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Abstract

Recent literature has indicated altered motor control in individuals with non-specific low
back pain (NSLBP). These individuals present variations in back muscular activity and cen-
ter of mass (CoM) oscillations. The aim of this study is to explore the possibility of quantita-
tively measuring these differences using standard parameters with electronic devices.
Twenty individuals with NSLBP and 20 healthy controls, matched by sex and age, per-
formed a total of three trials under three different conditions for 90 seconds each. These
conditions were standing on firm ground with eyes open, with eyes closed and standing on
unstable foam with eyes open. Balance data was acquired via a Kistler force platform and
muscular activity was measured by electromyography derived bilaterally from the erector
spinae. Afterwards, participants were asked to complete a questionnaire on their current
mood, pain rating, well-being, disability and physical activity. Descriptive data from the ques-
tionnaire showed an average acute pain score of 2.6 and an average pain score of 5.1 for
the prior six weeks in the NSLBP group, while the control group reported an acute pain of
0.1 and an average pain of 0.5. For wellbeing, differences were found only for the physical
scale. Average disability was low for the NSLBP group. No differences in physical activity
were found among groups. A repeated measures ANOVA did not show significant differ-
ences between groups for any parameter. There was also no main effect for the standing
conditions and no interaction between group and condition. Simultaneously measuring bio-
mechanical and neuromuscular parameters, allowed for a fine grain approach to under-
standing motor control in individuals with NSLBP. This study did not find differences as
described in the literature, and suggests further examination of factors involved in pain and
control processes to better understand implications of NSLBP and possible avenues for
support.
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Introduction

The lifetime prevalence of low back pain in industrial countries has risen to 84% [1]. Approxi-
mately 85% of back pain is non-specific, which means that no structural change, inflammation
or specific disease can be found as the cause of pain [2]. The number of people requiring treat-
ment is high, however the reasons for non-specific back pain are unclear [3]. Recent studies
have shown that many individuals tend to develop low back discomfort, as a precursor to non-
specific low back pain (NSLBP), during periods of standing [4, 5]. Differences in trunk muscle
activity [6] and center of pressure (CoP) displacement [5] precede this discomfort. It is
assumed that these differences reveal altered motor control.

Models provide differing theoretical foundations for the relation between NSLBP and
altered motor control [7, 8]. Hodges and Tucker [7] propose that pain, injury, or threat of pain
and injury can lead to altered muscular activity and movement patterns to protect structures
from further stress. This activity is redistributed within and between muscles which changes
mechanical behavior and creates stiffness [7]. However, there is no stereotypical change in
muscle activity for individuals with low back pain [7]. Examining specific tasks and other indi-
vidual differences like the exact pain region, might indicate differences in muscle activity redis-
tribution for people with NSLBP.

In the case of standing, recent reviews have confirmed altered motor control in NSLBP [9-
11] based on different parameters. Two of these reviews [9, 10] investigate changes in CoP
data during different quiet standing conditions. While the third [11] takes CoP, lumbo-pelvic
angles as well as neuromuscular parameters into consideration. They found differences in
motor control. However, the results of the reviews are inconsistent. For example, regarding
CoP data, results of the reviews differ depending on the test condition. For quiet standing on a
firm surface two reviews [9, 11] do not find evidence for differences between individuals with
and without NSLBP, while the other one [10] reports differences between groups. For more
challenging conditions like standing with closed eyes or standing on foam results are also dif-
ferent. Two reviews [10, 11] found differences between individuals with and without NSLBP
and one [9] could not find differences Thus, a further replication study, which investigates the
biomechanical and neuromuscular parameters in the same sample simultaneously and under
different conditions is necessary. To our knowledge there is no study that synchronously rec-
ords biomechanical and neuromuscular data and considers motor control on both levels.

The aim of this study is to verify findings of back muscle activity and CoM sway. Based on
the existing model of adaptation to pain and recent studies, we hypothesize that there are mea-
surable differences in motor control between individuals with and without NSLBP during
quiet standing.

Materials and methods

This case control study has been pregistered on the Open Science Framework (OSF). It can be
found at osf.io/2tfqh.

