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Abstract

Introduction
Changes in sensorimotor function and increased trunk muscle fatigability have been identi-
fied in patients with chronic low back pain (cLBP). This study assessed the control of trunk
force production in conditions with and without local erector spinaemuscle vibration and
evaluated the influence of muscle fatigue on trunk sensorimotor control.

Methods
Twenty non-specific cLBP patients and 20 healthy participants were asked to perform sub-
maximal isometric trunk extension torque with and without local vibration stimulation, before
and after a trunk extensor muscle fatigue protocol. Constant error (CE), variable error (VE)
as well as absolute error (AE) in peak torque were computed and compared across condi-
tions. Trunk extensor muscle activation during isometric contractions and during the fatigue
protocol was measured using surface electromyography (sEMG).

Results
Force reproduction accuracy of the trunk was significantly lower in the patient group (CE =
9.81 ± 2.23 Nm; AE = 18.16 ± 3.97 Nm) than in healthy participants (CE = 4.44 ± 1.68 Nm;
AE = 12.23 ± 2.44 Nm). Local erector spinae vibration induced a significant reduction in CE
(4.33 ± 2.14 Nm) and AE (13.71 ± 3.45 Nm) mean scores in the patient group. Healthy par-
ticipants conversely showed a significant increase in CE (8.17 ± 2.10 Nm) and AE (16.29 ±

2.82 Nm) mean scores under vibration conditions. The fatigue protocol induced erector spi-
naemuscle fatigue as illustrated by a significant decrease in sEMGmedian time-frequency
slopes. Following the fatigue protocol, patients with cLBP showed significant decrease in
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sEMG root mean square activity at L4-5 level and responded in similar manner with and
without vibration stimulation in regard to CE mean scores.

Conclusions
Patients with cLBP have a less accurate force reproduction sense than healthy participants.
Local muscle vibration led to significant trunk neuromuscular control improvements in the
cLBP patients before and after a muscle fatigue protocol. Muscle vibration stimulation dur-
ing motor control exercises is likely to influence motor adaptation and could be considered
in the treatment of cLBP. Further work is needed to clearly identify at what levels of the sen-
sorimotor system these gains are achievable.

Introduction
Changes in sensory function have been identified in many painful conditions of the musculo-
skeletal system especially among patients with chronic low back pain (cLBP) [1]. These
changes, described in patients with cLBP, usually affects several physiological functions such as
reduced sensory acuity [2], altered muscle recruitment patterns [3, 4] and reorganisation of the
somatosensory regions of the brain cortex [5].

Local muscle vibration is often used to evaluate muscle spindle contribution to movement
control. Thus, previous studies on local vibration highlight the importance of muscle spindles
in proprioception [6–8]. During local vibration stimulation, a selective activation of the muscle
spindles via the Ia afferent fibers is usually observed resulting in a neuromuscular response
referred to the tonic vibration reflex (TVR) [9]. Some studies have suggested beneficial effects
of local vibration such as significant increases in muscle activity and average mechanical power
recorded during arm flexion contractions [10, 11].

Indeed, it has previously been suggested that vibration applied on the muscle belly may alter
normal motor unit recruitment patterns, determining an increase in rate coding, synchroniza-
tion and possibly facilitating the recruitment of faster motor units [11].

Kakigi & Shibasaki [12], in their study aiming to determine the effects of vibration on pain
somatosensory evoked potentials and pain threshold, suggested that stimulation of muscle
spindles under vibration influence can lead to increases in the inhibitory mechanisms of pain-
ful feeling and, therefore, be used for therapeutic purposes.

Trunk proprioception has previously been studied in individuals with low back pain using
various protocols such as position sense or pointing task (motor control). Several studies have
shown proprioceptive impairments in the lumbar spine of individuals reporting cLBP [1, 13,
14], but few studies have examined the local vibration effects on the performances of a trunk
repositioning task in this population. In 2000, Brumagne et al. [15] suggested that when applied
at segmental level L5-S1, a multifidus muscle vibration leads to a significant decrease in pelvis
directional error in a sitting position as illustrated by a systematic undershooting of the target
position in patients with cLBP. The same authors [16] had also concluded, in a previous study,
that further research on the effect of vibration in other postures and other muscle groups was
required to clarify the complex mechanism of the lumbosacral neuromuscular function. Also, a
recent study conducted by Willigenburg et al. [17] found that patients with cLBP had larger
errors in a spiral tracking task requiring circular trunk movements compared to healthy con-
trols. The relative effects of lumbar muscle vibration during the motor control task in their
study did not lead to any significant improvements in patients with cLBP.
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Under stress conditions such as muscle fatigue or mechanical loading, lumbar propriocep-
tion may also be highly affected [14]. In a study evaluating the effect of paraspinal muscle
fatigue on lumbar spine proprioception, Taimela et al. [14] found that patients with cLBP had
significantly poorer ability to sense a change in lumbar position after a fatiguing protocol. It
has also been shown that excessive fatigability of lumbar paraspinal muscles is a predictor of a
first episode of low back pain [18] and a predictor of long-term back-related disability [19].
Indeed, it was suggested that one mechanism by which fatigue contributes to low back disor-
ders may be spinal instability leading to injury (ie. spinal buckling) [20]. To control spinal sta-
bility, the central nervous system (CNS) must orchestrate a fine-tuned coordination of trunk
muscles involving feedback (reflex) and feedforward control mechanisms [21]. Therefore, the
use of vibration stimulation, known to increase spindle discharge and muscle activity, could
potentially prevent decrease in muscle spindle firing rate generally observed during muscle
fatigue [22] and possibly contribute to the active control of spinal stability. Although a substan-
tial decrease in trunk proprioception under muscle fatigue condition can be expected in
patients with cLBP, there is a clear lack of objective studies investigating the influence on local
vibration upon back muscle fatigue and the changes in trunk proprioception.

Therefore, the primary objective of this study was to determine whether or not local vibra-
tion stimulation on erector spinaemuscles would spontaneously yield changes in control strat-
egy, accuracy and variability of the performance in a trunk isometric force reproduction task in
patients with cLBP and healthy participants. It was hypothesized that local muscle vibration
would improve trunk sensorimotor acuity in patients with cLBP and would decrease trunk sen-
sorimotor acuity in healthy participants. The second objective of the study was to determine if
vibration stimulation applied over fatigued muscles could have short-term benefits on trunk
force reproduction parameters. To document the influence of muscle fatigue on trunk sensori-
motor control in patients with cLBP is relevant, considering that muscle fatigue limits func-
tionality and may hamper the involvement of cLBP patients in rehabilitation and pain
management strategies [23]. The authors tested the hypothesis that muscle vibration would
lead to improvements in sensorimotor control of the trunk in patients with cLBP during both
the no fatigue and the post-fatigue conditions.

