trials
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the 40 mm threshold level. During the second trial, how-
ever, the control group performed better within the TIB 
radius at 10 mm, 15 mm, and 25 mm than the LBP group. 
The LBP group demonstrated a significantly decreased 
TIB within the 10 mm (F = 4.01, p = 0.04, η2p = 0.06, 
d = 0.51), 15 mm (F = 5.21, p = 0.03, η2p = 0.07, d = 0.58), 
and 20  mm (F = 4.48, p = 0.04, η2p = 0.06, d = 0.54) 
radius of thresholds (Fig. 4). The results of Cohen’s d for 
10 mm, 15 mm, and 20 mm were greater than 0.5, which 
indicated a medium difference of the group. However, 
other unilateral standing trials did not demonstrate group 
differences.

Fig. 2   An example of the normalized stability time based on the 
threshold time-in-boundary (radius = 25 mm), which was drawn from 
the trajectory center for 10 s. A normalized stability time with COP 
was calculated during dominant limb standing on a platform. A First 
trial of the trajectory was plotted with the medio-lateral location as 
the x-axis and the anteroposterior location as the y-axis for a subject 
with LBP. Failing the unilateral standing task shows deviation from 
the center point (black dot) of the trajectory. The data points within 
the threshold circle were plotted as dark lines. B and C Second and 
third trials of the same subject. The trajectory of COP from the third 
trial stayed mostly within the threshold circle. D, E, and F Standing 
trial with a healthy subject. The first trial shows a moment out of the 

threshold circle; however, the second and third trials were all within 
the threshold circle. G The normalized stability time percent (rela-
tive time of trajectory staying within a threshold circle during 10  s 
standing) was calculated as a function of the threshold. The relative 
stability time increased as the threshold got bigger. The vertical dot-
ted line is the example threshold (20 mm) used in A through F. The 
lower-case alphabet letters (a–f) correspond to each A–F. For exam-
ple, subject A maintained standing posture for 18% of relative stabil-
ity tolerance; however, subject C was able to maintain 85% of rela-
tive stability tolerance within the threshold in standing. The relative 
stability time within the thresholds decreased in a subject with LBP 
during the first trial. (LBP: low back pain, COP: center of pressure)

Table 1   Summary of subject 
anthropometric variables and 
measurements between groups

LBP low back pain, BMI body mass index, ODI Oswestry Disability Index, *p < 0.05, **p < 0.01

Variables Control group LBP group Statistics p

Number of subjects 
(Female/male)

39 (20/19) 26 (16/10) Chi-square = 0.66 0.41

Age (years) 64.97 ± 9.26 67.73 ± 6.57 t =  − 1.31 0.19
BMI (kg/m2) 24.21 ± 5.22 22.55 ± 4.41 t = 1.33 0.18
ODI 3.87 ± 4.40 25.62 ± 15.02 t =  − 8.52 0.001**

Table 2   Results of mixed repeated measure ANOVA for the normal-
ized stability time between groups

Trials: Three times for unilateral standing, Thresholds: seven different 
levels (10 mm, 15 mm, 20 mm, 25 mm, 30 mm, 35 mm, and 40 mm), 
Group: control and low back pain group, η2p: Partial Eta Squared, 
*p < 0.05, **p < 0.01

Variables F p η2p Observed power

Trials 4.21 0.04* 0.06 0.52
Trials × group 0.21 0.64 0.01 0.07
Thresholds 124.85 0.001** 0.68 1
Thresholds × group 8.76 0.01* 0.1 0.73
Trials × thresholds 3.64 0.06 0.05 0.46
Trials × thresholds × group 0.11 0.75 0.01 0.06
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Discussion

Our study was conducted to compare the normalized sta-
bility based on the TIB during three repeated unilateral 
limb standing trials between subjects with and without 
chronic LBP. Our study might be the first investigation to 
provide quantified analyses for the TIB, which may pro-
vide clinical insights of postural stability within the spe-
cific boundary radius of thresholds. The results indicated 
that the groups demonstrated significant differences on the 
threshold less than the 20 mm radius at the second trial. 
However, no group difference was found at the first and 
third trials due to possible compensatory and/or adaptive 
reactions.