Participants

A sample of 32 participants (16 per group) was required to provide 80% power for evaluating
effect size equal to 0.65 for each variable based on repeated measures ANOVA with a signifi-
cance level of 0.05. Aiming for this effect size, we recruited 20 participants per group to
account for potential dropout. Twenty patients with a history NSLBP (11 females; 28 years
+/-3.9; 174.3 cm +/-7.3cm; 70.9 kg +/-10.9kg) and 20 healthy adults (11 females; 26 years
+/-4.1; 172.8 cm +/-8.4cm; 69.8kg +/-10.4kg) were recruited from the community through
flyer postings, advertisements and word of mouth. The healthy adults were matched according
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to age and sex. Participants were included if they had NSLBP for 6 months or more and
excluded if they had serious spinal pathology, nerve root pain, previous history of spinal sur-
gery, or structural deformity of the spine, as judged by an expert physical therapist. They had
no history of pain extending beyond the gluteal fold. None of the participants had a history of
uncorrected vision impairment, vestibular or respiratory disorders, auditory or cognitive defi-
cits, diabetes mellitus, recent lower limb pathologies, pregnancy or use of any medicine that
might affect balance. All participants gave informed consent, which was approved by the Eth-
ics Committee of Technical University Darmstadt (TU Darmstadt).

The data of two participants regarding current mood could not be evaluated due to incom-
plete questionnaire reporting. Additionally, sports data for physical activity of three individu-
als per group was missing. Each individual received 15€ for participation. Finally, there were
no significant differences in body height, body weight, and standing width between groups, all
p’s <.210.

Procedure

The study took place at the sport science laboratory of the TU Darmstadt. After describing the
informed consent with information about the experiment, participants could familiarize them-
selves with standing on the foam pad. Foot position for all trials was then determined. This
position required that participants were standing in the middle of the force plate with their
medial malleolus at the center with the same distance for the right and left foot. All trials were
conducted barefoot. Participants were asked to stand naturally to mimic their normal balance.
Measuring devices were attached to the individuals. Submaximal voluntary contractions
(subMVC) were performed to normalize EMG data, following Dankaerts, O’Sullivan [12]. Par-
ticipants had to stand as still and relaxed as possible under three different conditions. These
conditions were (1) standing on a stable surface with eyes open (EO), (2) standing on a stable
surface with vision occluded (EC), and (3) standing on foam with eyes open (FO). Each condi-
tion was performed three times for 90 seconds in a counterbalanced order. All trials were per-
formed on a force plate in a quiet laboratory setting. Participants were instructed to stand on
the force plate with their feet apart at the determined distance, to look straight ahead and keep
their arms at their sides in a comfortable position.

Afterwards, a questionnaire was given to determine emotional stress during the standing
procedure. It consisted of questions about current emotional pressure assessed with six items
[13] to determine whether stress may have been a factor in their performance. Additionally,
they completed a numeric rating scale [14] for current pain and pain over the last six weeks, a
German version of the Roland and Morris Disability Questionnaire [15], questions about the
general state of health (SF-12) [16], and a physical activity questionnaire [17].

Equipment/Measurement systems

To measure CoM data and ground reaction forces a force platform was used (Kistler model
9287C8). The output of the force plate was sampled at 1000 Hz.

Force plate and surface electromyography (sEMG) data were collected simultaneously dur-
ing standing. Muscle activity patterns of the participants were measured by using the multi-
channel bipolar sSEMG biosignal amplifier USBAMP and data acquisition module GammaSys
developed by G.tec (www.gtec.at). Bipolar SEMG was measured with solid gel electrodes,
placed bilaterally with an inter-electrode distance of 23mm on the muscle belly after cleaning
the patient’s skin with abrasive paste. Electrodes were placed on the left and right side, lateral
to the first lumbar processus spinosus (L1), according to the surface electromyography for the
noninvasive assessment of muscles guidelines, and lateral to the fourth lumbar processus
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spinosus (L4) (for a total of 4 channels). Lumbar vertebrae were located through palpation,
using the iliac crest as a landmark. A reference electrode was placed over the right spinae iliac
anterior superior. In the preprocessed method, sSEMG data were collected with a sampling rate
of 1024 Hz for standing. A band-pass-filter of 17 to 500 Hz was applied.

