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Abstract: Lumbar spondylosis (LS) is a common degenerative spine disease that often leads to
impaired motor control, sensory changes, and imbalance. The current study aimed to compare the
dynamic balance control between patients with LS and healthy controls in terms of inclination angles
(IA) and the rate of change of IA (RCIA) of the center of mass relative to the center of pressure
(COM–COP motion) during walking and to identify the correlation between dynamic balance and
standing balance in patients with LS. Eleven patients with LS and eleven healthy controls performed
level walking and static standing in a gait laboratory while their whole-body motion and ground
reaction forces were measured to calculate the IA and RCIA. Gait temporal–spatial parameters were
also recorded. Correlations between the COP motions during standing balance and COM–COP
motions during gait were quantified using Pearson’s correlation coefficients (r). In the sagittal plane,
the patients increased posterior IA with decreased posterior RCIA during the double-limb support
phase of gait and showed decreased anterior RCIA, with small ranges of IA and RCIA during the
single-limb support phase (p < 0.05). In the frontal plane, the patients increased medial–lateral ranges
of RCIA and medial IA during the double-limb support phase of gait and increased medial RCIA
and ranges of IA during the single-limb support phase of gait (p < 0.05). A moderate to strong
correlation was found between dynamic balance and standing balance in the patients (p < 0.05).
The patients presented a conservative anterior–posterior dynamic balance control but an unstable
medial–lateral dynamic balance control during walking, which may be related to the decreased
gait speed. The results showed that the greater the postural sway in the patients’ standing balance,
the more conservative the dynamic balance control in the sagittal plane, and the greater the risk of
imbalance in the frontal plane. It is thus suggested that dynamic balance control deviations during
gait in patients with LS cannot be deduced solely from standing balance test data, and should thus be
monitored via dynamic approaches in clinical applications.

Keywords: lumbar spondylosis (LS); dynamic balance; standing balance; gait analysis; center of
mass; center of pressure

1. Introduction

Spondylosis refers to the chronic degenerative changes, such as bony osteophytes and
excrescences [1] within the region of the vertebral bodies, and the associated abnormalities,
including segmental motion deviations, loss of vertebral disc height, and arthrosis of the
facet joints [2]. Spondylosis is frequently found in middle-aged and older adults, with
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approximately 50% of individuals over forty years old and 85% of individuals over sixty
years old being diagnosed with some degree of spondylosis [3,4]. Depending on the level
of the lesion, spondylosis may result in different alterations in the gait patterns and posture
control [5,6]. Compared to the other parts of the spine, the lumbar spine transmits the
largest forces which are several times body weight during gait; thus, there is a higher
risk of developing spondylosis [7,8] in this region of the spine. Lumbar spondylosis (LS),
mostly at L4–L5, may change not only the mechanics of the motion segment, but may also
compress the cauda equina and lumbosacral nerve roots [9]. Both would lead to severe
radicular pain of the lower back and/or down to one or both lower extremities [10] with
restricted mobility, absent reflex, sensory changes, and muscle weakness [9,11]. As the
disease progresses, patients with LS may develop motor disturbances [12,13], altered gait
patterns, loss of balance [14], and increased risks of falling [15,16]. Therefore, quantitative
measurement of the static postural balance and dynamic gait balance in patients with LS
will be useful for a more complete assessment of the progression of the disease and the risk
of falls in this population.

Balance control has been defined as the control of the body’s position in space for
the purpose of balance and orientation [17,18]. The effectiveness of the ability of an
individual in maintaining standing balance is usually assessed using variables derived
from trajectories of the center of pressure (COP) of the ground reaction forces (GRF) [19,20].
Those COP variables provide critical information which is helpful for understanding how
the human body controls and maintains standing balance [21–24]. Typically, the COP sway
during quiet standing has been well accepted as an index to evaluate balance: the greater
the COP sway, the worse the balance ability. The COP total distance is also frequently used
to quantify the standing balance control [25,26]. However, these variables are not directly
applicable to the dynamic balance during walking as the COP moves along in the direction
of the progression of gait.

