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Abstract

Purpose Although subjects with recurrent low back pain
(LBP) demonstrate altered postural control, their postural
steadiness during one leg standing is unknown. The pur-
pose of this study was to investigate postural steadiness
based on relative kinematic index of the lower limbs and
trunk with normalized standing time in subjects with
recurrent LBP during dominant and non-dominant leg
standing.

Methods Sixty individuals participated in the study,
including 29 subjects in the control group (18 male, 11
female) and 31 subjects with recurrent LBP (21 male, 10
female). The outcome measures included relative kine-
matic index of the body regions and normalized standing
time during the one leg standing test. The relative kine-
matic index was the ratio between standstill time and
successful standing time. The normalized standing time
was defined as a ratio between the successful standing time
and the requested standing time.

Results The control group demonstrated significantly
longer normalized standing time on the dominant
(t=—2.57, p=0.013) and non-dominant (¢t = —2.78,
p = 0.007) legs than the LBP group. The relative kine-
matic index of the core spine model significantly decreased
for the dominant (+ = —3.01, p = 0.004) and non-domi-
nant (¢t = —3.06, p = 0.003) legs in the LBP group. In
addition, the kinematic index indicated pelvis and non-
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dominant shank during dominant leg standing (R* = 0.97)
in the LBP group. In the control group, the pelvis was
significantly correlated with the core spine model during
standing on the dominant (R* = 0.95) and non-dominant
(R* = 0.97) legs.

Conclusions The relative kinematic index of the pelvis
was found to be most significant for longer standing
durations in both groups. In the LBP group, the shank and
foot were significantly higher in addition to the pelvis due
to possible compensatory motion. The control group took
advantage of pelvic control with the core spine to minimize
lower limb movements. Clinicians need to consider the
core spine for pelvic control to refine postural adaptations
in subjects with recurrent LBP.

Keywords Lumbar spine - Recurrent low back pain -
Standing duration - Kinematic steadiness - Relative
kinematic index

Introduction

Low back pain (LBP) affects much of the public popula-
tion’s work performance and social responsibilities and has
increasingly contributed to escalating health-care costs [1].
LBP alone affects up to 80 % of the population at some
point in one’s life, and 1-2 % of the adult population in the
United States is disabled because of LBP [2]. It is known
that subjects with recurrent LBP demonstrate a less refined
positional sense and altered proprioceptive postural control
[3].

The postural control deficits [4] and decreased abdom-
inal and paraspinal muscle strength play important roles in
understanding the characteristics of LBP [5-7]. However,
most studies have not compared LBP groups with control
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groups and have not included standardized methodological
procedures with clearly defined inclusion/exclusion crite-
ria. Although these studies attempted to determine posture
analysis with motor control, the function of the transversus
abdominis muscle must be understood in relation with
other body regions, including the lower limbs. It would be
necessary to conduct a comprehensive investigation to
determine posture analysis based on the control of the
lower limbs and trunk during one leg standing in subjects
with and without recurrent LBP.

The ability to adapt postural sway as a function of the
lower limbs and trunk is a critical component of daily life.
However, the effect of minimized lower limbs and trunk
motion on increased postural sway by isolating individual
body segments is unknown. Postural steadiness is used to
characterize the dynamics of the postural control system
associated with maintaining balance during quiet standing
and is a basic requirement to prevent early mechanical
deterioration of balance. The literature reports a number of
biomechanical and clinical definitions of postural steadi-
ness, but a consensus on the definition is lacking [8, 9].

Previous studies have indicated that core stability could
be increased by effective recruitment of trunk muscles to
allow for optimal force production, coordinated lum-
bopelvic movement, and appropriate load transfers from
the spine to distal segments [10—12]. Core spine stability
involves a highly integrated activation of multiple seg-
ments that provide steadiness and generate interactive
movement. However, compensatory patterns of core sta-
bility and limb motions for postural steadiness have not
been carefully investigated and have failed to show any
clinical significance. It is important to understand that a
pain avoidance strategy might be related to core spine
control in subjects with recurrent LBP. To assess postural
control in subjects with recurrent LBP, the relative lower
limb movements and normalized standing time during one
leg standing test were utilized since approximately 40 % of
human gait movement occurs during one leg stance
[13, 14].