Data processing and analysis

Data from the force plate was collected by using an own application developed for Microsoft
Visual Studio based on the software provided by Kistler. This data was sent via UDP to a Simu-
link model developed using Matlab (www.matlab.com). We employed Simulink because G.tec
provides a direct interface between the biosignal amplifier and this software, meaning all data
could be acquired synchronously. Afterwards, data were filtered by a 5 Hz low pass filter.

From the acquired data, the following parameters were calculated: Root mean square (RMS)
of CoM sway and average EMG activity for each trial. To allow comparison between individu-
als, all EMG data were normalized by the subMVC. The subMVC data were recorded while the
subject was in the prone position with the knee flexed 90° on an examination table and then in
the prone position with both legs lifted 5 cm off the table [12, 18]. The subMVC data were
accepted by the primary investigator when subjects could lift their legs about 5 cm off the table
and hold the position for at least 3 seconds. The highest value in this position was used to nor-
malize the other sEMG data. After acquiring SEMG during the standing conditions, data were
filtered by a band-pass filter between 17 and 500 Hz to eliminate heart rate from the signal.

Force plate and sSEMG data were analyzed with a 2x3 MANOVA (Group (NSLBP, no
NSLBP) x Condition (EO, EC, FO)), with group and condition as a repeated measurement fac-
tor, since groups were matched according to age and sex.

Results
Questionnaire

The significance threshold was set at .05 for all statistical tests. Evaluating the results of the
questionnaire, current mood did not differ between groups (#(17) = 1.301, p = .211). Concern-
ing pain, participants with non-specific low back pain rated their current pain intensity as 2.6
points (+/-1.7 SD) on average and their pain over the last six weeks as 5.1 points (+/-1.4 SD)
on average with a 10-point visual analogue scale. The average value in the control group was
0.1 points (+/- 0.4 SD) for current pain and 0.5 points (+/- 0.7 SD) over the last six weeks.
None of the healthy controls reported a pain intensity higher than three in the last six weeks,
while in the NSLBP group no one reported less than three. Average disability in the Roland
and Morris Disability Questionnaire was 4.2 points (+/-2.2 SD) for the NSLBP group, which is
interpreted as low. The control group did not report any disability. Concerning the physical
scale on the SF12, individuals with low back pain showed significantly lower values (NSLBP
48.0 points +/-8.0 SD vs. control 55.9 points +/-4.4 SD; t(19) = -4.686, p = .001), whereas there
is no difference in the mental healthscale (NSLBP 48.0 points +/-7.1 SD vs. control 48.6 points
+/-10.0SD; #(19) = -0.085, p = .933). The Physical Activity Questionnaire did not show any sig-
nificant difference between groups (sports: NSLBP 4.0 +/-0.2 SD vs. control 3.8 +/-0.1 SD; ¢
(14) =0.793, p = .441; work: NSLBP 2.4 +/-0.5 SD vs. control 2.5 +/-0.4 SD; #(19) = -0.763, p =
.455; free time: NSLBP 3.7 +/-0.2 vs. control 3.6 +/-0.2 SD; #(19) = 0.001, p = .999).

Motor control

Data were analyzed with a 2x3 MANOVA (Group (NSLBP, no NSLBP) x Condition (EO, EC,
FO)), with group and condition as a repeated measures factor. Hotellings'T?, a test statistic of
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the repeated measure MANOV A, showed a main effect for the different conditions (F(4,72) =
5.77,p < .001, 1° = .243) (see Table 1). However, there were no significant differences between
groups (F(2,18) = 0.51, p = .606, n2 = .054). In addition, there was no interaction effect for
group (F(4,72) = 0.20, p = 937, n° = .011). Table 2 shows the descriptive data for both groups.

Since we found a main effect for conditions, we performed two ANOV As for the indepen-
dent variables to clarify this effect. Mauchly s test indicated a violation of sphericity. Therefore,
we used the Greenhouse-Geisser correction to address the data. The results show a significant
effect for CoM sway (F(1.88,35.66) = 10.45, p < .001, 7’ = .355), but not for EMG data (F
(1,19.02) = 2.07, p = .166, i7° = .098). Therefore, the significant main effect for condition is due
to the CoM parameter. Post-hoc test with Bonferroni correction for CoM sway between differ-
ent conditions demonstrate that standing on a foam pad is different from both standing on
solid ground with eyes open (p = .029) and eyes closed (p = .001). Descriptive data for CoM
sway is presented in Table 3.