Methods
Participants
The study was conducted at the university’s neuromechanics and motor control laboratory.
Sample size was estimated in order to detect a moderate effect size of 0.30 with a significance
level of P = 0.05 and a desired power of 0.80. A minimum of 12 participants per group was
needed considering the abovementioned requirements. Twenty healthy adult participants (7
women and 13 men) without any cLBP history and 20 participants (7 women and 13 men)
with non-specific chronic or recurrent low back pain were therefore recruited. Patients and
healthy participants were included if they were between 20 and 60 years old. Patients with non-
specific cLBP were selected according to previously established criteria for chronic or recurrent
low back pain (cLBP: present at least half the days over a 6-month period; recurrent low back
pain: present for less than half the days over a 12-month period) [24]. Patients presenting any
non-mechanical spinal condition, neurologic deficits, and chronic pain syndrome were
excluded. Healthy adult participants were recruited based on the following criteria: absence of
musculoskeletal or neurological symptoms related to a spine condition. Participants presenting
the following conditions were also excluded: ankylosing spondylitis, trunk neuromuscular dis-
ease, inflammatory arthritis, scoliosis (15° or more) and previous spinal surgery. Before testing,
each participant was informed of all experimental procedures and provided their informed
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written consent. All procedures were approved by the institutional Research Ethics Committee
Involving Human Participants (Comité d'éthique de la recherche avec des êtres humains).

Clinical outcomes
Clinical outcomes included the French validated version of the modified Oswestry Low Back
Pain Disability Questionnaire (ODQ) to assess low back pain related disability [25] and the
Tampa Scale for Kinesiophobia [26]. Clinical pain intensity of the lower back was assessed
using a visual analogue scale (VAS) one week prior to testing and at the moment of testing
[27].

Preparatory procedures
Participants were tested in a neutral standing posture, without trunk flexion nor extension
(Fig 1). Force data (torque) was obtained from an isokinetic device (The LIDO Active, Loredan
Biomedical, West Sacramento, USA) used only in the isometric testing mode. Participants
received personal encouragements from the experimenters as the maximal isometric extension
torques of erector spinaemuscle were first collected. The reference value for maximal voluntary
contraction (MVC) was set at the highest torque value obtained in two consecutive 4-second

Fig 1. Testing position in neutral standing posture with and without erector spinae vibration.

doi:10.1371/journal.pone.0135838.g001
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trials. As a warm-up procedure, participants were then instructed to produce a sub-maximal
trunk isometric force as quickly as possible. In order to ensure that all participants understood
and performed the isometric force reproduction task properly, a familiarization phase was
completed before the testing began, in which they were asked to produce a single impulse
(shoot and release), but without attempting to correct the force once the contraction was initi-
ated. During this phase, participants received visual accuracy feedback from an oscilloscope
located in front of them, which helped them evaluate their performance to correct it for the
next trial, if necessary. Participants were asked to produce peak torques set at 60% of their
MVC within a 10% margin error of the target goal (ex: 100 ± 10 Nm), while keeping their eyes
open for the entire session. The term peak torque, therefore, refers to the highest value of the
submaximal extension torque for each trial. This familiarization phase, completed without
introducing any form of vibration, was ended after participants completed ten consecutive con-
tractions successfully. For every trial, torque data were recorded at a sampling frequency of 100
Hz. They were digitally filtered with an eighth-order Butterworth filter (10 Hz low-pass cut-off
frequency).

Muscle vibration protocol
Fig 2 represents the experiment timeline. Superficial mechanical vibration was applied perpen-
dicularly and bilaterally on erector spinaemuscle at the third lumbar segment level (L3) using
7.5 cm long eccentric rotating masses (4 cm diameter), weighting about 450 g. As the eccentric
rotating masse rotates around the central motor shaft, the mass’movement can be modelled as
a sinusoidal wave. These vibrators, designed with a regulated DC power supply (Zurich Electric
RPS-1012 MB, Taipei Hsien, Taiwan), which were held in place with a custom-made Velcro
elastic lumbar belt, were placed in a standard position on all participants by the same examiner,
to ensure that they were was secured with comparable tension in all tests. Vibration properties
of 80 Hz with constant amplitude of 0.85 mm were the same that were used in a recent study
conducted on trunk muscle [28]. Participants were asked to perform a set of five trials (force
reproduction task at 60% of their MCV) following an auditory signal which was heard every

Fig 2. Precise timeline of the experiment. Participants were asked to perform a set of five trials (force
reproduction task at 60% of their MCV) following an auditory signal which was heard every thirty seconds, for
each of the vibration conditions (no vibration, 80 Hz). The order of appearance of vibration conditions (no
vibration, 80 Hz vibration) differed between block 1 and block 2 (and between block 3 and block 4) to limit any
vibration sequence effect.

doi:10.1371/journal.pone.0135838.g002
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thirty seconds, for each of the vibration conditions (no vibration, 80 Hz). That sequence repre-
sented one block of trials and four blocks were completed for a total of twenty trials for each
vibration condition. Participants were allowed to rest for 5 minutes between each block in
order to limit any fatigue effects. The order of appearance of vibration conditions (no vibration,
80 Hz vibration) differed between block 1 and block 2 (and between block 3 and block 4) to
limit any vibration sequence effect. The vibration stimulation (80 Hz) was applied thirty sec-
onds before an auditory signal was activated, and lasted through the torque generation trials,
without any rest or delay. Between block 2 and 3, participants completed a trunk extensor mus-
cle fatigue protocol corresponding to a modified version of the Biering-Sorensen test [29]. This
test was performed on a 30° Roman chair, with straight upper body, the iliac crest aligned with
the chair's limit, and the arms crossed on the chest in a prone position. During the fatigue task,
participants were asked to hold a 11.4 kg plate to promptly induce muscular fatigue. The test
was completed when the participant could no longer maintain their trunk in a straight horizon-
tal position visually assessed (below the criterion position) or when the participant terminated
the test (total exhaustion). Once the fatigue protocol completed, the participants were asked to
score their perceived exertion on a 20-point Borg Scale [30].

Electromyography
Surface electromyography (sEMG) was used to record erector spinaemuscle activation during
the isometric contractions and during the fatigue protocol. Four rigid bipolar electrodes
recorded erector spinaemuscle activation bilaterally at L4-L5 level and L1 lumbar segments.
The electrodes were aligned with the muscle fiber direction and placed on the muscle belly. A
reference electrode was placed on the T12 spinous process to assess internal vibration damping
(essential to sEMG signals processing and noise cancellation techniques) and a ground elec-
trode was placed over the right olecranon of all participants. Prior to application, electrical
impedance of the skin at the site of electrode placement was minimized using standard skin
preparation techniques. sEMG activity was recorded using a Delsys sEMG sensor sampled at
1000 Hz with a 12-bit A/D converter (PCI 6024E; National Instruments, Austin, TX).