Dynamic balance control during motion is best evaluated through the description
of the motion of the body’s center of mass (COM) relative to the COP. During dynamic
conditions, the COM can be much further away from the COP without loss of balance,
as long as the COM is controlled at an appropriate velocity relative to the COP [27]. The
velocity of the COM relative to the COP, as well as the influence of the body height
or leg length, should be considered [28,29]. This can be evaluated by the inclination
angles (IA) of the line connecting the COM and the COP in both sagittal and frontal
planes [30], and the rate of change of IA (RCIA), enabling a more complete description of
the control of the body’s posture [31]. Generally, the further the COM diverges from the
COP (i.e., greater IA) the more difficult it becomes, and more effort (e.g., joint moments) is
needed to achieve an RCIA appropriate for dynamic balance [32]. A previous study has
shown that the IA and RCIA of patients with scoliosis were associated with the severity
of the spinal deformity [33]. Therefore, COM–COP IA and RCIA are now becoming
the typical parameters for evaluating balance control in patients with impaired motor
or balance control diseases during locomotion [34]. Identifying the correlations between
standing balance performance and dynamic balance control during gait would be helpful
for evaluating the risk of imbalance during locomotion from standing balance evaluations
alone, which are easier to obtain in a clinical setting.

Patients with degenerative lumbar disease present poor postural control ability and
tend to rely on visual feedback and a wide-base standing posture [12]. Previous studies
also showed that postural sway was increased in patients with spondylosis and other
degenerative lumbar diseases [12,35,36]. Wong et al. [13] found that the root-mean-squared
distance of the COP in anteroposterior and mediolateral directions was decreased in
patients with LS after lumbar surgery. These findings may be indicative of impairment of
neuromuscular feedback loops at a different level of motor activation within the central
nervous system [37], which could be evaluated through static balance using force plates.
However, it remains unclear how LS may affect the dynamic balance control in terms of
the body’s motion relative to the center of pressure during level walking, and what the
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relationship is between dynamic balance control during gait and static standing balance in
such patients.

The purpose of this study was to quantify the dynamic balance control in patients
with LS in terms of COM–COP IA and RCIA in comparison with healthy controls and to
identify the correlations of IA and RCIA between dynamic gait balance and static standing
balance in LS. It was hypothesized that, compared to the controls, patients with LS would
show compromised balance control with increased IA and RCIA during gait and increased
COP total distance and sway area during quiet standing, and that the IA and RCIA during
walking would have a significant correlation with COP total distance and COP sway area
during quiet standing in patients with LS.

2. Materials and Methods
2.1. Subjects

Eleven patients with LS (LS group; age: 59.7 ± 12.9 years; height: 162.9 ± 6.7 cm; mass:
64.7 ± 12.1 kg), and eleven healthy adults (control group; age: 53.5 ± 6.1 years; height:
158.1 ± 6.0 cm; mass: 59.5 ± 13.3 kg) participated in the current study with informed
written consent, as approved by the Institutional Review Board. All the patients in the
LS group had a clinical diagnosis of LS and stenosis supported by radiological findings.
The inclusion criteria for the patients were (1) age above 40 years, (2) ability to walk
without assistive devices, (3) mild myelopathy, and (4) motor assessment scale (MAS) for
walking >grade 5 [38]. The exclusion criteria were (1) previous back surgery, (2) age < 40
years or >80 years, or (3) moderate or severe disability and/or difficulty in ambulation. The
healthy controls were all free from any neuromusculoskeletal dysfunction, with normal or
corrected vision, and had the ability to walk without an assistive device.

2.2. Experimental Protocol

In a university hospital gait laboratory, each subject walked at his/her preferred
speed on a 10 m walkway while the motions of all the body segments were measured
via 41 infrared retroreflective markers placed on specific anatomical landmarks [29] using
a 7-camera motion capture system at a sampling rate of 120 Hz (Vicon 512, OMG, Oxford
UK). The ground reaction forces (GRF) were also measured using three force plates at
1080 Hz (AMTI, Watertown, MA, USA). Before the gait trials, the subjects were allowed to
walk on the walkway several times to familiarize themselves with the experimental envi-
ronment. Data from six complete gait cycles for each subject were collected for subsequent
analysis. The subjects also performed quiet standing balance tests on a force plate with
their feet close together and eyes open for 30 s while the GRF data were measured [12,39].