Discussion

We examined postural sway during quiet standing on firm and unstable surfaces with and
without eyes closed. Contrary to our prediction, our results do not confirm that differences in
motor control exist between individuals with and without NSLBP. We did not find any signifi-
cant differences between groups in any of the parameters for CoM and EMG. However, at the
descriptive level there is a difference between groups. The CoM values are higher for individu-
als with NSLBP (Table 2), which is consistent with the theory that CoM sway is higher due to
impaired postural control. Examining the data more closely, the group difference may not
have reached significance due to high interindividual variance of CoM sway. The effect size for
CoM is also low (° = .054). Among the eyes closed and unstable conditions, we found no sig-
nificant interactions. This means that we also cannot confirm differences in more demanding
quiet standing tasks.

However, there is a significant main effect for conditions. Standing on firm ground differs
from standing on unstable ground for CoM sway, indicated by post-hoc tests. This suggests
that the surface manipulation imposed different physical requirements. Since CoM sway dif-
fers between groups, this goal seems to be achieved. CoP sway was higher during the unstable
foam pad conditions. Therefore, it seems to be more difficult to stabilize CoM on the foam
pad. However, there was no interaction between group and condition, as expected.

The high interindividual variance of the biomechanical parameters could be explained by
several factors, (1) the variety of degrees of freedom in different control processes, (2) the min-
imal use of resources due to the low demand of the task, (3) minimal CoM displacement not
being an adequate indicator for good motor control.

According to Hodges and Tucker’s model [7], the variety of degrees of freedom are
reflected in the fact that different levels of the motor system can act complementarily, addi-
tively, or competitively. This implies that changes are not explained by simple, independent
mechanisms like direct inhibition from nociceptive afferents on motor neurons. Aside from
differences on the spinal level, motor cortex differences, which include changes in motor
response planning, could be shown by other studies [19]. The relationship between the effects
of pain and motor control at the spinal and cortical level are not fully understood. Though, it
seems that one function of the motor system is to find a solution to protect painful structures.
When pain is the highest priority process of the central nervous system it then interferes with
the performance of the motor system [20].

The variety of degrees of freedom in control processes can be explained in NSLBP. For
example, different pain areas or different tasks for people with NSLBP lead to different changes
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Table 1. Results for within-subjects effects.

Effect Hotellings T Value F-Value Hypothese df Error df p n
Group 0.06 0.51 2 18 .606 .054
Condition 0.64 5.77 4 72 .000 .243
Group * Condition 0.02 0.20 4 72 .937 .011

https://doi.org/10.1371/journal.pone.0234858.t001

in activity. Muscle activity could be redistributed across many trunk muscles, including across
different compartments within a muscle, which influences the biomechanics of quiet standing.
The measurable changes on the level of muscular activity and biomechanical outcomes in reac-
tion to pain could thus show a high interindividual variance, but no systematic difference
between groups.

A further reason for a high interindividual variance is the static nature of quiet standing,
where forces acting on the trunk are low and the task is undemanding. Therefore impairments
do not have a profound effect. To stabilize the postural equilibrium, different strategies can be
used. One is the ankle strategy, which consists of shifting the CoM by rotating the body about
the ankle like an inverted pendulum. This strategy is most common for quiet standing [21].
However, in individuals with NSLBP the other strategies seems to be impaired [22, 23]. This
could explain why we did not find a difference in quiet standing.

Several new models attempt to explain postural control and emphasize using differing
number of joints for their degrees of freedom. They show that models containing up to seven
degrees of freedom accounted for a higher shared variance than models with fewer degrees of
freedom [24]. In this case stabilizing the postural equilibrium involves a complex pattern of
joint movements, where impaired hip movements may only play a minor role, especially in
quiet standing. Studies [25, 26] investigating more demanding tasks like reacting to perturba-
tions during standing did find higher CoP displacement in individuals with NSLBP.

Another factor to consider is whether optimal postural control really means that CoM dis-
placement should be minimal. Kiemel, Zhang [27] propose that stabilizing with minimum
muscle activity is the aim of postural control during quiet standing. If CoM displacements are
within the range of the base of support, there is no need for the postural control system to

Table 2. Descriptive statistics per group.

