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Abstract: A compensatory stepping strategy following repeated perturbations may compromise
dynamic balance and postural stability. However, there is a lack of study on preferred limb reaction,
swing, and step time adjustments. The purpose of this study was to investigate limb reaction,
swing, and recovery step times following repeated trip perturbations in individuals with and
without non-specific chronic low back pain (LBP). There were 30 subjects with LBP and 50 control
subjects who participated in the study. The limb reaction, swing, and recovery step times (s) were
measured following treadmill-induced random repeated perturbations (0.12 m/s velocity for 62.5 cm
displacement), which caused subjects to move forward for 4.90 s. Both groups demonstrated a
significant interaction of repetitions and times (F = 4.39, p = 0.03). Specifically, the recovery step
time was significantly shorter in the LBP group during the first trip (t = 2.23, p = 0.03). There was a
significant interaction on repetitions and times (F = 6.03, p = 0.02) in the LBP group, and the times
were significantly different (F = 45.04, p = 0.001). The initial limb reaction time of the LBP group was
significantly correlated with three repeated swing times to avoid falls. The novelty of the first trip
tends to enhance a protective strategy implemented by the LBP group. Although limb preference
did not demonstrate a significant difference between groups, the LBP group demonstrated shorter
recovery step times on their preferred limb initially in order to implement an adaptive strategy to
avoid fall injuries following repeated perturbations.
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1. Introduction

Low back pain (LBP) affects up to 80% of the population, and those who have non-
specific chronic LBP exhibit neural changes that underlie balance deficits, which may
be related to postural control [1–3]. However, there is a lack of understanding on pre-
ferred lower limb reactions to avoid fall injuries as well as recovery step responses to
postural adjustments.

Individuals with LBP compensate their lower limb reactions to avoid further injuries
or pain recurrences. Recent studies summarized a central idea that foot placement is
important in implementing adaptive dynamic balance for gait stability [4–6]. The foot
placement and proper timing provided explicit predictions on where to place the foot
relative to the body at each step as well as the active compensation for center of mass
(COM) and center of pressure (COP) during the preceding steps. The altered patterns of
limb reaction, swing, and recovery step times might lead to the adoption of compromised
dynamic balance strategies from motor deficits in individuals with LBP. However, little is
known about adaptive lower limb control preference when considering swing and recovery
step times following repeated trip perturbations.

Individuals with LBP demonstrate reduced trunk stability and compensated responses
to higher loading while perturbations were provided by the treadmill [7]; a perturbation
with a handheld task (so-called dual-task walking) can commonly represent coordinated
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activities of daily living [8]. These results are clinically relevant since individuals with LBP
possess altered trunk control and somatosensory dysfunction [3,9]. For instance, those who
suffer with LBP demonstrate a trunk strategy and rely more on ankle proprioception to
control their upright standing [10]. Asymmetric gait in LBP groups is often unstable, and
maintaining upright balance requires dynamic control. The adaptive strategies on lower
limb reactions and foot placement are critical when considering limb preference between
right limb dominant individuals with and without LBP.

In addition, other studies compared gait speed; however, the gait stability based on
swing and recovery step times relative to limb reactions would be critical to control dynamic
balance. It was evident that the shorter stance phase enables the possibility of a stretch
reflex to contribute to a strong contraction during push-off [11]. The functional relationship
between limb reactions and ankle response times could lead to a better understanding of
fall prevention strategies. It would be valuable for clinicians to clarify the mechanism of
trunk-ankle integration as it relates to postural stabilization, using similar characteristics
of individuals with and without LBP. It is also important to consider confounding factors,
such as age and body mass index (BMI), to ensure the generalizability of the results. It
might be expected that LBP subjects compensate their recovery step time in response to first
trip perturbations and adjust with repeated perturbations in order to prevent fall injuries.

Therefore, the aim of our study was to investigate preferred limb reaction, swing, and
recovery step times following repeated trips between individuals with and without LBP.
Our first hypothesis was that individuals with LBP would demonstrate longer limb reaction
and recovery step times following repeated trip perturbations. Our second hypothesis was
that the limb reaction time delays were associated with the swing times following the first
trip in the LBP group.

2. Materials and Methods
2.1. Subjects

Subjects were recruited from the community through local advertisements and fliers,
and those subjects who met the study’s inclusion criteria signed the University Institutional
Review Board approved informed consent form. Subjects were eligible to participate if
they had no current episode of acute pain referral into the lower limbs and had continued
presence of back pain for more than 3 months.