2.3. Data Analysis

The positions of the center of pressure (COP) of the GRF were calculated using forces
and moments measured by the force plates [40]. For standing balance tests, the total distance
traveled by the COP over the course of the trial duration (DCOP) was calculated [25]. The
COP sway area (ACOP) was calculated as that of an equivalent ellipse covering 95% of
the samples, and the major and minor axes of the ellipse were determined using principal
component analysis [41].

For gait balance analysis, all body segments, namely the head/neck, trunk, pelvis,
arms, forearms, thighs, shanks, and feet, were modeled as rigid bodies. Using the measured
marker data, each body segment was embedded with an orthogonal coordinate system with
the origin at the segment’s COM and the positive x-axis directed anteriorly, the positive
y-axis superiorly, and the positive z-axis to the right. The 13-body segment model of the

body was then used to calculate the position of the body’s COM (
⇀
C) as the weighted sum

of the segmental COMs of all body segments as follows [29]:

⇀
C =

∑13
i=1 mi

⇀
c i

BM
(1)
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where mi and
⇀
c i were the mass and position of the COM of the ith body segment calculated

using the marker data and an optimization-based method [17,42]. BM was the total body
mass of the subject. During the double stance phase, a resultant COP was calculated
from the COP and GRF of each foot [40]. A global optimization method was used to
reduce the effects of soft tissue artifacts of the skin markers on the pelvis-leg apparatus
by minimizing the weighted sum of squared distances between measured and calculated
marker positions [43].

For the description of the motions of the COM relative to the COP, the line of pro-
gression was defined as that which bisected the mediolateral range of motion of the COM
during bilateral single-limb support (SLS) and double-limb support (DLS), a zero value
being on the bisection line and a positive value being on the right side of the bisection line.
The IAs in the sagittal plane and frontal plane were calculated as follows [44]:

⇀
t =

⇀
Z ×

⇀
PCOM−COP∣∣∣∣⇀PCOM−COP

∣∣∣∣
 (2)

Sagittal IA = sin−1(tY) (3)

Frontal IA =

{
− sin−1(tX), f or the right limb
sin−1(tX), f or the le f t limb

(4)

where
⇀
PCOM−COP was the vector pointing from the COP to the COM,

⇀
Z was the unit vector

of the vertical axis of the global coordinate system, and
⇀
X was the unit vector pointing in the

direction of progression. The RCIA was also calculated by smoothing and differentiating
the trajectories of sagittal and frontal IAs using the generalized cross-validatory spline
method [45]. Positive values of the sagittal and frontal IAs indicated that the COM was
anterior to and away from the COP toward the contralateral limb, respectively (Figure 1).
The force plate data were also used to determine the gait events of heel-strike and toe-
off [46]. The values of the IA and RCIA at heel-strike and toe-off were obtained from the
gait cycles of both sides. The ranges and time-averaged values of IA and RCIA over DLS
were also obtained. Spatiotemporal parameters of gait were also obtained, namely stride
length, step length, step width, cadence, gait speed, and stride time.
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Figure 1. The sagittal and frontal COM–COP inclination angles (IA, denoted α and β, respectively)
during level walking (a) at the end of single-limb support at contralateral heel-strike; and (b) during
terminal double-limb support. The trajectories of the COM and COP are also shown.
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2.4. Statistical Analysis

For all variables, an independent t-test was used to compare the differences between
the LS and the control group for the walking and quiet standing tests. Pearson’s correla-
tion coefficient (r) was used to evaluate the association between the IA and RCIA during
gait, and DCOP and ACOP during quiet standing for the patient group. Absolute val-
ues of r less than 0.2 indicate a very weak correlation, while 0.2–0.39, 0.40–0.59, 0.6–0.79, and
0.8–1 indicate a weak, moderate, strong, and very strong correlation, respectively.
A significance level of 0.05 was set for all the tests. All the statistical analyses were
performed using SPSS version 20.0 (SPSS Inc., IBM, Armonk, NY, USA).

An a priori power analysis for a two-group independent sample t-test for the com-
parison of IA and RCIA between LS and healthy controls based on pilot data using
GPOWER [47] determined that a projected sample size of seven subjects for each group
would be needed with a power of 0.8 and a large effect size (Cohen’s d = 1.67) at a signifi-
cance level of 0.05. Therefore, eleven subjects per group were considered adequate for the
purpose of the current study.