In our study, postural steadiness was analyzed based on
the relative kinematic index and normalized standing time
during the one leg standing test. The relative kinematic
index was the ratio between standstill time and successful
standing time. The normalized standing time was defined
as a ratio between the successful standing time and the
requested standing time. In addition, the core spine model
was utilized as a reference model for motion analysis to
compare specific three-dimensional kinematic changes of
the lumbar spine, which is directly articulated between the
pelvis and thorax. Core spine steadiness requires dynamic
rotational kinematic balance when standing on one leg. In a
previous study, the subjects with recurrent LBP demon-
strated higher lumbar spine rotational steadiness, which

might be due to a possible pain avoidance strategy from the
standing limb [15].

It is crucial to maintain postural steadiness of the trunk
and lower limbs under static and dynamic conditions.
Hamaoui et al. reported that increased postural sway from
structural stiffness in subjects with LBP was not related to
spinal motion, but was related to dynamic mobility
capacity [16]. This postural steadiness might be linked to
an increase in muscular active tension, which reduces
dynamic mobility capacity in the trunk and lower limbs.
Therefore, postural steadiness based on the relative lower
limb movements and normalized standing time during the
one leg test will provide a better understanding of inte-
grated motor function for impaired balance performance in
subjects with LBP.

A kinematic investigation by the one leg standing test
could also be useful in understanding postural steadiness
and functional improvement in subjects with and without
recurrent LBP. The control group, as compared to the LBP
group, might be able to adapt compensatory motions to
activate pelvic control with the core spine to stabilize lower
limb movements during one leg standing. Therefore, the
purpose of this study was to investigate postural steadiness
based on the relative kinematic index of the lower limbs
and trunk with normalized standing time in subjects with
recurrent LBP during dominant and non-dominant leg
standing.

Methods
Target population

Subjects were recruited from the University community,
and those subjects who met the study’s inclusion criteria
received information regarding the study design and signed
a copy of the Institutional Review Board approved consent
form (IRB#8-15B). Subjects with recurrent LBP were eli-
gible to participate if they: (1) were 20 years of age or
older and right leg dominant, (2) had recently recovered
from bilateral LBP as defined by de Vet et al. [17], (3) had
no current episode of acute pain referral into the upper/
lower extremities at least 1 month prior to the data col-
lection, (4) had no structural dysfunction of the spine or
lower extremities at the time of data collection, which was
determined by the subjects’ family physicians, and (5) had
no conditions which would prevent them from standing on
each leg for 25 s with their eyes closed without impaired
balance (e.g., central nervous system disorder, neuromus-
cular disorder, vestibular disorder, diabetes).

Subjects with recurrent LBP were excluded from par-
ticipation if they: (1) had a diagnosed psychological illness
that might interfere with the study protocol, (2) had overt
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neurological signs (sensory deficits or motor paralysis), (3)
had a structural spinal problem, such as scoliosis, as con-
firmed by X-ray, and/or (4) were pregnant. Participants
were able to withdraw from the study if they requested to
withdraw. The control group was matched based on
demographic characteristics with the recurrent LBP group.

Lower extremity dominance was also applied in this
study since a previous study confirmed that dominance
could be a confounding factor [18]. The right lower
extremity was regarded as the dominant side for all sub-
jects since they preferred to use the right limb to kick a ball
[19, 20]. The non-dominant side standing protocol was
defined as standing on the left leg with the right hip and
knee flexed approximately 90° during the test.

Outcome measures

Pain/disability was inferred from self-reported scores on
the Oswestry Disability Index (ODI) [21]. The ODI is one
of the most frequently used tools for measuring chronic
disability. A sum of the scores is calculated and presented
as a percentage, where 0 % indicates no disability and
100 % indicates the worst possible disability.