Data analyses
Time to peak torque (TPT), constant error (CE), variable error (VE) as well as absolute error
(AE) in peak torque were calculated and compared between experimental conditions [31].
These variables have been successfully used in previous studies [28, 32] and they are described
in more detail below. For each trial, the onset of torque and peak torque were determined,
wherein onset of torque represents the initial point of the ramp up and peak torque represents
the highest torque value reached for one trial. The detection and marking of these two values
were made through a visual inspection by the same experimenter [32]. The TPT is defined as
the time required to reach the peak torque from the onset of torque generation. The CE repre-
sents the positive or negative difference between the peak torque reached and the target torque
corresponding to 60% of the MVC; it indicates the amount of direction of error relative to the
target torque (measure of bias). A positive CE in trunk extension corresponds to undershooting
the target torque, while a negative CE corresponds to overshooting the target torque. The VE
measures the inconsistency in movement outcome and represents the variability of the partici-
pant’s performances about the mean value; it is calculated by the participant’s peak torque
score on each trial and his or her own average score. Fig 3 represents an example of the CE and
VE calculations for one participant. Finally, the AE in peak torque represents the average abso-
lute deviation (without regard to torque direction) between the participant’s responses and the
target torque, which accounts for both bias and variability. The variable scores (CE, VE, AE
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and TPT) for one participant represents his average score calculated for each experimental
condition. All trials of each participant were analysed and used for the variable calculations.

sEMG data were filtered digitally by a 10- to 450 Hz band-pass, zerolag, fourth-order Butter-
worth filter. The data were collected by LabView (National Instruments) and processed by
Matlab (MathWorks, Natick, MA). Because vibration can lead to motion artifacts resulting in
spectral components at the approximate modulating frequency and its harmonics [11], the
authors used a simple approach to make the sEMG root mean square (RMS) measurement
insensitive to the DC power supply activation burst and vibration motion artefacts. The recorded
signals for each participant’s trial were submitted to an intensive frequency domain analysis. On
the basis of this analysis, vibration artefacts and related harmonics were excluded using stop-
band fourth-order Butterworth filters around the modulating frequency and each harmonic.

RMS values during each trunk extension trial were calculated using time-windows corre-
sponding to the onset and cessation of extension torque production. For each participant,
mean values across conditions (10 trials) were then calculated and used to establish muscle
activation patterns as suggested by previous authors [33]. RMS values were normalized with
respect to the trunk extension MVC value.

To determine if erector spinaemuscle exhibited fatigue across the modified Biering-Soren-
sen test, sEMG median frequency (Fast-Fourier Transform) was calculated from adjacent
non-overlapping signal epochs of 1 s. The slope of the median frequency regression and its
intercept were used to define the rate of change and median frequency initial values. Normal-
ized slopes were defined as the slopes divided by the corresponding initial values and expressed
in percentage per second. Localized muscle fatigue usually cause the sEMGmedian frequencies
to decrease, yielding a negative slope [34]. The sEMG analyses were conducted by averaging
normalized sEMGRMS values from both sides (left and right), as used in previous studies [35, 36].

Fig 3. Representative data defining the Constant Error (CE) and Variable Error (VE) calculations for one experimental condition of a participant.

doi:10.1371/journal.pone.0135838.g003
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Statistical analyses
The Shapiro-Wilk test was used to assess the distribution of the variables. All mean error in
peak torque measures (CE, VE and AE) and TPT variables were normally distributed (all
P > 0.05). This study was conducted with a counterbalanced measure design. Sampling
distribution for each participant was also assessed for outlying observations (standard
deviation> 3). Peak torque data and normalized sEMGRMS were submitted to a 2 (groups:
cLBP and control) × 2 (vibration conditions: no vibration and 80 Hz vibration) × 2 (fatigue
conditions: no fatigue and post-fatigue) repeated measure analysis of variance (ANOVA), ran
separately for each variable. In order to assess a potential fatigue phenomenon, pre and post-
MVC values were submitted to a group × fatigue condition ANOVA with repeated measures
on the last factor. Significant interactions or main effects were further analyzed using a post
hoc Tukey test. sEMG median time-frequency slopes for each segmental level were submitted
to a one-tailed student’s t Test to determine if they were significantly different than zero. The
significance level was set at P < 0.05 for all analyses. The statistical analysis was performed
with Statistica 10 (Statsoft, OK, USA).

Results
Demographic and clinical profiles of the participants are presented in Table 1.

Overall results
The statistical analyses yielded a significant interaction between groups, vibration conditions
and fatigue conditions for the CE variable [F(1, 76) = 6.99, P < 0.01] and for the AE variable
[F(1, 76) = 14.63, P < 0.001]. No significant interaction effect between groups, vibration condi-
tions and fatigue conditions was found for the VE variable [F(1, 76) = 0.05, P > 0.05] and the
TPT variable [F(1, 76) = 1.28, P > 0.05].

No significant interaction effect between groups, vibration conditions and fatigue condi-
tions was found for the sEMGRMS at the L1 level [F(1, 76) = 0.12, P > 0.05]. A vibration main
effect was detected, revealing significantly higher sEMGRMS activity at L1 [F(1, 76) = 6.81,
P < 0.05] with the 80 Hz vibration when compared to the no vibration condition.

At the L4-5 level, no significant interaction effect between groups, vibration conditions and
fatigue conditions was found for the sEMGRMS [F(1, 76) = 0.26, P > 0.05]. However, a signifi-
cant fatigue × vibration interaction effect [F(1, 76) = 9.15, P < 0.01], as well as a significant

Table 1. Basic data [Mean (±SD)] on cLBP and healthy study participants.

cLBP Controls P < 0.05

n = 20 n = 20

Age (years) 33.7 ± 14.4 29.1 ± 7.8 NS

Height (cm) 173.8 ± 11.4 174.3 ± 9.5 NS

Body mass (kg) 75.3 ± 17.5 76.4 ± 15.5 NS

ODI (%) 12.5 ± 7.8 0.0 ± 0.0

TSK 34.3 ± 9.9 0.0 ± 0.0

VAS pain (testing) 2.3 ± 1.8 0.0 ± 0.0

VAS pain (1 week) 3.5 ± 1.7 0.0 ± 0.0

ODIscores on the Oswestry Disability Index (maximum score = 100). TSK scores on the Tampa Scale for Kinesiophobia (maximum score = 68; 40/68 is
considered a significant kinesiophobia). VAS pain (testing) pain at the moment of testing scored on the visual analogue scale (0–10). VAS pain (1 week)
pain one week prior to testing scored on the visual analogue scale (0–10). NS = not significant

doi:10.1371/journal.pone.0135838.t001
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group × fatigue interaction effect [F(1, 76) = 5.81, P < 0.05] were found for the sEMGRMS. A
significant vibration main effect was observed, revealing higher sEMGRMS activity at L4-5 [F(1,
76) = 5.76, P < 0.05] with the 80 Hz vibration when compared to the no vibration condition. A
group main effect [F(1, 76) = 7.23, P < 0.001] was also detected for the sEMGRMS at the L4-5
level, showing that patients with cLBP had significantly higher sEMGRMS activity than healthy
controls.