Clinicians have been utilizing the unilateral standing 
test as one of the most valuable balance tests because it is 
widely considered to be cost-effective and feasible in clinical 
research settings [9, 10]. A recent systematic review exam-
ined the unilateral standing test, which is associated with 
balance and fall risk in older adults, and reported that the 
evidence was commonly of low quality with inconsistent 
results [23]. Their reports indicated that the test is useful as 
a fall risk assessment tool to fill the crucial gaps in clinical 
settings. However, their review suggested interpreting the 
results with caution due to the lack of evidence level of each 
of the studies and conflicting results on sway excursion on 
dynamic postural reactions [23].
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Fig. 3   Plots with separate lines were distributed for each subject dur-
ing three repeated unilateral standing trials. The trends of time-in 
boundary (TIB) responses were similar across the trials within the 
group. During the second trial, there were six subjects with low back 

pain (LBP) at 20 mm thresholds below 50% of TIB radius, while four 
control subjects were in the same TIB radius. At the 40 mm threshold 
level, most of the control group performed greater than 75% of TIB 
radius
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Fig. 4   The normalized stability time within the thresholds between 
groups during repeated unilateral standing. The sway ranges were 
analyzed by the seven different threshold levels [10 mm (A), 15 mm 
(B), 20 mm (C), 25 mm (D), 30 mm (E), 35 mm (F), and 40 mm (G)] 
from the COP. Although the groups did not demonstrate significant 
interactions on trials and thresholds (F = 0.11, p = 0.75), they dem-
onstrated a significant interaction on thresholds (F = 8.76, p = 0.01). 
(*p < 0.05; LBP: low back pain, COP: center of pressure)
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Our study hypothesized that the LBP group would dem-
onstrate reduced performance of TIB at the 10 mm thresh-
old following the first unilateral standing trial compared to 
the control group. We partially accepted the hypothesis; the 
LBP group lacked postural stability within the thresholds 
less than 20 mm radius at the second trial. It is important to 
provide reliable applications of unilateral standing to mimic 
the loss of balance on the force plate, which may reduce the 
gap between laboratory and real-life falls and potentially 
lead to fall-rate reductions in participants [24]. Although 
the LBP group demonstrated decreased normalized stability 
time across the trials and thresholds, the first trial did not 
differentiate the group difference due to novel experiences 
of the unilateral standing test.

Our TIB analysis within the thresholds may provide clini-
cal insight on postural stability and spinal stabilization. This 
normalized relative stability provides better detection based 
on the various levels of threshold for sway excursions. The 
TIB counts only the data points within the threshold (dis-
tance from the mean value of COP during the test) without 
penalizing the sporadic sway during posture correction. 
Previous studies reported that higher stability of the lum-
bar spine might be due to a possible pain avoiding strategy 
from the standing limb [25–27], as the fallers demonstrated 
poorer body balance in the standing position than non-
fallers [28]. Our sensitive measures on balance stabilities 
directly reflected minimizing sway excursions during uni-
lateral standing. Thresholds less than the 20 mm radius at 
the second trial sensitively detected group differences due 
to spatiotemporal characteristics of postural control between 
groups with and without LBP.

Therefore, our analysis represents the amount of remain-
ing COP within the specific threshold to stabilize corrective 
postural adjustments prior to reaching an increased radius 
of the thresholds during unilateral standing. The normal-
ized stability differences on the various thresholds indicated 
trunk neuromuscular function, which is a valuable tool when 
assessing dynamic balance during unilateral standing [25, 
26]. The difficulty of minimizing stability in the LBP group 
shed light on the clinical importance of the motor control 
subsystem, which interacts with the spinal musculature to 
stabilize the trunk to coordinate trunk and limb functions 
to protect against possible injuries and to allow the desired 
movements.

Although the time-to-boundary measure more adequately 
differentiates unilateral standing than path length analyses in 
AP and ML directions [16], the correlations between time-
to-boundary and traditional measures were not sensitive to 
detect changes [11]. Our results of the TIB measure provide 
sensitive differences on the level of thresholds in older adults 
with and without LBP. A sensitive analysis for the TIB is a 
postural metric that links sway excursion and base of support 
to determine relative stability times in percentages.