Six digital cameras captured the motion of each marker
three-dimensionally (Motion Analysis Corporation, Santa
Rosa, CA, USA) with the sampling rate of 60 Hz. Marker
trajectories were low pass filtered (6 Hz, 4th order But-
terworth filter) and then time synchronized within the test
cycle into Matlab R2010b (The MathWorks, Inc. Natick,
MA).

A total of 34 reflective markers were placed over the
bilateral acromioclavicular joints, anterior superior iliac
spines (ASIS), posterior superior iliac spines (PSIS), iliac
crests, greater trochanters, lateral thighs, lateral and medial
epicondyles of the knees, lateral shanks, lateral and medial
malleoli, heels, second toes, lateral humeral epicondyles,
radial styloid processes, and hands. There were also
markers placed on the seventh cervical vertebra (C7) and
the middle of the manubrium.

The subjects were given disposable hospital slipper
socks with nonslip bottoms to wear during the test in the
Motion Analysis Laboratory. The subjects stood upright on
their dominant and non-dominant legs separately in ran-
dom order for 25 s. They stood on a force plate with their
eyes closed and the contralateral hip and knee flexed to 90°
(Fig. 1). Subjects performed two trials in which they were
instructed to stand on a single leg. Subjects were asked to
keep their arms along the sides of their trunks in standing,
although compensatory arm movements were permitted to
maintain balance.

The angular rotations of the following body regions were
collected: pelvis, right and left thighs, right and left shanks,
right and left feet, head, upper thorax, lower thorax, lumbar
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spine, and the core spine model. To capture the motion, the
Helen Hayes full body (with head) reflective marker set was
used during the task as based on the previous study [22].

Angular rotations of the body segments were recorded,
and the segment was created by three non-collinear
markers. Those markers were placed on the body segment
such that two markers defined a segmental axis, and the
third marker formed a segmental anatomical plane. A plane
was required to represent each segment so that tri-axial
rotation could be fully defined as the joint coordinate
system embedded into each body segment for calculation
of intersegmental joint angles [23]. For example, the
lumbar spine rotation was three-dimensionally defined by a
vector from a marker superficial to the second sacrum level
(S2) to a marker superficial to the first lumbar process (L1);
the lower thoracic region was defined by a vector from the
L1 marker to a marker superficial to the sixth thoracic
spinous process (T6); the upper thoracic region segment
was defined by a vector from the T6 marker to a marker
superficial to C7. The body segments were modeled as
rigid bodies, and the relative rotation angle was taken from
a fixed point in the center of the joint. The kinematic angles
were applied to describe relative rotations of one segment
with respect to another reference segment based on three
markers per rigid body to accurately measure the angular
changes. Therefore, lumbar spine angles were derived from
the relative orientation based on the core spine axis.

The core spine model was the reference axis from the pelvic
plane of S2 and was used to compare specific three-
dimensional motions. The core spine was defined as a highly
integrated activation of multiple segments that provide
steadiness and generate interactive movement. This core spine
model needed to be quantified by isolating individual compo-
nents to reproduce the three-dimensional motions that are used
by the core to accomplish its function [10]. The relative kine-
matic changes were based on the core spine model to compare
with other body segments. The pelvic coordinate system was
defined, and the origin was set at the S2 marker. The ASIS
markers defined the x—y plane of the pelvis, and the positive z-
axis was defined by a vector perpendicular to the x—y plane. A
computational method that uses vector algebra was utilized for
angular joint kinematics, which is the recommended method by
the International Society for Biomechanics [23].