Subjects were excluded from participation if they: (1) had a diagnosed psychological
illness (such as depression or schizophrenia) that might interfere with the study proto-
col [12], (2) had overt neurological signs (sensory deficits or motor paralysis), and/or (3)
were pregnant. The subjects in our study were all right limb dominant, and the right lower
limb was determined as the dominant side for all subjects [13]. Right-handedness was
confirmed using the Edinburgh Handedness Inventory for skilled motor tasks [14]. The
control group was recruited based on the demographic factors of the LBP group.

2.2. Experimental Procedures

Upon arrival to the Motion Analysis Center, each subject completed a health screening
form. The level of disability related to LBP for all subjects was assessed by the Oswestry
Disability Index (ODI) [15], since it has been a valuable outcome measure with high validity
and reliability [16,17].

Following the instructions, the subjects walked for one minute without perturbation
on the ActiveStep® treadmill (Simbex, Lebanon, NH, USA) to be familiar with the device.
They were instructed that they may experience a trip perturbation. For the first three
trials, the subjects held a weighted tray (approximately 1 kg) with an empty cup on it.
If the perturbation occurred, subjects tried to correct their balance while still holding
the tray in their hands. Following the first trial, the subjects were expected to recover a
standing position. At no time were the subjects informed of when, where, or how the
trip would occur. Additionally, all subjects wore a full-body safety harness that imposed
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negligible resistance, but still protected them from any potential injuries should they lose
their dynamic balance.

The ActiveStep® treadmill has a two-ply belt, and the belt was free to slide forward on
top of a low-friction metal frame embedded in the treadmill. Perturbations were designed
to mimic a trip hazard that subjects might experience in their daily life, and the treadmill-
induced random repeated perturbations (0.12 m/s velocity for 62.5 cm displacement)
caused them to move forward for 4.90 s (Figure 1). The limb reaction, swing, and recovery
step times were analyzed based on the x and y coordinates at a 60 Hz sampling rate from
the pressure mat installed beneath the platform (GAITRite, Sparta, NJ, USA). As the leading
foot touched down during a recovery step by random perturbation, a computer-controlled
mechanism would release the movable belt on the treadmill and allow the subject to move
forward. The data points were synchronized to produce recovery swing and step times.
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Figure 1. (A) The experimental protocol used a treadmill to produce trip perturbations in standing while holding a tray.
The perturbation was provided at 0.12 m/s velocity for 62.5 cm displacement, which caused subjects to move forward for
4.90 s. (B) An example of angle and velocity changes while holding a tray following the perturbation for a control subject.
(C) The subject with low back pain (LBP) demonstrated greater angular displacement and velocity changes.

The inertial measurement unit (IMU, ActiveStep® treadmill) is a device that measures
the acceleration vectors and consists of a triaxial accelerometer and a gyroscope. The IMU
was attached to the back of the subject’s harness using a clip, and the orientation of the
IMU was parallel to the fourth thoracic spine of the subject. The kinematic changes on
angle, as well as velocity, were measured by the sensor during the entire profile.

Handheld tasks (so-called dual-task walking) represent functional activities of daily liv-
ing [8]. The perturbation protocol utilized the functional trials from previous studies [18,19]
and was applied during walking on a treadmill while random perturbations were provided [7].
In order to improve validity, the subjects in our study were only right limb dominant. The
following dependent variables measured the responses of the first step after perturbations:

• Limb reaction time (s) was determined as the time between onset of the treadmill
motion and recovery of limb motion before toe-off following a trip.

• Swing time (s) was initiated with toe-off and ended with initial contact of the same
foot.

• Recovery step time (s) was defined as the time delay from the initial contact of one
foot to the opposite foot.

2.3. Statistical Analysis

Statistical analyses were completed using IBM Statistics 22. Normality was assessed
for the dependent variables (limb reaction, swing, and recovery step times) by the Shapiro
–Wilks test. For preliminary power analyses associated with limb reaction time measures,
we estimated variance in means between groups is 9.67, the estimated variance in means
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between levels is 17.12, and the estimated variance in means among levels by groups is
3.55. Furthermore, the between-groups error term is 9.40, the within-group error term is
8.27, the measure of sphericity is 0.91, and the bias term multiplier is −1.07. With the test
significance level = 0.05 and between groups power = 99%, between levels power = 99%
and levels by groups power = 80%, we needed 54 subjects (with and without LBP) based
on the method by Muller and Barton [20].

An independent t-test was also conducted to compare group differences. The mixed
repeated measure analysis of variance (ANOVA) was conducted between groups. The
independent variables were trials based on three repeated perturbations (repetitions);
reaction, swing, and step times (times); and groups with and without LBP (groups). The
individual factors, such as age and BMI, were used as covariates in the analysis if a group
difference was confirmed. A Pearson correlation analysis was used to analyze the degree
of associations between groups for the dependent variables. For all statistical tests, the type
I error rate was set at 0.05.