The participants in our study with LBP demonstrated a 
moderate level of disability (25.62%), which was measured 
by the ODI tool; and our data ensured internal validity of 
controlled confounding factors. A recent secondary analysis 
reported that the improvements in self-efficacy and kinesio-
phobia following the intervention were individually asso-
ciated with clinically important reductions in ODI scores 
[29]. The areas of improvement that help guide the course 
of evaluation, as well as reassess treatment progresses, con-
cluded that balance assessments should be completed for 
older adults with chronic LBP [7, 8]. However, their study 
inclusion criteria started with worse baseline self-efficacy 
and higher kinesiophobia, which may change the association 
of their results with recovery among more impaired adults.

The subjects with LBP in our study demonstrated sig-
nificant improvements in sway excursions in the ML and 
AP planes during repeated unilateral standing. Although 
our subjects with LBP reported a moderate level of dys-
function, their compensatory reactions on the second trial 
in the AP and ML planes were specific enough to evaluate 
decrements in dynamic stability. During the third trial of 
unilateral standing, there was no group difference due to the 
motor learning effect in the LBP group for the thresholds 
less than 20 mm. It was evident that the first trial effect with 
various responses did not demonstrate a group difference 
on their normalized stability. It would be possible to have a 
novel experience and delayed trunk reactions due to possible 
coordination problems relative to the lower limb muscles 
[30] as musculoskeletal pain in the LBP group depends on 
reconnecting the brain with the rest of the body [31].

Our results confirmed that there was no group difference 
on TIB at the first and third trials due to potential com-
pensatory and/or adaptive reactions to avoid fall risks. The 
LBP group lacked postural stability within the thresholds 
less than a 20 mm radius at the second trial of unilateral 
standing. In general, if subjects can stay within threshold for 
TIB measurement with some variation or disturbance, it will 
be considered stable, while widely distributed COP without 
clear steady state point of COP will significantly penalize 
TIB results. At the second trial, the LBP group significantly 
reduced their stability on the sway boundaries (10 mm, 
15 mm, and 20 mm). The subjects learned characteris-
tics from the first trial of unilateral standing and adjusted 
their postural demand to minimize fall risks. More impor-
tantly, our normalized stability of TIB sensitively detected 
group differences, since TIB is the total time percent which 
subjects keep COP within a ‘hypothetical circle’ used as 
thresholds to determine posture control in standing. The TIB 
counts only the data points within threshold (distance from 
the mean value of COP during the test) without penalizing 
the sporadic sway during posture correction.

At the third trial, there was no group difference on the 
normalized stability. It might be possible to efficiently adjust 
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the sway ranges from the repeated postural control in the 
LBP group. A clinical application of repeated trials is impor-
tant to understand balance deficits and relevant features with 
different motor control strategies. It has been proposed that 
a persistent “tight control strategy” may be specifically tar-
geted by reducing muscle excitability and co-contraction 
while increasing movement variability in motor control [32].

Our results were supported by these studies that the 
normalized stability times significantly decreased in the 
thresholds less than the 20 mm radius at the second unilat-
eral standing trial. In addition, the successive COP meas-
urements during repeated trials were clinically important 
to consider to examine compensatory mechanisms of bal-
ance. The significant group interaction with the thresholds 
indicates an adaptation strategy on sway thresholds. This 
postural reaction from repeated trials should be considered 
with sway excursion adjustments and fall prevention in 
older adults with LBP. These compensatory reactions war-
rant future investigations of causal interactions of repeated 
trials with motor control strategies using longitudinal study 
designs.

Our study has several limitations. The demographic vari-
ations might invalidate the results even though older adults 
with similar individual characteristics participated in the 
study. It would be beneficial to perform a validation analysis 
to ensure the sensitivity and reproducibility of the method-
ology in future studies. In addition, the subjects’ character-
istics were not restricted based on postural deficits or fall 
episodes. There were subjects with standing posture and/
or lower limb compensations during repeated unilateral tri-
als. This postural reaction may have produced less accurate 
measures for each test, but our standardized procedure of 
measurements was a primary reason for conducting three 
trials for each condition. Further studies are warranted to 
improve postural equilibrium strategies to help dynamic 
balance and control while considering fall efficacy in older 
adults.

Conclusion

The LBP group lacked postural stability for less than 20 mm 
thresholds at the second trial of unilateral standing. The TIB 
analysis was sensitive to the threshold levels during the sec-
ond trial in older adults with LBP. Our findings imply that 
the LBP group was able to adapt their sway excursions to 
improve their fall-related confidence with repeated unilateral 
standing.
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