Vibration effects under the no fatigue condition
Post hoc analyses revealed a significantly higher CE scores in patients with cLBP compared to
the healthy group during the no vibration condition (P < 0.001). The two groups also
responded differently to vibration of the erector spinaemuscle as patients with cLBP showed a
significant decrease in CE during vibration exposure (P < 0.001) while the control group con-
versely showed a significant increase in CE mean scores (P < 0.05) when compared to the no
vibration condition (Fig 4A).

Post-hoc comparisons also revealed a significantly higher AE scores in patients with cLBP
compared to the healthy group during the no vibration condition (P < 0.001). Patients with
cLBP showed a significant reduction in AE under vibration exposure as compared to the no
vibration condition (P < 0.001). In contrast, the healthy participants during the erector spinae
muscle vibration showed significantly higher AE scores in comparison with the no vibration
condition (P < 0.01) (Fig 5A).

Post-hoc comparisons for group × fatigue interaction showed that patients with cLBP had
higher sEMGRMS activity at L4-5 level than healthy controls for the no fatigue condition
(P < 0.001) (Fig 6A). Post-hoc comparisons for the fatigue × vibration interaction effect
revealed a significantly higher sEMGRMS activity at L4-5 level with the 80 Hz vibration when
compared to the no vibration under the no fatigue condition (P < 0.01), independently of the
group considered (Fig 6A).

Fig 4. Comparison of mean constant errors for both groups in each condition (mean ± standard error)

doi:10.1371/journal.pone.0135838.g004

Fig 5. Comparison of mean absolute errors for both groups in each condition (mean ± standard error)

doi:10.1371/journal.pone.0135838.g005
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Fatigue effects
The presence of back muscle fatigue led patients with cLBP to a significant decrease in
sEMGRMS activity at L4-5 level as compared to the no fatigue condition (P < 0.01), indepen-
dently of the vibration condition (Fig 6).

Statistical analysis yielded a main effect of fatigue for pre and post-MVC values (P < 0.01).
The average MVC (± SD) in trunk extension for patients with cLBP was 137.53 ± 73.24 Nm
before the fatigue protocol and 123.34 ± 68.44 Nm immediately after the fatigue protocol, indi-
cating a 10.32% decrease in MVC (P < 0.05). The average MVC in trunk extension for healthy
participants was 130.79 ± 56.68 Nm before the fatigue protocol and 109.82 ± 48.44 Nm imme-
diately after the fatigue protocol, indicating a 16.03% decrease in MVC (P < 0.05). No signifi-
cant difference between groups was observed for MVCs before and after the fatigue protocol
(all P > 0.05).

Important fatigue-related changes were observed during the Biering-Sorensen protocol.
sEMG time-frequency analysis at the L1 and L4-5 paravertebral electrode sites for both groups
indicated that linear regression slopes were all negatives (Table 2). Student’s t Test revealed no
significant difference between both groups for the total holding time, and for the L1 and L4-5
linear equation slopes (all P > 0.05). One-tailed t Tests revealed significant muscle fatigue at
each segmental level for both groups (all P < 0.05). Table 3 presents the participant’s perceived
exertion during the fatigue protocol.

Vibration effects under the fatigue condition
Following the fatigue protocol, healthy participants showed a significant decrease in CE during
muscle vibration when compared to the no vibration condition (P < 0.001). A decrease in CE
scores during vibration was also observed in patients with cLBP (P < 0.001) (Fig 4B). During

Fig 6. Means and standard errors of the sEMG activity of the erector spinae at L4-5 level for both
groups in each condition. The presence of back muscle fatigue led patients with cLBP to a significant
decrease in sEMGRMS activity as compared to the no fatigue condition.

doi:10.1371/journal.pone.0135838.g006

Table 2. Mean (±SD) sEMGmedian time-frequency slope at L1 and L4-5 levels andmodified Sorensen total holding time in sec for both groups.

cLBP Controls P < 0.05

n = 20 n = 20

L1 segmental level -0.16 ± 0.09 -0.17 ± 0.07 NS

L4-5 segmental level -0.35 ± 0.15 -0.32 ± 0.15 NS

Total holding time (sec) 118.6 ± 44.1 123.6 ± 28.5 NS

doi:10.1371/journal.pone.0135838.t002
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vibration exposure, a difference was observed between the no- and the post-fatigue condition
for the control group (P < 0.05).

There were significant differences for both the vibration and no vibration conditions where
cLBP patients showed significantly higher AE scores as compared to the healthy participants
(all P < 0.01). Following the fatigue protocol, AE scores in patients with cLBP were signifi-
cantly higher than the no fatigue scores for the vibration (P < 0.01) and the no vibration condi-
tions (P < 0.05) (Fig 5B).

The presence of back muscle fatigue led to a significant decrease in sEMGRMS activity at L4-
5 level for the 80 Hz vibration condition, independently of the group considered (Fig 6).
Finally, a main effect of fatigue was found for the TPT variable [F(1, 76) = 16.76, P < 0.001]
where values for both group were significantly higher in the post-fatigue condition regardless
of the vibration conditions. Participants from both groups took more time, therefore, to reach
the peak torque following the fatigue protocol.

Discussion
The aim of the present study was to assess the performance accuracy and variability of trunk
reproduction force in conditions with and without erector spinaemuscle vibration, and to eval-
uate the influence of muscle fatigue on trunk sensorimotor control in patient with cLBP and
healthy participants.