3. Results

In total, 30 subjects with LBP and 50 control subjects participated in the study
(Chi-square = 2.64, p = 0.10). There was no significant age difference between groups
(25.68 ± 8.65 years old in the control group vs. 30.30 ± 13.53 years old in the LBP group,
95% confidence interval [−9.55/0.31]; t = −1.86, p = 0.07). The BMI was not significantly
different between groups (23.71 ± 4.54 in the control group vs. 25.41 ± 5.81 in the LBP
group, 95% confidence interval [−4.02/0.62]; t = −1.45, p = 0.15). The level of disability
based on the ODI was 21.07 ± 9.06%, which indicated a moderate disability level.

As shown in Table 1, the limb preference difference was analyzed between groups for
three repeated perturbations. At the first perturbation, both groups used the dominant
limb for the first step (31/50 = 62% for the control group vs. 17/30 = 57% for the LBP
group; Chi-square = 0.22, p = 0.64), the second step (28/50 = 56% for the control group vs.
16/30 = 53% for the LBP group; Chi-square = 0.06, p = 0.81), and the third step (32/50 = 64%
for the control group vs. 18/30 = 60% for the LBP group; Chi-square = 0.13, p = 0.72).
Overall, there was no significant limb difference between groups.

Table 1. Limb preference for the recovery step following repeated perturbations between groups.

Control Group LBP Group Chi-Square p

Perturbation 1
Dominant 31 (62.0%) 17 (56.6%)

0.22 0.64
Non-dominant 19 (38.0%) 13 (43.4%)

Perturbation 2
Dominant 28 (56.0%) 16 (53.3%)

0.06 0.81
Non-dominant 22 (44.0%) 14 (46.7%)

Perturbation 3
Dominant 32 (64.0%) 18 (60.0%)

0.13 0.72
Non-dominant 18 (36.0%) 12 (40.0%)

LBP: low back pain.

The correlation analyses were conducted to compare the limb reaction times with
swing and step times following repeated perturbations based on the first limb reaction
times (Table 2). At the first perturbation, the reaction and swing times were significantly
correlated in both groups. At the second perturbation, the limb reaction time was correlated
with the first reaction time (r = 0.62, p = 0.001) in the control group. The LBP group
demonstrated significant correlations with first reaction time (r = 0.81, p = 0.001) and swing
time (r = 0.67, p = 0.001). At the third perturbation, the limb reaction times were correlated
with the first reaction time (r = 0.53, p = 0.001) and swing time (r = 0.37, p = 0.01) in the
control group. In the LBP group, the reaction times (r = 0.41, p = 0.03) and swing time
(r = 0.41, p = 0.03) were positively correlated with the first reaction time.
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Table 2. Correlation of first limb reaction times with other measures following perturbations be-
tween groups.

Control Group LBP Group

Trial 1

Reaction time 1.00 1.00

Swing time 0.57 (0.001) * 0.56 (0.001) **

Step time 0.18 (0.19) 0.28 (0.13)

Trial 2

Reaction time 0.62 (0.001) ** 0.81 (0.001) **

Swing time 0.23 (0.10) 0.67 (0.001) **

Step time 0.21 (0.14) 0.18 (0.34)

Trial 3

Reaction time 0.53 (0.001) ** 0.41 (0.03) *

Swing time 0.37 (0.01) * 0.41(0.03) *

Step time 0.21 (0.13) 0.16 (0.38)
Pearson r (p), LBP: low back pain, * p < 0.05, ** p < 0.01.

As shown in Figure 2, a mixed repeated measure ANOVA was conducted on limb
reaction, swing, and step times between groups following three repeated perturbations. The
main effect of repetitions (F = 21.69, p = 0.001) and times (F = 139.47, p = 0.001) was significantly
different between groups; and the results of interactions were significant between repetitions
and times (F = 10.69, p = 0.002). More importantly, the groups demonstrated a significant
interaction on repetitions and times (F = 4.39, p = 0.03). Specifically, the recovery step time
was significantly shorter in the LBP group at the first perturbation (t = 2.23, p = 0.03).
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Figure 2. Results of repeated measure ANOVA on limb reaction, swing, and step times between
groups following three repeated perturbations. The groups demonstrated a significant interaction on
repetitions and times (F = 4.39, p = 0.03). RE: reaction time, SW: swing time, ST: step time, the bar
indicates standard deviation, * p < 0.05.