3. Results

The patients with LS showed significantly decreased gait speed, cadence, and SLS
duration, but increased stride time and DLS duration during walking when compared
to the control (p < 0.05, Table 1). No significant between-group differences were found
in stride length, step length, and step width during walking (Table 1). During quiet
standing, the patients showed increased DCOP and ACOP when compared to the control
(p < 0.05, Table 1).

Table 1. Means (standard deviations) of the spatiotemporal parameters during walking, and the COP
total distance (DCOP) and sway area (ACOP) during 30 s of quiet standing in the lumbar spondylosis
group (LS) and healthy controls (Control). DLS: double-limb support; SLS: single-limb support;
*: significant group effect (p < 0.05).

Variables LS Control p-Value

Stride length (mm) 1043.5 (88.8) 1048.8 (37.9) 0.857
Step length (mm) 511.3 (47.3) 507.0 (15.7) 0.777
Step width (mm) 105.3 (34.6) 78.9 (24.5) 0.052

Cadence (steps/min) 92.6 (14.5) 111.6 (8.5) 0.001 *
Gait speed (mm/s) 811.0 (174.7) 983.5 (91.6) 0.009 *

Stride time (s) 1.3 (0.2) 1.1 (0.1) 0.001 *

DLS duration (%) 29.2 (6.1) 23.5 (3.1) 0.012 *
SLS duration (%) 36.3 (3.0) 39.9 (1.7) 0.002 *

DCOP (mm) 3104.0 (870.6) 2426.7 (518.9) 0.038 *
ACOP (mm2) 532.4 (619.8) 124.7 (72.4) 0.042 *

In the sagittal plane, compared to the control, the patients showed decreased anterior
IA at heel-strike and decreased ranges of IA during SLS, but increased time-averaged
posterior IA during DLS (p < 0.05, Figure 2 and Table 2). The patients also showed
decreased time-averaged posterior RCIA during DLS, decreased time-averaged anterior
RCIA during SLS, and reduced ranges of RCIA during SLS (p < 0.05, Figure 2 and Table 3).
In the patient group, the IA at toe-off, and the time-averaged IA during SLS and DLS were
found to have strong negative correlations with DCOP during quiet standing, while the
ranges of IA during DLS showed strong positive correlations with DCOP (p < 0.05; Table 4).
The patients also showed a strong negative correlation between the ranges of IA during
SLS and ACOP during quiet standing (p < 0.05, Table 4).
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SLS −0.2 (0.7) −0.2 (0.4) 0.994 

Ranges 
DLS 15.7 (2.7) 16.3 (1.6) 0.521 
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Figure 2. Ensemble-averaged curves of the COM–COP inclination angle (IA) and rate of change of
IA (RCIA) in the sagittal plane during level walking in patients with lumbar spondylosis (solid line)
and healthy controls (dashed line).

Table 2. Means (standard deviations) of the IA during walking in the lumbar spondylosis (LS)
and healthy control (control) groups. HS: heel-strike; TO: toe-off; DLS: double-limb support;
SLS: single-limb support; *: significant group effect (p < 0.05).

COM–COP Inclination Angle (IA, ◦)

Variables LS Control p-Value

Sagittal Plane: Anterior (+)/Posterior (−)
HS 7.2 (1.0) 8.4 (0.7) 0.004 *
TO −8.1 (1.6) −7.6 (1.8) 0.492

Time-averaged values
DLS −1.8 (2.1) 0.5 (2.4) 0.027 *
SLS −0.2 (0.7) −0.2 (0.4) 0.994

Ranges
DLS 15.7 (2.7) 16.3 (1.6) 0.521
SLS 16.1 (2.3) 18.5 (1.8) 0.012 *

Frontal Plane: Medial (+)/Lateral (−)
HS −3.7 (0.7) −3.6 (0.9) 0.312
TO −3.6 (0.8) −3.1 (0.9) 0.238

Time-averaged values
DLS 0.1 (0.6) −0.1 (0.7) 0.487
SLS 3.7 (0.7) 3.3 (0.8) 0.304

Ranges
DLS 8.0 (1.3) 6.9 (1.8) 0.120
SLS 1.5 (0.3) 0.9 (0.2) <0.001 *
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Table 3. Means (standard deviations) of the RCIA during walking in the lumbar spondylosis
(LS) and healthy control (control) groups. HS: heel-strike; TO: toe-off; DLS: double-limb support;
SLS: single-limb support; *: significant group effect (p < 0.05).