Parameter Condition Group M SD
CoM EO €6 LO06.CIM s 008
NSLBP 0.09 cm 0.10
EC LCG . SR O | 008
NSLBP 0.09 cm 0.10
Foam LCG . S SO | 009
NSLBP 0.10 cm 0.10
EMG EO 1CG ). 0.5% subm. EMG ] 02
NSLBP 0.6 % subm. EMG 0.2
EC LG . L% subm. EMG - orcen. 02
NSLBP 1.9 % subm. EMG 6.1
Foam R S 1.0 % subm. EMG L 20 !
NSLBP 1.0 % subm. EMG 1.9

EO: eyes open; EC: eyes closed; Foam: standing on a foam pad; CG: control group; NSLBP: non-specific low back pain; % subm. EMG: % of the submaximal EMG

activity

https://doi.org/10.1371/journal.pone.0234858.t1002

PLOS ONE | https://doi.org/10.1371/journal.pone.0234858  July 6, 2020 6/10


https://doi.org/10.1371/journal.pone.0234858.t001
https://doi.org/10.1371/journal.pone.0234858.t002
https://doi.org/10.1371/journal.pone.0234858

PLOS ONE

Differences in motor control between individuals with and without non-specific low back pain

Table 3. Descriptive statistics for CoM.

CoM Sway
M SD
Eyes open, stable 0.08 cm 0.09
Eyes closed, stable 0.08 cm 0.09
Eyes open, foam 0.09 cm 0.10

https://doi.org/10.1371/journal.pone.0234858.t003

produce more muscular activity. Muscle activation would only require higher energy expendi-
ture. Therefore, not finding significant differences could mean that due to low demands of the
task CoM displacement remained within an individual’s base of support in both groups. Con-
sequently, there was also no adaptation induced by the nervous system.

Another possible reason that explains why our results are not statistically significant could
be the sample size. According to the results of previous studies, we calculated the required
sample size by performing a power analysis. We estimated the effect size, since it was not
reported in the existing studies. With regard to publication bias [28], which is the bias against
publishing non-significant results, we may have overestimated the effect size so that a larger
sample size would have been necessary to find significant differences.

There is also the possibility that individuals with NSLBP can be categorized into subgroups
as O’Sullivan [2] proposes. He suggests that there are three subgroups of NSLBP. In one group,
movement and control impairment are secondary to pain and ultimately adaptive to patholog-
ical processes. In the second group, the dominant drive of the pain is secondary to psychologi-
cal or social factors, so pain has less impact on movement. In the third group, movement and
control impairments are ultimately maladaptive. Due to insufficient coping strategies a
chronic abnormal tissue loading occurs. These subgroups may show different types of changes
in motor control. A confirmation of differences for the entire population would thus be impos-
sible. Alterations in motor control can further be dependent on several differentiating factors
like pain intensity. There are recent reports that suggest there may be differentiating factors
[11].

Nonetheless, there are some limitations to the results that also have been shown in other
studies. The definition of cases is difficult since non-specific back pain is defined through
excluding other diseases. Therefore, criteria like pain region and pain duration are used to
determine the cases more precisely. Another problem is that studies are investigating individu-
als who are not the typically affected patients. For example, the average age of participants in
studies is young compared to the average age of NSLBP patients receiving treatment. Since it is
important to exclude spinal degeneration, the current method is to test individuals under 40
years to avoid expensive imaging methods. Recent studies did find differences between young
individuals with and without NSLBP [18, 23]. Furthermore, the current pain intensity of the
participants was low to moderate in the NSLBP group. The associated effects on the disability
and physical scale were also low, which means that our sample was not strongly affected by
NSLBP during the investigation. Though, other studies have reported differences between
individuals with low pain ratings and healthy controls [29, 30].

In the future, it is necessary to identify motor control influences for specific circumstances
and potentially, types of NSLBP. Furthermore, it is important to investigate tasks with a higher
demand on the motor control system, such as perturbations during standing, to determine
whether group differences become more evident in these situations. Additionally, taking supe-
rior parameters, like adaptability and economy of movement, into consideration would be
interesting.
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Conclusion

In this study, we simultaneously recorded markers of muscle control during a quiet standing
task on firm and unstable surfaces. Findings suggest that individuals with and without NSLBP
may find quiet standing tasks to be undemanding. Alternatively, variation in the data for CoM
sway and muscular activity of the erector spinae, could indicate that individuals diagnosed
with NSLBP could fall into different categories. Further study is warranted to more closely
examine instantaneous control processes across a variety of physical tasks for individuals with
NSLBP to better understand implications of low back pain in movement and potential
approaches of treatment.