In Figure 3, the limb preference for those dependent variables was compared between
groups. The control group demonstrated significant differences on repetitions (F = 24.06,
p = 0.001) and reaction times (F = 97.04, p = 0.001); however, there was no interaction
between repetitions and reaction times (F = 0.82, p = 0.37). The groups demonstrated
a significant difference on reaction times (F = 45.04, p = 0.001) as well as a significant
interaction on repetitions and reaction times (F = 6.03, p = 0.02), although there was no
difference in repetitions (F = 3.09, p = 0.09).



Symmetry 2021, 13, 2115 6 of 9

Symmetry 2021, 13, x FOR PEER REVIEW 6 of 9 
 

 

In Figure 3, the limb preference for those dependent variables was compared be-
tween groups. The control group demonstrated significant differences on repetitions (F = 
24.06, p = 0.001) and reaction times (F = 97.04, p = 0.001); however, there was no interaction 
between repetitions and reaction times (F = 0.82, p = 0.37). The groups demonstrated a 
significant difference on reaction times (F = 45.04, p = 0.001) as well as a significant inter-
action on repetitions and reaction times (F = 6.03, p = 0.02), although there was no differ-
ence in repetitions (F = 3.09, p = 0.09). 

0

2

4

Ti
m

e 
(s

ec
)

RE     SW     ST         RE     SW     ST        RE     SW     ST
Trial 1                       Trial 2                       Trial 3

 Non-dominant
 Dominant

 

0

2

4

Ti
m

e 
(s

ec
)

RE     SW     ST         RE     SW     ST        RE     SW     ST
Trial 1                       Trial 2                       Trial 3

 Non-Dominant
 Dominant

 
(A) (B) 

Figure 3. Preferred limb comparisons on reaction, swing, and step times between groups following three repeated per-
turbations. (A). The control group demonstrated significant differences on repetitions (F = 24.06, p = 0.001) and times (F = 
97.04, p = 0.001). (B). The LBP group demonstrated a significant interaction on repetitions and times (F = 6.03, p = 0.02), 
and the times were significantly different (F = 45.04, p = 0.001). RE: reaction time, SW: swing time, ST: step time, the bar 
indicates standard deviation. 

4. Discussion 
The altered motions following perturbations led subjects with LBP to adopt compro-

mised balance strategies. It was generally accepted that the LBP group was able to adjust 
their dynamic balance. Our results supported the first trial effect, which was studied uti-
lizing lower trip amounts to benefit those older adults who could not tolerate larger per-
turbations [21]. Although results were limited to the LBP group, the repeated trip expo-
sure was effective in a rapid adaptation to trips across functional activities [18]. The step 
time results could be explained by similar postural reactions; however, the results of their 
study were limited due to the inclusion of elderly participants without considering limb 
dominance. 

The first hypothesis in our study was that individuals with LBP would demonstrate 
longer limb reaction and recovery step times following repeated trip perturbations. How-
ever, we rejected the hypothesis since the groups demonstrated a significant interaction 
on repetitions and times following repeated trip perturbations. The novelty of the first 
perturbation enhanced a protective strategy implemented by the LBP group, and they 
demonstrated longer recovery step times in subsequent perturbations. 

Our results indicated that a protective strategy for recovery step time was adopted 
to avoid possible injuries following the first perturbation. The LBP group demonstrated 
postural control that was compromised during repeated perturbations. Their adaptive 
strategy could be used to prevent possible fall injuries. The co-contraction of the lower 
limb muscles could be explained as longer delays to the mechanical disturbance, which 
may cause a smaller angular deviation of the trunk [22,23]. As lower limb function in-
volves postural stability, our study utilized the preferential side to better discriminate the 
behavior on limb preference [24]. 

Figure 3. Preferred limb comparisons on reaction, swing, and step times between groups following three repeated
perturbations. (A). The control group demonstrated significant differences on repetitions (F = 24.06, p = 0.001) and times
(F = 97.04, p = 0.001). (B). The LBP group demonstrated a significant interaction on repetitions and times (F = 6.03, p = 0.02),
and the times were significantly different (F = 45.04, p = 0.001). RE: reaction time, SW: swing time, ST: step time, the bar
indicates standard deviation.

4. Discussion

The altered motions following perturbations led subjects with LBP to adopt com-
promised balance strategies. It was generally accepted that the LBP group was able to
adjust their dynamic balance. Our results supported the first trial effect, which was studied
utilizing lower trip amounts to benefit those older adults who could not tolerate larger
perturbations [21]. Although results were limited to the LBP group, the repeated trip
exposure was effective in a rapid adaptation to trips across functional activities [18]. The
step time results could be explained by similar postural reactions; however, the results of
their study were limited due to the inclusion of elderly participants without considering
limb dominance.