In Fig. 1a, the normalized standing time is defined as a
ratio between the successful standing time and the
requested standing time (Eq. 1). The successful standing
time was the amount of time the subject was able to suc-
cessfully stand based on the amount of time requested
(25 s). For the data analysis, only 20 s of the 25 s standing
test protocol was utilized. The analysis time window
excluded the initial transition time (5 s) from double leg
standing to single leg standing to minimize individual
variations.
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Fig. 1 a One leg standing test. The subject maintained postural
steadiness while the kinematic data were gathered from the three axes
(Ry, Ry, and R.). b The identification of successful standing time and
standstill time for computing the relative kinematic index. An

In Fig. 1b, the relative kinematic index is the ratio
between standstill time and successful standing time
(Eq. 2). The standstill time was the summation of temporal
segments where the three-dimensional rotation (R,,,) of the
tested axis was below the threshold. The R,,, was defined
as the rotational angle of each specific body region (Eq. 3),
which was calculated between two adjacent joints in three
dimensions and then combined to quantify the relative
kinematic index. Again, the data analysis included the
angular rotation changes from the starting posture, which
was at a time of 5 s, instead of the time of initiation of the
test (a time of O s).

Regarding three-dimensional angular kinematics data,
the relative kinematic index was calculated for each seg-
ment, side-to-side (R,), back-and-forth (R,), and up-and-
down (R;), from a mean value. Therefore, the R,,, was
computed as a square sum of the three rotations of which
the mean was subtracted to have zero-mean as was previ-
ously reported [24]. The R, can is the average value of R,
over the analysis window. The R, mean and R, mean Were
from the R, and R, signals, respectively.
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example of the normalized core spine kinematic changes during the
test. The analysis time window excluded the initial transition time
(5's) from standing. The three-dimensional rotation (R,,,) of the
tested axis was below (5°) threshold (Th_k: kinematic threshold)

Statistical analysis

Statistical analyses were completed using SPSS 22 (SPSS,
Chicago, IL). Normality was assessed for each dependent
variable (normalized standing time, relative kinematic
index) during dominant and non-dominant leg standing. An
independent ¢ test was used to analyze normalized standing
time based on groups. A Pearson correlation analysis was
used to analyze the degree of associations with the relative
kinematic index for whole body regions and the normalized
standing time between groups. Pearson r was interpreted as
0.0-0.25 for little to no relationship, 0.26-0.50 for a fair
relationship, 0.51-0.75 for a moderate to good relationship,
and 0.76-1 for a good to excellent relationship [25].

A stepwise multiple regression analysis was conducted
to find the most critical factors of the relative kinematic
index for normalized standing time between groups. For all
statistical tests, type I error rate was set at 0.05.

Results
Description of samples

A summary of subject demographics and the relationship of
groups are indicated in Table 1. In total, 60 subjects enrolled
in the study, including 29 control subjects (18 male, 11
female) and 31 LBP participants (21 male, 10 female). There
were no significant age (¢t = 1.84, p = 0.07) or gender
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Table 1 Summary of subject

demographics and bivariate Variable Control group LBP group Statistic P
relationship of groups with Number of subjects 29 31
selected demographics
Gender
Female 11 10 7 =021 0.79
Male 18 21
Age (years)
Range 20-53 21-49 t=1.84 0.07
Mean + SD 3551 £9.84 39.54 £ 6.92
Height (cm)
Range 153-181 150-177 r=-1.29 0.20
Mean + SD 167.27 £+ 8.30 164.66 + 7.39
Weight (kg)
Range 49-82 43-94 t=0.59 0.55
Mean + SD 63.92 £+ 10.69 66.54 £+ 11.48
ODI (%)
Range 0.00 0.18-0.29 N/A N/A
Mean + SD 0.00 0.21 £ 0.14

LBP low back pain, ODI Oswestry Disability Index, SD standard deviation

(7> = 0.21, p = 0.79) differences between groups. Height
(t=-129, p=0.20) and weight (+ = 0.59, p = 0.55)
were not significantly different between groups. The LBP
group reported an average ODI score of 21 %, which is
within the moderate disability level (20—40 %). The control
group reported that their ODI score was 0 %.