Author Contributions

Conceptualization: Cathrin Koch, Stefan Gobel, Frank Hansel.
Data curation: Cathrin Koch, Augusto Garcia-Augundez.

Formal analysis: Cathrin Koch, Augusto Garcia-Augundez.
Funding acquisition: Cathrin Koch, Stefan Gobel, Frank Hénsel.
Investigation: Cathrin Koch.

Methodology: Cathrin Koch, Augusto Garcia-Augundez, Frank Héansel.
Project administration: Cathrin Koch, Stefan Gobel, Frank Hénsel.
Resources: Stefan Gobel, Frank Hansel.

Software: Augusto Garcia-Augundez.

Supervision: Stefan Gobel, Frank Hansel.

Validation: Cathrin Koch, Augusto Garcia-Augundez.
Visualization: Cathrin Koch, Augusto Garcia-Augundez.

Writing - original draft: Cathrin Koch, Frank Hansel.

Writing - review & editing: Augusto Garcia-Augundez, Frank Hinsel.

References

1. Hildebrandt J, Ursin H, Mannion AF, Airaksinen O, Brox JI, Cedraschi C, et al. European guidelines for
the management of chronic non-specific low back pain. Norway: European Commission, Research
Directorate-General, Department of Policy, Co-ordination and Strategy. 2004.

2. O'Sullivan P. Diagnosis and classification of chronic low back pain disorders: maladaptive movement
and motor control impairments as underlying mechanism. Manual therapy. 2005; 10(4):242-55. https://
doi.org/10.1016/j.math.2005.07.001 PMID: 16154380

3. Saragiotto BT, Maher CG, Yamato TP, Costa LO, Menezes Costa LC, Ostelo RW, et al. Motor control
exercise for chronic non-specific low-back pain. The Cochrane Library. 2016.

4. Gregory DE, Callaghan JP. Prolonged standing as a precursor for the development of low back discom-
fort: an investigation of possible mechanisms. Gait Posture. 2008; 28(1):86—92. https://doi.org/10.1016/
j.gaitpost.2007.10.005 PMID: 18053722

5. Gallagher KM, Nelson-Wong E, Callaghan JP. Do individuals who develop transient low back pain
exhibit different postural changes than non-pain developers during prolonged standing? Gait Posture.
2011; 34(4):490-5. https://doi.org/10.1016/j.gaitpost.2011.06.025 PMID: 21802955

6. Nelson-Wong E, Gregory DE, Winter DA, Callaghan JP. Gluteus medius muscle activation patterns as
a predictor of low back pain during standing. Clin Biomech (Bristol, Avon). 2008; 23(5):545-53.

7. Hodges PW, Tucker K. Moving differently in pain: a new theory to explain the adaptation to pain. Pain.
2011; 152(3):S90-S8.

PLOS ONE | https://doi.org/10.1371/journal.pone.0234858  July 6, 2020 8/10


https://doi.org/10.1016/j.math.2005.07.001
https://doi.org/10.1016/j.math.2005.07.001
http://www.ncbi.nlm.nih.gov/pubmed/16154380
https://doi.org/10.1016/j.gaitpost.2007.10.005
https://doi.org/10.1016/j.gaitpost.2007.10.005
http://www.ncbi.nlm.nih.gov/pubmed/18053722
https://doi.org/10.1016/j.gaitpost.2011.06.025
http://www.ncbi.nlm.nih.gov/pubmed/21802955
https://doi.org/10.1371/journal.pone.0234858

PLOS ONE

Differences in motor control between individuals with and without non-specific low back pain

10.

11.

12

13.
14.
15.