The first hypothesis in our study was that individuals with LBP would demonstrate
longer limb reaction and recovery step times following repeated trip perturbations. How-
ever, we rejected the hypothesis since the groups demonstrated a significant interaction
on repetitions and times following repeated trip perturbations. The novelty of the first
perturbation enhanced a protective strategy implemented by the LBP group, and they
demonstrated longer recovery step times in subsequent perturbations.

Our results indicated that a protective strategy for recovery step time was adopted
to avoid possible injuries following the first perturbation. The LBP group demonstrated
postural control that was compromised during repeated perturbations. Their adaptive
strategy could be used to prevent possible fall injuries. The co-contraction of the lower limb
muscles could be explained as longer delays to the mechanical disturbance, which may
cause a smaller angular deviation of the trunk [22,23]. As lower limb function involves
postural stability, our study utilized the preferential side to better discriminate the behavior
on limb preference [24].

A compensatory strategy is related to control of postural sway and trunk motions due
to dual tasks in the LBP group [25]. It is expected, then, that the enhanced recovery step
times in our study reflected stance time adjustments acting as a strategy against further
injury or recurrent pain. The LBP group in our study was able to adjust for their balance
deficits by developing longer step times to increase postural stability following repeated
perturbations. It was also indicated that foot placement used to improve gait stability was
altered to control foot placement as their traditional view of human locomotion [26]. Our
results demonstrating the shorter step time could be utilized to alternative strategies for
gait control and changes in body angular momentum.
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Our second hypothesis was that the limb reaction time delays were associated with
the swing times following the first trip perturbation in the LBP group. We accepted this
hypothesis as the LBP group demonstrated positive fair to moderate relationships based
on the Pearson correlation coefficients, which ranged from 0.41 to 0.67, while the control
group’s coefficients ranged from 0.23 to 0.57. Although limb preference and dominance did
not demonstrate a significant difference between groups, first limb reaction times and swing
times demonstrated positive associations in the LBP group. The LBP group demonstrated
that their limb reaction and swing times were significantly correlated following the repeated
perturbations. The longer recovery swing times on their limbs could be minimized to avoid
fall injuries following perturbations.

Our results indicated that the first limb reaction time did not demonstrate significant
correlations with recovery step times in both groups, and the repeated reaction times
demonstrated positive correlations. Although these studies reported an asymmetrical
gait pattern in the stance phase of the LBP group, our results indicated reduced recovery
step time on their preferred limb at the first perturbation, which led to potential injury.
However, the control group demonstrated freedom of movement with pain as relatively
slower COM displacement occurred from the COP. The shorter recovery step time in the
LBP group indicated that their shorter response from the first perturbation would allow
for less time for the COM displacement due to LBP. This control of foot placement in the
LBP group was adjusted to ensure sufficient dynamic margins of stability relative to the
trunk following the first novel perturbation.

We also expected a trunk stiffening strategy might occur because of reduced trunk
motion (possibly due to pain). These patterns are likely to be functional to enhance postural
stability in the LBP group [23]. However, the somatosensory integration for the control of
the preferred foot placement in subsequent trials was based on swing and step times in the
initial trial in order to enhance gait stability. Although reaction time was not significantly
different between groups following the first perturbation, the longer recovery step times
from repeated trips were similar in both groups. One study supported that the LBP group
demonstrated reduced lumbar motion and increased double limb support time during
stair climbing for balance stability [27]. However, their postural sway might not be directly
related to reduced spine motion, but might possibly be linked to an increase in muscular
active tension in the low back [28]. Although these studies did not carefully consider a
trunk stiffening strategy relative to recovery step time, the LBP group may compromise
their trunk and ankle control during repeated trips to adjust dynamic stability.

There were several limitations to this study. First, the subject variations or potential
selection bias might be including demographic backgrounds between groups. Still, the
power of the study was confirmed by the sample size as well as the standardized procedures
used to control subject characteristics between groups. The LBP group completed self-
assessments using the ODI questionnaire, and their moderate level of disability results were
subjective. Second, our study did not focus on dynamic balance deficits. The foot placement
measures following trip perturbations may not explain a cause-and-effect relationship due
to the nature of the study design, which indicates observed relationships rather than
causal effects.

5. Conclusions

The LBP group demonstrated reduced step time in response to a novel trip; however,
their step times increased following repeated trips, and this adaptive postural strategy
might be beneficial to avoid possible fall injuries. This protective strategy from repeated
trips with optimal foot placements could be critical for rehabilitation strategies. Future
studies are warranted to consider controlling foot placement and joint kinematics to ensure
dynamic stability in the lower limbs following perturbations.
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