The standing duration and kinematic data

The standing duration (s) was compared between dominant
and non-dominant leg standing between the groups. During
dominant leg standing, the control group demonstrated
significantly longer standing duration (25.51 + 4.17) than
the LBP group (21.79 £ 6.68), and there was a statistically
significant  difference between groups (F = 7.73,
p = 0.007). During non-dominant leg standing, the control
group demonstrated significantly longer standing duration
(24.57 £ 4.16) than the LBP group (20.51 %+ 6.75), and
there was a statistically significant difference between
groups (F = 6.60, p = 0.013).

As shown in Table 2, there were significant relative
kinematic index differences between groups during domi-
nant leg standing for the pelvis (r = —3.68, p = 0.001),
dominant shank (r = —3.39, p = 0.001), non-dominant
shank (r = —2.17, p = 0.03), head (t = —2.14, p = 0.03),
upper thorax (¢t = —4.87, p = 0.001), lower thorax
(t=-3.98, p=0.001), lumbar spine (= —2.02,
p = 0.04), and core spine model (r = —3.01, p = 0.004).
During non-dominant leg standing, there were also signif-
icant relative kinematic index differences between groups
for the pelvis (r = —2.06, p = 0.04), dominant shank
(t=-220, p=0.03), upper thorax (r= —3.15,
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p = 0.01), lower thorax (fr = —2.63, p = 0.01), lumbar
spine (t = —2.13, p =0.04), and core spine model
(t = —3.06, p = 0.003).

Kinematic factors for normalized standing time

Correlation analysis was conducted comparing relative
kinematic index and normalized standing time (Table 3).
In the control group, the normalized standing time for the
relative kinematic index was correlated with the lumbar
spine (r = 0.92, p < 0.01 on dominant side; r = 0.64,
p < 0.01 on non-dominant side). The non-dominant foot
also demonstrated a very strong relationship (r = 0.93,
p < 0.01) with dominant leg standing in the control group;
however, the LBP group was not significantly correlated.
The LBP group demonstrated normalized standing duration
with the lumbar spine (r = 0.87, p < 0.01 on dominant
side; r = 0.63, p < 0.01 on non-dominant side).

As shown in Table 4, the relative kinematic index of the
core spine model was correlated with the pelvis (r = 0.98,
p <0.01 on dominant leg; r = 0.98, p < 0.01 on non-
dominant leg) in the control group. For the LBP group, the
relative kinematic index of the core spine model was corre-
lated with the pelvis (r = 0.98, p < 0.01 in dominant leg
standing; r = 0.94, p < 0.01 in non-dominant leg standing)
and the lower thorax (r = 0.62, p < 0.01 in dominant leg
standing; r = 0.50, p < 0.01 in non-dominant leg standing).