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

van Dieén JH, Selen LP, Cholewicki J. Trunk muscle activation in low-back pain patients, an analysis of
the literature. J Electromyogr Kinesiol. 2003; 13(4):333-51. https://doi.org/10.1016/s1050-6411(03)
00041-5 PMID: 12832164

Mazaheri M, Coenen P, Parnianpour M, Kiers H, van Dieen JH. Low back pain and postural sway during
quiet standing with and without sensory manipulation: a systematic review. Gait Posture. 2013; 37
(1):12-22. https://doi.org/10.1016/j.gaitpost.2012.06.013 PMID: 22796243

Ruhe A, Fejer R, Walker B. Center of pressure excursion as a measure of balance performance in
patients with non-specific low back pain compared to healthy controls: a systematic review of the litera-
ture. Eur Spine J. 2011; 20(3):358-68. https://doi.org/10.1007/s00586-010-1543-2 PMID: 20721676

Koch C, Hansel F. Non-specific Low Back Pain and Postural Control During Quiet Standing-A System-
atic Review. Front Psychol. 2019; 10:586. https://doi.org/10.3389/fpsyg.2019.00586 PMID: 30967811

Dankaerts W, O’Sullivan PB, Burnett AF, Straker LM, Danneels LA. Reliability of EMG measurements

for trunk muscles during maximal and sub-maximal voluntary isometric contractions in healthy controls
and CLBP patients. Journal of Electromyography and Kinesiology. 2004; 14(3):333—42. https://doi.org/
10.1016/j.jelekin.2003.07.001 PMID: 15094147

Mdiller B, Basler H-D. Kurzfragebogen zur aktuellen Beanspruchung: KAB: Beltz Weinheim; 1993.
Huskisson E. Measurement of pain. The lancet. 1974; 304(7889):1127-31.

Wiesinger GF, Nuhr M, Quittan M, Ebenbichler G, Wolfl G, Fialka-Moser V. Cross-cultural adaptation of
the Roland-Morris questionnaire for German-speaking patients with low back pain. Spine. 1999; 24
(11):1099-108. https://doi.org/10.1097/00007632-199906010-00009 PMID: 10361659

Bullinger M, Kirchberger I. Fragebogen zum Allgemeinen Gesundheitszustand SF12. Géttingen:
Hogrefe. 1998.

Wagner P, Singer R. Ein Fragebogen zur Erfassung der habituellen korperlichen Aktivitat verschied-
ener Bevolkerungsgruppen. Sportwissenschaft. 2003; 33(4):383-97.

Kim SH, Kwon QY, Park KN, Kim MH. Comparison of erector spinae and hamstring muscle activities
and lumbar motion during standing knee flexion in subjects with and without lumbar extension rotation
syndrome. J Electromyogr Kinesiol. 2013; 23(6):1311-6. https://doi.org/10.1016/}.jelekin.2013.07.004
PMID: 23928280

Hodges PW, Moseley GL. Pain and motor control of the lumbopelvic region: effect and possible mecha-
nisms. Journal of Electromyography and Kinesiology. 2003; 13(4):361-70. https://doi.org/10.1016/
$1050-6411(03)00042-7 PMID: 12832166

Moseley GL, Hodges PW. Are the changes in postural control associated with low back pain caused by
pain interference? The Clinical journal of pain. 2005; 21(4):323-9. https://doi.org/10.1097/01.ajp.
0000131414.84596.99 PMID: 15951650

Horak FB, Nashner LM. Central programming of postural movements: adaptation to altered support-
surface configurations. Journal of neurophysiology. 1986; 55(6):1369-81. https://doi.org/10.1152/jn.
1986.55.6.1369 PMID: 3734861

Claeys K, Brumagne S, Dankaerts W, Kiers H, Janssens L. Decreased variability in postural control
strategies in young people with non-specific low back pain is associated with altered proprioceptive
reweighting. Eur J Appl Physiol. 2011; 111(1):115-23. https://doi.org/10.1007/s00421-010-1637-x
PMID: 20824281

Johanson E, Brumagne S, Janssens L, Pijnenburg M, Claeys K, Paasuke M. The effect of acute back
muscle fatigue on postural control strategy in people with and without recurrent low back pain. Eur
Spine J. 2011; 20(12):2152-9. https://doi.org/10.1007/s00586-011-1825-3 PMID: 21533851

Kilby MC, Molenaar PC, Newell KM. Models of postural control: shared variance in joint and COM
motions. PloS one. 2015; 10(5):e0126379. https://doi.org/10.1371/journal.pone.0126379 PMID:
25973896

Goétze M, Ernst M, Koch M, Blickhan R. Influence of chronic back pain on kinematic reactions to unpre-
dictable arm pulls. Clin Biomech (Bristol, Avon). 2015; 30(3):290-5.