COM–COP Inclination Angle (RCIA, ◦/s)

Variables LS Control p-Value

Sagittal Plane: Anterior (+)/Posterior (−)
HS −124.7 (57.0) −147.7 (64.5) 0.386
TO −21.8 (76.6) −53.7 (34.1) 0.221

Time-averaged values
DLS −90.0 (33.0) −136.2 (37.7) 0.006 *
SLS 32.6 (8.1) 40.3 (4.6) 0.013 *

Ranges
DLS 275.4 (69.8) 264.9 (105.4) 0.787
SLS 166.5 (71.2) 234.5 (66.0) 0.031 *

Frontal Plane: Medial (+)/Lateral (−)
HS 60.0 (23.9) 65.8 (35.7) 0.661
TO −23.8 (32.7) −46.3 (51.9) 0.238

Time-averaged
DLS 47.0 (17.5) 56.8 (14.9) 0.172
SLS 1.0 (1.2) −0.2 (1.3) 0.037 *

Ranges
DLS 109.3 (29.2) 69.9 (8.8) 0.001 *
SLS 76.1 (41.0) 99.7 (72.7) 0.358

Table 4. Pearson’s correlation coefficient (r) between IA during gait, COP total distance (DCOP),
and sway area (ACOP) during quiet standing in the lumbar spondylosis group (LS). HS: heel-strike;
TO: toe-off; DLS: double-limb support; SLS: single-limb support; *: significant correlation (p < 0.05).

DCOP p-Value ACOP p-Value

Sagittal Plane
HS 0.35 0.297 −0.47 0.142
TO −0.66 0.027 * 0.43 0.193

Time-averaged values
DLS −0.63 0.038 * −0.08 0.819
SLS −0.61 0.048 * 0.53 0.094

Ranges
DLS 0.67 0.024 * −0.46 0.158
SLS 0.46 0.157 −0.73 0.011 *

Frontal Plane
HS −0.08 0.820 −0.69 0.019 *
TO 0.02 0.961 −0.40 0.222

Time-averaged
DLS 0.37 0.263 0.10 0.762
SLS −0.01 0.980 0.28 0.397

Ranges
DLS 0.12 0.725 0.55 0.078
SLS 0.33 0.320 0.43 0.182

In the frontal plane, compared to the control, the patients showed increased ranges
of IA (p < 0.05, Figure 3 and Table 2) with increased time-averaged medial RCIA during
SLS, and unaltered IA with increased ranges of RCIA during DLS (p < 0.05, Figure 2
and Table 3). The patients showed a strong negative correlation between IA at HS and
ACOP during quiet standing (p < 0.05, Table 5). The patients also showed a strong positive
correlation between the ranges of RCIA during DLS and ACOP during quiet standing
(p < 0.05, Table 5).
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Sagittal Plane: Anterior (+)/Posterior (-) 
HS 0.19 0.583 0.09 0.798 
TO 0.46 0.156 0.14 0.687 

Time-averaged 
DLS −0.08 0.818 0.50 0.115 
SLS 0.48 0.132 −0.39 0.234 
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Figure 3. Ensemble-averaged curves of the COM–COP inclination angle (IA) and rate of change of
IA (RCIA) in the frontal plane during level walking in patients with lumbar spondylosis (solid line)
and healthy controls (dashed line).

Table 5. Pearson’s correlation coefficient (r) between IA during gait, COP total distance (DCOP),
and sway area (ACOP) during quiet standing in the lumbar spondylosis group (LS). HS: heel-strike;
TO: toe-off; DLS: double-limb support; SLS: single-limb support; *: significant correlation (p < 0.05).