A stepwise multiple regression analysis was conducted
to find the significant relative kinematic index of the lower
limbs for normalized standing time (Table 5). The control
group demonstrated that the relative kinematic index of the
pelvis, as a predictor, accounted for 96 % of the variance
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T
limbs during dominant and non- (lower/upper)
dominant leg standing between R leg standing
£roups Pelvis 0554024 0294021  —039/~0.11 ~368 0001
R thigh 0.99 £ 0.04 0.98 £ 0.03 —0.01/0.01 —1.25 0.21
L thigh 0.99 £ 0.01 0.98 + 0.01 —0.01/0.01 —1.47 0.15
R shank 0.99 £ 0.02 0.93 £ 0.09 —0.09/-0.02 —3.39 0.001%*
L shank 0.98 + 0.01 0.98 + 0.03 —0.02/-0.01 —2.17 0.03*
R foot 0.99 + 0.01 0.99 + 0.02 —0.02/0.01 —-1.75 0.08
L foot 0.99 + 0.01 0.98 + 0.01 —0.01/0.00 —1.92 0.06
Head 0.99 + 0.03 0.95 £ 0.09 —0.07/-0.01 —2.14 0.03*
Upper thorax 0.83 £0.18 0.49 £+ 0.33 —0.48/—0.20 —4.87 0.001%**
Lower thorax 0.99 £ 0.01 0.83 £ 0.21 —0.23/-0.07 —3.98 0.001%*
Lumbar spine 0.99 £ 0.01 0.98 £ 0.01 —0.01/0.00 —2.02 0.04*
Core spine model 0.51 £ 0.24 0.31 £ 0.27 —0.34/-0.07 -3.01 0.004#*
L leg standing
Pelvis 042 +0.23 0.25 +£0.23 —0.26/—0.01 —2.06 0.04*
R thigh 0.99 + 0.01 0.98 &+ 0.01 —0.01/0.00 —1.44 0.16
L thigh 0.99 £ 0.01 0.98 £ 0.01 —0.01/0.00 —1.63 0.11
R shank 0.99 + 0.01 0.97 £ 0.03 —0.02/-0.01 —2.20 0.03*
L shank 0.96 £ 0.08 0.95 £+ 0.08 —0.08/0.01 —1.79 0.08
R foot 0.99 + 0.01 0.99 £ 0.01 —0.01/0.00 —0.24 0.81
L foot 0.99 + 0.01 0.99 + 0.02 —0.02/0.00 —1.86 0.07
Head 0.99 + 0.02 0.94 + 0.12 —0.09/0.00 —1.86 0.07
Upper thorax 0.68 £ 0.24 0.46 £+ 0.27 —0.35/-0.07 -3.15 0.01**
Lower thorax 0.96 £ 0.10 0.85 £ 0.19 —0.19/-0.02 —2.63 0.01%*
Lumbar spine 0.99 £ 0.01 0.98 £ 0.02 —0.01/0.00 —2.13 0.04*
Core spine model 0.40 £ 0.23 0.24 £ 0.21 —0.29/-0.06 —3.06 0.003%*

Mean =+ standard deviation

LBP low back pain, R dominant, L non-dominant, CI confidence interval

* p < 0.05, ** p < 0.01

for normalized standing time during dominant leg standing
(F =62797, p<0.01) and 97 % of the variance for
normalized standing time during non-dominant leg stand-
ing (F = 890.38, p < 0.01).

However, the pelvis and non-dominant shank were
included as predictor variables and accounted for 97 % of
the variance for normalized standing time (F = 747.59,
p < 0.01) during dominant leg standing in the LBP group.
During non-dominant leg standing, the pelvis and non-
dominant foot were included as predictor variables and
accounted for 89 % of the variance for normalized standing
time (F = 129.70, p < 0.01) in the LBP group.

Discussion
The purpose of this study was to investigate postural

steadiness based on relative kinematic index of the lower
limbs and trunk with normalized standing time in subjects

with recurrent LBP during dominant and non-dominant leg
standing. The results of this study indicated that the sub-
jects in the control group demonstrated significantly longer
one leg standing as they took advantage of pelvic control
with core spine steadiness to minimize lower limb move-
ments while the LBP group did not.

One of the key points of this study was to investigate the
specific body segments related to the relative kinematic
index of the lower limbs and trunk with normalized
standing time. It has been reported that impaired back
muscle function may lead to an inability to adapt postural
control strategies to the prevailing conditions in subjects
with LBP [26, 27]. The longer standing duration in the
control group might be due to motor learning of functional
activities that allows for enhancement of postural control
strategies [4, 28]. This difference in balance performance
may be more pronounced in subjects with recurrent LBP
due to diminished proprioceptive conditions in the lumbar
spine [27, 29]. The results of the correlation analysis
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Table 3 Correlation analysis

Control (R standing)

Control (L standing) LBP (R standing) LBP (L standing)

between kinematic steadiness of Group

the body regions and Pelvis 0.18

normalized standing time .
R thigh 0.15
L thigh 0.29
R shank —0.06
L shank 0.26
R foot 0.59%%*
L foot 0.93%%*
Head 0.10
Upper thorax —0.08
Lower thorax 0.04
Lumbar spine 0.92%%