The present study included a group of cLBP patients with an average mild pain level score
(2.3 ± 1.8) at the moment of testing [37, 38]. Results showed that patients with cLBP had signif-
icantly lower trunk isometric force reproduction accuracy than the healthy participants. Higher
CE and AE mean scores found in patients with cLBP clearly support this observation. Similar
findings have been previously reported by Brumagne et al. [15], who found that patients with
cLBP had a less refined lumbosacral position sense than healthy individuals in a sitting posi-
tion. The results reported by Brumagne et al. [15] provide evidence for reduced trunk neuro-
muscular control during dynamic contractions in patients with cLBP, and the results of the
present study provide evidence for reduced trunk neuromuscular control during isometric con-
tractions in patients with cLBP. It is worth mentioning that measures of error such as CE, AE
and VE mean scores reported in the present study and the one conducted by Brumagne et al.
[15] are considered as outcome measures and not process measures (see Schmidt &Wrisberg
[39] for detailed description).

Sensorimotor disturbances of the spine could result from modifications in somatosensory
afferent activity, which can be due to trauma or to the modulatory effect of pain and sympa-
thetic activation on muscle spindle sensitivity [40]. Consistent with this explanation, Myers
et al. [41] suggested that increased afferent signals sent by pain receptors are believed to over-
ride and subsequently decrease proprioception afferents. Reweighting of sensory signals based
on location have also been demonstrated in patients with cLBP as they seem to adopt a body

Table 3. Mean (±SD) level of perceived exertion during the fatigue protocol.

cLBP Controls P < 0.05

n = 20 n = 20

The Borg Scale 16.4 ± 2.1 16.9 ± 1.8 NS

The Borg Scale starts with “no feeling of exertion”, which rates a 6, and ends with “very, very hard,” which
rates a 20. Moderate activities register 11 to 14 on the Borg scale (“fairly light” to “somewhat hard”), while
vigorous activities usually rate a 15 or higher (“hard” to “very, very hard”). NS = not significant

doi:10.1371/journal.pone.0135838.t003
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and trunk stiffening strategy and rely more on lower limb proprioception [42, 43]. In the pres-
ent study, it is therefore possible that patients with cLBP, having limited somatosensory infor-
mation from back muscle, had to reweight sensory information from other segments or muscle
groups. This way, distorted afferents from back muscle could have been compensated by other
undistorted afferents originating from the pelvic girdle and lower limb muscles leading to
lower trunk isometric force reproduction accuracy.

Vibration effects
Vibration of the erector spinaemuscle induced a significant reduction of the CE and AEmean
scores in patients with cLBP. The accuracy with which patients with cLBP reproduced a trunk
sub-maximal force was, therefore, improved during vibration stimulation when compared to the
no vibration condition. This acute effect of local muscle vibration in patients with cLBP has sev-
eral possible explanations. Hollins et al. [44], in their study on the ability of vibration to compro-
mise detection of a nociceptive stimulus, found that vibrations ranging from 20 to 230 Hz were
able to modulate nociception by reducing the noxious stimulus sensitivity. They also concluded
that no mechanoreceptive channel appears to have a privileged role in antinociception. Some
authors also suggested that muscle vibration could distort muscle’s primary afferent by introduc-
ing a bias signal in a parallel channel, because vibration can modestly active the Pacinian corpus-
cle and others cutaneous mechanoreceptors [7, 45, 46]. Although the neurophysiological
mechanism for such changes remains unclear, it is possible that vibration stimulation in this
study may have improved the muscle spindle function in patients with cLBP therefore improving
somatosensory information processing. By stimulating Ia afferents and modulating the nocicep-
tive pathways activation, vibration stimulation may lead to a transient sensory reweighting of the
erector spinaemuscle resulting in significant improvements in trunk neuromuscular control.

It is well known that mechanical vibration administered to tendons or muscles can induce a
reflex response [9]. The study conducted by Nakajima et al. [47] suggests that 80 Hz vibration
during muscle contraction can lead to specific TVR increases observed with higher sEMGRMS

activity of the biceps. In the present study, local vibration application led to significant increase
in erector spinaemuscle activity at both L1 and L4-5 segmental levels. These results could partly
be explained through the TVR effect. Regardless of the experimental conditions, patients with
cLBP in this study also showed higher muscle activity than healthy controls at L4-5 level but
not at L1 level. This is consistent with the ‘‘redistribution of activity within muscle” theory that
has been described in patients with cLBP [48]. It is difficult to explain the improvements in
force reproduction accuracy of the trunk observed in patients with cLBP by the vibration-
related increase in muscle activity, since healthy controls also showed significant increases in
muscle activity during vibration but with higher CE and AE mean scores. It is suggested, there-
fore, that clinical efficacy of local vibration during a trunk sensorimotor task in patients with
cLBP is not directly linked to the erector spinaemuscle sEMG activity. It is also possible that
the pain alleviation usually reported during vibration might have led to a significant reduction
in the fear-avoidance behavior during the force reproduction task [49].

Conversely, vibration stimulation significantly decreased the healthy participants’ accuracy
during the force reproduction task. This finding is in accordance with a previous study con-
ducted on healthy participants in which erector spinaemuscle vibration interfered with torque
generation sequence by distorting proprioceptive information resulting in muscle lengthening
illusion [28].
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Muscle fatigue and vibration
Previous studies have shown that back muscle fatigue is usually accompanied by a diminished
control of trunk movements [50] and an altered coordination of trunk muscle activities [51], as
well as reductions in accuracy when trying to generate a given force [52]. It is also well estab-
lished that patients with cLPB have excessive fatigability of the back muscles which is probably
a consequence of pain, rather than a cause [53, 54]. From a theoretical point of view, these defi-
cits, in association with cLBP, may leave the lumbar spine more susceptible to reinjury. There-
fore, the purpose of creating a fatigue condition in the present study was to determine if
vibration stimulation applied over fatigued muscles could have short-term benefits on trunk
force production parameters. The results of the present study suggest that the back extensors
fatigue protocol clearly induced muscle fatigue for both groups. However, the level of muscle
fatigue between cLBP and healthy participants did not differ. Under the influence of vibration,
patients with cLBP showed significant reduction of the CE values, which suggests accuracy
improvements in the force reproduction task. AE values with and without vibration stimula-
tion, however, were higher during the post-fatigue condition. A controversy exists, however,
about the use and interpretation of AE. The mathematical properties of AE have been shown
to be a complex combination of CE and VE, and it remains difficult to precisely assess the rela-
tive contribution of each measurement to AE [31]. Based on CE mean score, these findings sug-
gest that acute erector spinae vibration may enhance sensorimotor acuity in patients with cLBP
in conditions with and without back muscle fatigue, and could, therefore, be considered as an
adjunct to actual rehabilitation strategies. It is suggested that vibration stimulation during reha-
bilitation exercises could potentially reduce the risks related to back muscle fatigue and partici-
pate in preventing lumbar spine reinjury.