COM–COP Inclination Angle (RCIA, ◦/s) of LS

Variables DCOP p-Value ACOP p-Value

Sagittal Plane: Anterior (+)/Posterior (-)
HS 0.19 0.583 0.09 0.798
TO 0.46 0.156 0.14 0.687

Time-averaged
DLS −0.08 0.818 0.50 0.115
SLS 0.48 0.132 −0.39 0.234

Ranges
DLS 0.38 0.256 0.07 0.841
SLS −0.57 0.065 −0.18 0.607

Frontal Plane: Medial (+)/Lateral (-)
HS −0.34 0.313 0.21 0.531
TO 0.42 0.203 0.13 0.710

Time-averaged
DLS −0.11 0.754 −0.08 0.821
SLS 0.51 0.111 0.00 0.999

Ranges
DLS 0.04 0.908 0.78 0.005 *
SLS −0.53 0.094 0.22 0.509

4. Discussion

The current study aimed to quantify the effects of LS on the whole-body balance
control during level walking by comparing the IA and RCIA with those of healthy controls,
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and to identify the possible correlations between the IA and RCIA during gait and the
DCOP and ACOP during quiet standing in the LS group. The patients with LS were found
to walk with a conservative and cautious strategy for dynamic balance control in the sagittal
plane, maintaining a more posterior COM position relative to the COP with reduced ranges
and speed of movement throughout the gait cycle, as well as a slower body weight transfer
during DLS. In the frontal plane, the patients moved the COM more medially with greater
velocity changes during weight transfer, indicating less stable transfer of the body weight
in the medial–lateral direction. Standing balance parameters were found to predict IA and
RCIA deviations during DLS in the frontal plane, possibly because the standing balance
tests were also performed in the double-limb support posture. However, standing balance
parameters failed to predict the IA and RCIA deviations during SLS in the frontal plane
and the RCIA deviations throughout the gait cycle in the sagittal plane. These correlational
results suggest that dynamic balance control deviations during gait in patients with LS
could not be deduced solely from data gathered from standing balance tests, and thus
patients should be monitored via dynamic approaches in clinical applications.

In the sagittal plane, during SLS the COM travels from a trailing position towards
the stance foot, over the stance foot, and then to a leading position, over a much greater
distance than that of the COP underneath the stance foot. Compared to the healthy controls,
the patients showed a smaller anterior RCIA and smaller ranges of IA and RCIA, indicating
that their COM traveled a shorter distance more slowly when moving over the stance
foot [18]. This strategy is helpful for a smooth inverted pendulum motion of the body in
the sagittal plane [27,48]. In contrast, during DLS, the COM movement was smaller than
during SLS, and the changes of the IA and RCIA were largely accounted for by the COP
which traveled from the trailing weight-release limb to the leading weight-acceptance limb.
Increasing the DLS time and the stride time would help to smooth the weight transfer,
and thus stabilize the whole-body balance control, but this will reduce the gait speed. The
patients in the current study decreased the posterior RCIA during DLS to ensure a smoother
travel of the COP but this resulted in a more posterior IA. This indicates that the patients
tended to keep their body mass on the trailing weight-release foot longer, allowing a more
cautious weight acceptance on the contralateral limb.

In the frontal plane, during DLS, it showed increased medial–lateral RCIA and ranges
of RCIA during the DLS phase, which indicated a great deceleration of IA in the frontal
plane during weight transfer, resulting in a contralateral lean of the body. During SLS,
however, a greater medial RCIA and greater ranges of IA in the patients during SLS still
reflect a greater and faster sway of the body in the frontal plane, which could also be seen
in the trend of increased step width, yet it was without statistical significance (p = 0.052).
These results showed that the patients presented a conservative anterior–posterior balance
control strategy but an unstable medial–lateral balance control. These findings seemed to
match a previous finding [13], which showed that patients with lumbar degenerative spine
disease may present a weaker medial–lateral balance control due to weak hip abductors
during quiet standing [49], while the back muscles compensated for the imbalance in the
anterior–posterior direction [50]. Hence, it might be important to establish the relationship
between dynamic balance and static balance of quiet standing.

Previous studies reported that patients with degenerative spine disease would present
greater postural sway during static standing [12,13]. The current study also found that
while standing with their feet close together and their eyes open for 30 s, the patients
showed greater COP total distance and sway area when compared to the healthy controls.
The greater postural sway could result from nerve compression, as well as impaired
sensory and motor function in patients with degenerative spine disease [51]. The greater
postural sway is often interpreted as poor postural control or imbalance during static
standing [52–54], which theoretically would also occur during locomotion [55].