Core spine model 0.13

0.28 0.11 0.12
0.62%* 0.26 0.37%*
0.62%* 0.14 0.42%
0.19 0.12 —0.41*
0.43* 0.37* 0.17
-0.03 0.17 0.42%
0.30 0.11 0.26
0.66 —0.08 0.13
—0.18 —0.03 —0.08
—0.03 0.10 —0.14
0.64%* 0.87%* 0.63%*
0.22 0.06 0.17

R dominant, L non-dominant, LBP low back pain

*p <0.05, ** p < 0.01

Table 4 Correlation analysis

between kinematic steadiness of Group Control (R standing)  Control (L standing) LBP (R standing) LBP (L standing)
the core spine and normalized Pelvis 0.98%% 0,98 0,98 0.94%%
standing time .
R thigh 0.46* 0.10 0.24 0.12
L thigh 0.48%* 0.11 0.18 0.14
R shank 0.46* 0.32 0.39* 0.26
L shank 0.31 0.18 0.13 0.33
R foot 0.43* 0.19 0.17 0.13
L foot 0.25 0.07 —0.31 0.21
Head 0.27 0.17 0.48* 0.34
Upper thorax 0.56* 0.64 0.83 0.65%*
Lower thorax  0.16 0.26 0.62%%* 0.50%*
Lumbar spine  0.25 0.10 —0.09 —0.01

R dominant, L non-dominant, LBP low back pain

*p <0.05, ** p <0.01

indicated that dominant leg standing was significantly
associated with the lumbar spine in the control group. Non-
dominant leg standing was also associated with the lumbar
spine in the control group.

To maintain postural steadiness during the test, the
lower limbs and trunk require not only reliable sensory
feedback and muscle activation from all involved joints,
but also the sensitive response of proprioceptive receptors
to environmental changes [24, 30, 31]. The neuromuscular
control on the trunk was often altered in the chronic LBP
group [32], which made it difficult to control specific tasks
that require the extensors to contribute to trunk steadiness
and primary movement control in subjects with recurrent
LBP. The differences in balance performance are more
pronounced on the dominant side in subjects with recurrent
LBP due to diminished proprioceptive conditions [27, 29].
The findings of lower thorax steadiness for normalized
standing time in the LBP group may be due to relatively
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limited lumbar spine motion. Therefore, pelvic motion
during one leg standing might be important for trunk
control within the whole spine to accommodate balance
strategies compared with the core spine model.

The core spine was integrated with the pelvis in the
control group during dominant and non-dominant leg
standing. The control group might have been able to take
advantage of pelvic control with the core spine as a pos-
tural strategy to achieve longer one leg standing. The
kinematic index of the upper and lower thoraces was also
significantly correlated with the core spine during non-
dominant leg standing in the LBP group. For the LBP
group, the core spine model was associated with the lower
limbs in addition to pelvic rotation steadiness. For domi-
nant leg standing, the pelvis and non-dominant shank were
associated with the core spine. During non-dominant leg
standing, however, the pelvis and non-dominant foot were
associated with the core spine. These results were
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Table 5 Stepwise multiple linear regression analysis of normalized standing time between groups
Group Model Region Regression coefficient Standard error p R? Adjusted R? F
Control 1 Intercept —0.021 0.02 0.96 0.95 627.97%%*
R leg standing Pelvis 0.97 0.04 0.97
Control 1 Intercept —0.01 0.02 0.98 0.97 0.97 890.38**
L leg standing Pelvis 0.99 0.03
LBP 1 Intercept 0.01 0.02 0.97 0.96 747.59%*
R leg standing Pelvis 0.98 0.04 0.98
2 Intercept 0.79 0.23 0.98 0.97 519.06%*
Pelvis 1.01 0.03 1.01
Left Shank —0.80 0.24 —0.11
LBP 1 Intercept 0.01 0.02 0.94 0.89 0.88 226.42%*
L leg standing Pelvis 0.88 0.06
2 Intercept —10.18 4.79 0.94 0.91 0.89 129.70%**
Pelvis 0.88 0.06 0.13
Left Foot 10.20 4.80

R dominant, L non-dominant, LBP low back pain
** p < 0.01

consistent with other studies that found that the control
group demonstrated better control than the LBP group
[22, 33]. This model would be expected to stabilize limb
movements with the integrated core spine, which is closely
located to the body’s center of mass on the standing limb.