Interestingly, healthy participants during the post-fatigue condition and under vibration
stimulation showed significant decreases in CE when compared to the no fatigue condition.
Theoretically, muscle spindle discharge decreases during fatiguing static contraction [22]. Con-
sistent with this change, motor units usually demonstrated a decrease in firing rate during mus-
cle fatigue [55]. Griffin et al. [56], in their study on vibration and motor unit firing rate, found
that application of periodic muscle vibration maintained the motor unit firing rate during sub-
maximal fatiguing isometric contractions. These authors also concluded that muscle vibration
can enhance the excitatory input from Ia afferents to the motoneuron pool and transiently
restore the motor unit discharge rate. In the present study, the significant decrease in sEMG
activity at L4-5 level observed following the fatigue protocol could not, however, be prevented
by local vibration stimulation. Although the hypothesis that fatigue-related modulation of
motor unit firing rate during submaximal contractions could be prevented by vibration in
healthy controls received initial support [56], the present findings do not provide any evidence
to confirm this assumption. Even though it is not of clinical importance, alternative theories
are required to explain the improvement in sensorimotor control under vibration stimulation
following a fatigue protocol in healthy controls.

Higher TPT scores were found in all post-fatigue conditions for both groups, suggesting a
modified control strategy developed under exposure to muscle fatigue. This result may be
closely related to the neuromuscular effects of fatigue on muscle activation, including reduction
in the ability of muscle to produce force and power.

Clinical considerations
A spectrum of clinical interventions has been proposed to retrain motor control in the presence
of musculoskeletal pain and disability. The present findings suggest that 80 Hz vibration stimu-
lation in patients with cLBP is likely to influence motor adaptation of the sensorimotor system,
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leading to improved accuracy in isometric force production parameters. Bosco, Cardinale [10],
in their study on local vibration on mechanical power and sEMG activity, concluded that vibra-
tion stimulation was able to stimulate the neuromuscular system more than others treatments
used to improve neuromuscular properties. Erector spinaemuscle vibration could, therefore, be
used as an additional stimulation to the sensorimotor system during rehabilitation exercises.
The sensory integration process may increase the contribution on erector spinae sensory affer-
ents during motor control exercises performed under vibration stimulation (sensory reweight-
ing). The results of the present study also showed that vibration effects on trunk sensorimotor
control (increases in force production accuracy) may operate similarly with and without back
extensors muscle fatigue. These findings suggest that vibration may lead to beneficial effects at
multiple stages of the rehabilitation process where patients with cLBP present different levels
of muscle fatigue. Even if erector spinae vibration stimulation suggests short-term benefits on
neuromuscular control, potential long-term benefits involving primary outcomes such as spine
loading, movement and motor variability need to be further investigated.

Limitations
A potential limitation of the present study is that results may suggest rapid but transient adap-
tations to muscle vibration, resulting in changes in isometric force production parameters.
Although such adaptation is mainly driven by changes in muscle spindle discharge, changes in
sensorimotor integration or motor planning remain to be determined. The experimental design
of this study, however, cannot provide specific information with regard to the contribution of
central pathways and mechanisms aiming at identifying the complete proper neural mecha-
nisms. A second limitation is the sEMG frequency components and the harmonics related to
vibration that were excluded from the sEMGRMS calculation. Excluding vibration-related fre-
quencies may have removed physiological signals from the muscle. Further research should
focus on the optimal dose relationship of vibration duration on neuromuscular and perfor-
mance aspects for cLBP populations. In addition, more studies are needed to determine
whether these responses correlate with long-term clinical outcomes.

Conclusion
The findings of this study suggest that patients with cLBP have a less accurate force generation
sense than healthy individuals, presumably because of altered erector spinaemuscle spindle
afferents. Local muscle vibration led to significant trunk neuromuscular control improvements
in the cLBP patients, which suggests that the weighting of proprioceptive feedback from erector
spinaemuscle spindles differs between groups. The significant increase in neuromuscular con-
trol observed for the patients in the non-fatigued condition supports the clinical evidence of
improved trunk function during vibration application, and contributes to the efficacy of this
approach in the management of patients with cLBP. Local muscle vibration also led to signifi-
cant trunk neuromuscular control improvements in the cLBP patients following a muscle
fatigue protocol.

Author Contributions
Conceived and designed the experiments: JAB JA MCNMD. Performed the experiments: JAB
JA. Analyzed the data: JAB JA FNMD. Contributed reagents/materials/analysis tools: JAB FN
MCNMD. Wrote the paper: JAB JA FNMCNMD.

Vibration and Trunk Sensorimotor Control in Low Back Pain Patients

PLOS ONE | DOI:10.1371/journal.pone.0135838 August 26, 2015 14 / 17



References
1. Newcomer KL, Laskowski ER, Yu B, Johnson JC, An KN. Differences in repositioning error among

patients with low back pain compared with control subjects. Spine. 2000; 25(19):2488–93. PMID:
11013501

2. Sharma L, Pai YC. Impaired proprioception and osteoarthritis. Curr Opin Rheumatol. 1997; 9(3):253–8.
PMID: 9204262

3. van Dieen JH, Selen LP, Cholewicki J. Trunk muscle activation in low-back pain patients, an analysis of
the literature. J Electromyogr Kinesiol. 2003; 13:333–51. PMID: 12832164

4. Hodges PW, van den HoornW, Dawson A, Cholewicki J. Changes in the mechanical properties of the
trunk in low back pain may be associated with recurrence. J Biomech. 2009; 42:61–6. doi: 10.1016/j.
jbiomech.2008.10.001 PMID: 19062020

5. Flor H, Braun C, Elbert T, Birbaumer N. Extensive reorganization of primary somatosensory cortex in
chronic back pain patients. Neurosci Lett. 1997; 224(1):5–8. PMID: 9132689

6. Cordo P, Gurfinkel VS, Bevan L, Kerr GK. Proprioceptive consequences of tendon vibration during
movement. J Neurophysiol. 1995; 74:1675–88. PMID: 8989404

7. Goodwin GM, McCloskey DI, Matthews PB. The contribution of muscle afferents to kinaesthesia shown
by vibration induced illusions of movement and by the effects of paralysing joint afferents. Brain. 1972;
95(4):705–48. PMID: 4265060

8. Roll JP, Vedel JP. Kinaesthetic role of muscle afferents in man, studied by tendon vibration and micro-
neurography. ExpBrain Res. 1982; 47:177–90.

9. Burke D, Hagbarth KE, Lofstedt L, Wallin BG. The responses of humanmuscle spindle endings to
vibration during isometric contraction. J Physiol. 1976b; 261(3):695–711.

10. Bosco C, Cardinale M, Tsarpela O. Influence of vibration on mechanical power and electromyogram
activity in human arm flexor muscles. Eur J Appl Physiol Occup Physiol. 1999; 79(4):306–11. PMID:
10090628

11. Mischi M, Cardinale M. The effects of a 28-Hz vibration on armmuscle activity during isometric exer-
cise. Med Sci Sports and Exerc. 2009; 41:645–52.