Henry SM, Hitt JR, Jones SL, Bunn JY. Decreased limits of stability in response to postural perturba-
tions in subjects with low back pain. Clin Biomech (Bristol, Avon). 2006; 21(9):881-92.

Kiemel T, Zhang Y, Jeka JJ. Identification of neural feedback for upright stance in humans: stabilization
rather than sway minimization. Journal of Neuroscience. 2011; 31(42):15144-53. https://doi.org/10.
1523/JNEUROSCI.1013-11.2011 PMID: 22016548

Easterbrook PJ, Gopalan R, Berlin J, Matthews DR. Publication bias in clinical research. The Lancet.
1991; 337(8746):867-72.

Lafond D, Champagne A, Descarreaux M, Dubois JD, Prado JM, Duarte M. Postural control during pro-
longed standing in persons with chronic low back pain. Gait Posture. 2009; 29(3):421-7. https://doi.org/
10.1016/j.gaitpost.2008.10.064 PMID: 19084411

PLOS ONE | https://doi.org/10.1371/journal.pone.0234858  July 6, 2020 9/10


https://doi.org/10.1016/s1050-6411(03)00041-5
https://doi.org/10.1016/s1050-6411(03)00041-5
http://www.ncbi.nlm.nih.gov/pubmed/12832164
https://doi.org/10.1016/j.gaitpost.2012.06.013
http://www.ncbi.nlm.nih.gov/pubmed/22796243
https://doi.org/10.1007/s00586-010-1543-2
http://www.ncbi.nlm.nih.gov/pubmed/20721676
https://doi.org/10.3389/fpsyg.2019.00586
http://www.ncbi.nlm.nih.gov/pubmed/30967811
https://doi.org/10.1016/j.jelekin.2003.07.001
https://doi.org/10.1016/j.jelekin.2003.07.001
http://www.ncbi.nlm.nih.gov/pubmed/15094147
https://doi.org/10.1097/00007632-199906010-00009
http://www.ncbi.nlm.nih.gov/pubmed/10361659
https://doi.org/10.1016/j.jelekin.2013.07.004
http://www.ncbi.nlm.nih.gov/pubmed/23928280
https://doi.org/10.1016/s1050-6411(03)00042-7
https://doi.org/10.1016/s1050-6411(03)00042-7
http://www.ncbi.nlm.nih.gov/pubmed/12832166
https://doi.org/10.1097/01.ajp.0000131414.84596.99
https://doi.org/10.1097/01.ajp.0000131414.84596.99
http://www.ncbi.nlm.nih.gov/pubmed/15951650
https://doi.org/10.1152/jn.1986.55.6.1369
https://doi.org/10.1152/jn.1986.55.6.1369
http://www.ncbi.nlm.nih.gov/pubmed/3734861
https://doi.org/10.1007/s00421-010-1637-x
http://www.ncbi.nlm.nih.gov/pubmed/20824281
https://doi.org/10.1007/s00586-011-1825-3
http://www.ncbi.nlm.nih.gov/pubmed/21533851
https://doi.org/10.1371/journal.pone.0126379
http://www.ncbi.nlm.nih.gov/pubmed/25973896
https://doi.org/10.1523/JNEUROSCI.1013-11.2011
https://doi.org/10.1523/JNEUROSCI.1013-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/22016548
https://doi.org/10.1016/j.gaitpost.2008.10.064
https://doi.org/10.1016/j.gaitpost.2008.10.064
http://www.ncbi.nlm.nih.gov/pubmed/19084411
https://doi.org/10.1371/journal.pone.0234858

PLOS ONE Differences in motor control between individuals with and without non-specific low back pain

30. Kiers H, van Dieen JH, Brumagne S, Vanhees L. Postural sway and integration of proprioceptive signals
in subjects with LBP. Hum Mov Sci. 2015; 39:109-20. https://doi.org/10.1016/j.humov.2014.05.011
PMID: 25436915

PLOS ONE | https://doi.org/10.1371/journal.pone.0234858  July 6, 2020 10/10


https://doi.org/10.1016/j.humov.2014.05.011
http://www.ncbi.nlm.nih.gov/pubmed/25436915
https://doi.org/10.1371/journal.pone.0234858