The results of our study indicated that pelvic control was
most significant for longer standing in both groups. In the
LBP group, the relative kinematic indices of the shank and
foot were significant in addition to the pelvis due to pos-
sible compensatory motion. The control group took
advantage of pelvic control with the core spine to minimize
lower limb movements. This pelvic control might be
related with postural steadiness, which requires not only
reliable muscle activation from all involved joints, but also
the sensitive response of proprioceptive receptors
[24, 31, 34]. Examining spinal dysfunction while consid-
ering the core spine model may provide clinical insight into
the pattern of trunk movements that occur due to pelvic
control in subjects with recurrent LBP [22, 24]. Different
postural strategies of whole body kinematic coordination
with the core spine could enhance stabilization strategies in
subjects with recurrent LBP. The variations in balance and
body sway are compensated for by changes in postural
alignment and core spine steadiness of the dominant thigh
and pelvis [24, 28].

Although the scope of this study did not include com-
pensatory movements of the upper extremities, compen-
satory lower limb movements in the recurrent LBP group
provide additional insights for future studies regarding
postural integrity. The participants in the control group
were able to maintain their balance with pelvic control,
which provides evidence of the reorganization of the trunk

muscles that might be associated with deficits in postural
control in individuals with recurrent LBP [4]. The postural
control of the trunk muscles contributes to the recurrence
of pain episodes due to neural changes that underlie these
motor deficits [4, 35].

The results of our study indicated that the control group
demonstrated significantly longer standing times on the
dominant and non-dominant legs than the LBP group. The
control of kinematic steadiness may also include changes
in excitability in the motor pathway, changes in the sensory
system, and factors associated with stressful and fearful
aspects of pain [36, 37]. Those subjects with recurrent LBP
need to meet the necessary postural integrity of compen-
satory mechanisms when reducing the risk of injury in
balance activities [22, 28, 38]. The results of our study
emphasize the need for pelvic steadiness for postural
compensation, which might be beneficial to utilize as
outcome measurements following specific interventions
with the one leg standing test in future studies.

There were several limitations to the current study. One
limitation was the age variation of the participants with
LBP (who ranged from 21 to 49 years). This age variation
might invalidate the results even with statistical adjust-
ments for continuous variables as covariates. However,
subgroup analyses would provide more accurate results of
intra-/intervariability for future studies. Second, it would
be beneficial to perform a validation study to ensure the
sensitivity and reproducibility of the methodology. The
comparison of postural control based on normalized
standing time and relative kinematic index might con-
tribute to a further understanding of postural steadiness and
quantification of balance deficits in subjects with recurrent
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LBP. In addition, the relative kinematic index in the cur-
rent analysis included the angular displacement changes
from the starting posture, which was 5 s later, instead of
the time (25 s) of initiation of the test. As previously
reported, the successful duration was defined as the total
standing time until the subject failed to maintain steadiness
during the 20 s of the test window, which excludes the
initial 5 s of the standing protocol [22]. It would also be
beneficial to quantify the capacity of motor control patterns
to compare the first 5 s as the initiation control stage and
the next 20 s as the stabilization stage during the test.
The scope of this study included compensatory move-
ments with one leg standing; however, it would be inter-
esting to quantify movements with various tasks to
investigate the characteristics of kinematic analysis mea-
sures. The comparison of postural control based on the
normalized kinematic steadiness measures for standing
duration might contribute to a further understanding of
postural adaptation in subjects with recurrent LBP.

Conclusion

Postural steadiness based on the relative kinematic index
with normalized standing time should be further investi-
gated to determine integrated balance performance. The
control group took advantage of pelvic control with the
core spine to minimize lower limb movements. Statistically
significant and clinically relevant differences in core spine
and pelvic control might be useful for outcome measure-
ments to assess postural steadiness.
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