Standing balance parameters failed to predict RCIA deviations in the sagittal plane, as
well as the IA and RCIA deviations during SLS in the frontal plane. In the frontal plane,
standing balance parameters were able to predict deviations during DLS but not during



Appl. Sci. 2022, 12, 12915 10 of 13

SLS. The patients showed a strong positive correlation between medial–lateral ranges of
RCIA and ACOP during DLS, indicating that poor postural control would lead to a greater
velocity of body sway in the medial–lateral direction during walking, and might result in
an imbalance. However, standing balance parameters were unable to predict deviations in
the IA and RCIA during SLS, possibly because the standing balance tests were performed
only in the double-limb support posture. In the sagittal plane, moderate to strong negative
correlations between IA during the entire stance phase and DCOP and ACOP indicate
that the patients adopted a conservative strategy control of the COM relative to the COP
in the anterior–posterior direction, which relied on walking more slowly while having
a poorer postural control. The patients also showed decreased time-averaged posterior
RCIA during DLS, decreased time-averaged anterior RCIA during SLS, and decreased
ranges of RCIA during SLS, which had no significant correlation with standing balance
parameters. Since the dynamic balance control should consider both IA and RCIA, the
failure to predict RCIA deviations in the sagittal plane indicates that standing balance
parameters are not able to predict dynamic balance in the sagittal plane. In the frontal
plane, a strong positive correlation between the ranges of RCIA during DLS and ACOP
indicates that the patients would have risks of imbalance in the medial/lateral direction
during walking if they showed greater posture sway during quiet standing. The patients
also showed increased ranges of IA with increased time-averaged medial RCIA during SLS,
which had no significant correlation with standing balance parameters. Since the balance
control during SLS relies on body sway based on a stationary foot, failure to predict IA
and RCIA deviations during SLS indicates that standing balance parameters could better
predict the performance of weight-shifting between limbs. These dynamic balance control
deviations without significant correlations with standing balance parameters in the patient
group suggest that deviations in these variables during walking could not be deduced
from data collected from standing balance tests, and thus patients should be monitored in
clinical applications.

The current study represented the first attempt to quantify the dynamic balance
control during level walking in patients with LS in terms of IA and RCIA of the body’s
COM motion relative to the COP. The correlations of balance control variables between
walking and standing in patients with LS were also quantified for the first time in the
literature. For the current patient group, the COM–COP control was shown to have a
significant difference compared to the healthy controls, and the associated risks have been
identified. Nonetheless, the current study was limited to patients with lumbar spondylosis.
Thus, the generalization of the current findings to other patient groups should be made
with caution. Further studies are needed to identify the dynamic balance control strategies
and risk factors of imbalance in patients with other degenerative spine diseases. Balance
control in other more challenging daily activities such as obstacle-crossing, slope-walking,
or stair-locomotion may also be included in future studies.

5. Conclusions

The dynamic balance control during gait in patients with LS was evaluated through the
analysis of COM–COP IA and RCIA, and through a correlational analysis between walking
balance and standing balance in the patient group. The patients with LS were found to
walk with a conservative and cautious strategy for dynamic balance control in the sagittal
plane, maintaining a more posterior COM position relative to the COP with reduced ranges
and speed of movement throughout the gait cycle, as well as a slower body weight transfer
during DLS. In the frontal plane, the patients moved the COM more medially with greater
velocity changes during weight transfer, indicating a less stable transfer of the body weight
in the medial–lateral direction. In the sagittal plane, the patients decreased the posterior
RCIA with increased posterior IA during DLS, and decreased anterior RCIA and ranges
of IA and RCIA during SLS. In the frontal plane, the patients increased medial–lateral
RCIA and ranges of RCIA, as well as medial IA during DLS, and increased medial RCIA
and ranges of IA during SLS. Standing balance parameters were able to predict IA and
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RCIA deviations during DLS in the frontal plane, possibly because the standing balance
tests were also performed in the double-limb support posture. However, standing balance
parameters failed to predict the IA and RCIA deviations during SLS in the frontal plane
and the RCIA deviations throughout the gait cycle in the sagittal plane. These correlational
results suggest that dynamic balance control deviations during gait in patients with LS
could not be deduced solely from data from standing balance tests and, thus, patients
should be monitored via dynamic approaches in clinical applications.
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