12. Kakigi R, Shibasaki H. Mechanisms of pain relief by vibration and movement. J Neurol Neurosurg Psy-
chiatry. 1992; 55:282–6. PMID: 1583512

13. Gill KP, CallaghanMJ. The measurement of lumbar proprioception in individuals with and without low
back pain. Spine. 1998; 23(3):371–7. PMID: 9507628

14. Taimela S, Kankaanpaa M, Luoto S. The effect of lumbar fatigue on the ability to sense a change in lum-
bar position. A controlled study. Spine. 1999; 24(13):1322–7. PMID: 10404574

15. Brumagne S, Cordo P, Lysens R, Verschueren S, Swinnen S. The role of paraspinal muscle spindles in
lumbosacral position sense in individuals with and without low back pain. Spine. 2000; 25(8):989–94.
PMID: 10767813

16. Brumagne S, Lysens R, Swinnen S, Verschueren S. Effect of paraspinal muscle vibration on position
sense of the lumbosacral spine. Spine. 1999; 24(13):1328–31. PMID: 10404575

17. Willigenburg NW, Kingma I, Hoozemans MJM, van Dieen JH. Precision control of trunk movement in
low back pain patients. HumMovement Sci. 2013; 32(1):228–39.

18. Biering-Sorensen F. Physical measurements as risk indicators for low-back trouble over a one-year
period. Spine. 1984; 9:106–19. PMID: 6233709

19. Enthoven P, Skargren E, Kjellman G, Oberg B. Course of back pain in primary care: a prospective
study of physical measures. J Rehabil Med. 2003; 35:168–73. PMID: 12892242

20. Granata KP, Gottipati P. Fatigue influences the dynamic stability of the torso. Ergonomics. 2008; 51
(8):1258–71. doi: 10.1080/00140130802030722 PMID: 18608477

21. Panjabi MM. The stabilizing system of the spine. Part II. Neutral zone and instability hypothesis. J Spi-
nal Disord. 1992; 5(4):390–6. PMID: 1490035

22. Macefield G, Hagbarth K-E, Gorman R, Gandevia SC, Burke D. Decline in spindle support to alpha
motoneurones during sustained voluntary contractions. J Physiol (Lond). 1991; 440:497–512.

23. Salvetti MdG, Pimenta CA, Braga PE, McGillion M. Prevalence of fatigue and associated factors in
chronic low back pain patients. Rev Lat Am Enfermagem. 2013; 21:12–9. PMID: 23459886

24. Von Korff M. Studying the natural history of back pain. Spine. 1994 Sep 15; 19(18 Suppl):2041S–6S.
PMID: 7801181

25. Vogler D, Paillex R, Norberg M, de Goumoens P, Cabri J. [Cross-cultural validation of the Oswestry dis-
ability index in French]. Ann Readapt Med Phys. 2008; 51(5):379–85. doi: 10.1016/j.annrmp.2008.03.
006 PMID: 18501463

Vibration and Trunk Sensorimotor Control in Low Back Pain Patients

PLOS ONE | DOI:10.1371/journal.pone.0135838 August 26, 2015 15 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11013501
http://www.ncbi.nlm.nih.gov/pubmed/9204262
http://www.ncbi.nlm.nih.gov/pubmed/12832164
http://dx.doi.org/10.1016/j.jbiomech.2008.10.001
http://dx.doi.org/10.1016/j.jbiomech.2008.10.001
http://www.ncbi.nlm.nih.gov/pubmed/19062020
http://www.ncbi.nlm.nih.gov/pubmed/9132689
http://www.ncbi.nlm.nih.gov/pubmed/8989404
http://www.ncbi.nlm.nih.gov/pubmed/4265060
http://www.ncbi.nlm.nih.gov/pubmed/10090628
http://www.ncbi.nlm.nih.gov/pubmed/1583512
http://www.ncbi.nlm.nih.gov/pubmed/9507628
http://www.ncbi.nlm.nih.gov/pubmed/10404574
http://www.ncbi.nlm.nih.gov/pubmed/10767813
http://www.ncbi.nlm.nih.gov/pubmed/10404575
http://www.ncbi.nlm.nih.gov/pubmed/6233709
http://www.ncbi.nlm.nih.gov/pubmed/12892242
http://dx.doi.org/10.1080/00140130802030722
http://www.ncbi.nlm.nih.gov/pubmed/18608477
http://www.ncbi.nlm.nih.gov/pubmed/1490035
http://www.ncbi.nlm.nih.gov/pubmed/23459886
http://www.ncbi.nlm.nih.gov/pubmed/7801181
http://dx.doi.org/10.1016/j.annrmp.2008.03.006
http://dx.doi.org/10.1016/j.annrmp.2008.03.006
http://www.ncbi.nlm.nih.gov/pubmed/18501463


26. Kori SH, Miller RP, Todd DD. Kinesiophobia: a new view of chronic pain behavior. Pain Management.
1990; 3:35–43.

27. Scrimshaw SV, Maher C. Responsiveness of visual analogue and McGill pain scale measures. J
Manipulative Physiol Ther. 2001; 24(8):501–4. PMID: 11677548

28. Boucher JA, Normand MC, Descarreaux M. Trunk isometric force production parameters during erector
spinae muscle vibration at different frequencies. J Neuroeng Rehabil. 2013; 10(1):89.

29. Demoulin C, Vanderthommen M, Duysens C, Crielaard JM. Spinal muscle evaluation using the Soren-
sen test: a critical appraisal of the literature. Joint Bone Spine. 2006; 73(1):43–50. PMID: 16461206

30. Borg GA. Psychophysical bases of perceived exertion. Med Sci Sports Exerc. 1982; 14(5):377–81.
PMID: 7154893

31. Schmidt RA, Lee TD. Sensory contributions to motor control. In: J.P. W, editor. Motor Control and
Learning: A Behavioural Emphasis. 4th edition ed. Champaign, IL: Human Kinetics Publishers, Inc;
2005. pp. 125–62.

32. Boucher JA, Normand MC, Boisseau E, Descarreaux M. Sensorimotor control during peripheral muscle
vibration: An experimental study. J Manipulative Physiol Ther. 2015; 38(1):35–43. doi: 10.1016/j.jmpt.
2014.10.013 PMID: 25467612

33. Merletti R, Parker PA. Electromyography. Hoboken (NJ): Wiley, John & Sons, Inc.; 2004. 494 p.

34. Dingwell JB, Joubert JE, Diefenthaeler F, Trinity JD. Changes in muscle activity and kinematics of
highly trained cyclists during fatigue. IEEE Trans Biomed Eng. 2008; 55(11):2666–74. doi: 10.1109/
TBME.2008.2001130 PMID: 18990638

35. Lariviere C, Arsenault AB, Gravel D, Gagnon D, Loisel P. Evaluation of measurement strategies to
increase the reliability of EMG indices to assess back muscle fatigue and recovery. J Electromyogr
Kinesiol. 2002; 12(2):91–102. PMID: 11955981

36. Lariviere C, Plamondon A, Da Silva RA, Arsenault B, Nadeau S, Vadeboncoeur R. Specificity of a back
muscle roman chair exercise in healthy and back pain subjects. Med Sci Sports Exerc. 2011; 43
(1):157–64. doi: 10.1249/MSS.0b013e3181e96388 PMID: 20508534

37. Carlsson AM. Assessment of chronic pain. I. Aspects of the reliability and validity of the visual analogue
scale. Pain. 1983; 16:87–101. PMID: 6602967

38. McCaffery M, Pasero C. 0–10 Numeral Pain Rating Scale. In: Mosby I, editor. Pain: Clinical Manual. St-
Louis1999.

39. Schmidt RA, Wrisberg CA. Preparing for the learning experience. In: Wright JP, editor. Motor learning
and performance. Champaign, IL, USA: Human Kinetics Publishers, Inc.; 2001. pp. 175–200.

40. Passatore M, Roatta S. Influence of sympathetic nervous system on sensorimotor function: whiplash
associated disorders (WAD) as a model. Eur J Appl Physiol. 2006; 98:423–49. PMID: 17036216

41. Myers JB, Wassinger CA, Lephart SM. Sensorimotor contribution to shoulder stability: Effect of injury
and rehabilitation. Man Ther. 2006; 11:197–201. PMID: 16777465

42. Brumagne S, Cordo P, Verschueren S. Proprioceptive weighting changes in persons with low back
pain and elderly persons during upright standing. Neurosci Lett. 2004; 366:63–6. PMID: 15265591

43. Brumagne S, Janssens L, Knapen S, Claeys K, Suuden-Johanson E. Persons with recurrent low back
pain exhibit a rigid postural control strategy. Eur Spine J. 2008; 17(9):1177–84. doi: 10.1007/s00586-
008-0709-7 PMID: 18594876

44. Hollins M, Roy EA, Crane SA. Vibratory antinociception: Effects of vibration amplitude and frequency. J
Pain. 2003; 4(7):381–91. PMID: 14622680

45. Burke D, Hagbarth KE, Lofstedt L, Wallin BG. The response of humanmuscle spindle endings to vibra-
tion of non-contracting muscles. J Physiol (London). 1976a; 261:673–93.

46. Inglis JT, Frank JS, Inglis B. The effect of muscle vibration on human position sense during movements
controlled by lenthenig muscle contraction. Exp Brain Res. 1991; 84:631–4. PMID: 1864332

47. Nakajima T, Izumizaki M, Sekihara C, Atsumi T, Homma I. Combined effects of preceding muscle vibra-
tion and contraction on the tonic vibration reflex. Exp Brain Res. 2009; 192:211–19. doi: 10.1007/
s00221-008-1571-x PMID: 18818909

48. Hodges PW. Pain and motor control: From the laboratory to rehabilitation. J Electromyogr Kinesiol.
2011; 21:220–8. doi: 10.1016/j.jelekin.2011.01.002 PMID: 21306915

49. Vlaeyen JW, Kole-Snijders AM, Boeren RG, van Eek H. Fear of movement/(re)injury in chronic low
back pain and its relation to behavioral performance. Pain. 1995; 62(3):363–72. PMID: 8657437

50. Boucher JA, Abboud J, Descarreaux M. The influence of acute back muscle fatigue and fatigue recov-
ery on trunk sensorimotor control. J Manipulative Physiol Ther. 2012; 35(9):662–8. doi: 10.1016/j.jmpt.
2012.10.003 PMID: 23206960

Vibration and Trunk Sensorimotor Control in Low Back Pain Patients

PLOS ONE | DOI:10.1371/journal.pone.0135838 August 26, 2015 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/11677548
http://www.ncbi.nlm.nih.gov/pubmed/16461206
http://www.ncbi.nlm.nih.gov/pubmed/7154893
http://dx.doi.org/10.1016/j.jmpt.2014.10.013
http://dx.doi.org/10.1016/j.jmpt.2014.10.013
http://www.ncbi.nlm.nih.gov/pubmed/25467612
http://dx.doi.org/10.1109/TBME.2008.2001130
http://dx.doi.org/10.1109/TBME.2008.2001130
http://www.ncbi.nlm.nih.gov/pubmed/18990638
http://www.ncbi.nlm.nih.gov/pubmed/11955981
http://dx.doi.org/10.1249/MSS.0b013e3181e96388
http://www.ncbi.nlm.nih.gov/pubmed/20508534
http://www.ncbi.nlm.nih.gov/pubmed/6602967
http://www.ncbi.nlm.nih.gov/pubmed/17036216
http://www.ncbi.nlm.nih.gov/pubmed/16777465
http://www.ncbi.nlm.nih.gov/pubmed/15265591
http://dx.doi.org/10.1007/s00586-008-0709-7
http://dx.doi.org/10.1007/s00586-008-0709-7
http://www.ncbi.nlm.nih.gov/pubmed/18594876
http://www.ncbi.nlm.nih.gov/pubmed/14622680
http://www.ncbi.nlm.nih.gov/pubmed/1864332
http://dx.doi.org/10.1007/s00221-008-1571-x
http://dx.doi.org/10.1007/s00221-008-1571-x
http://www.ncbi.nlm.nih.gov/pubmed/18818909
http://dx.doi.org/10.1016/j.jelekin.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21306915
http://www.ncbi.nlm.nih.gov/pubmed/8657437
http://dx.doi.org/10.1016/j.jmpt.2012.10.003
http://dx.doi.org/10.1016/j.jmpt.2012.10.003
http://www.ncbi.nlm.nih.gov/pubmed/23206960


51. Parnianpour M, Nordin M, Kahanovitz N, Frankel V. The triaxial coupling of torque generation of trunk
muscles during isometric exertions and the effect of fatiguing isoinertial movements on the motor output
and movement patterns. Spine. 1988; 13(9):982–92. PMID: 3206305

52. Sparto PJ, Parnianpour M, MarrasWS, Granata KP, Reinsel TE, Simon S. Neuromuscular trunk perfor-
mance and spinal loading during a fatiguing isometric trunk extension with varying torque requirements.
J Spinal Disord. 1997; 10(2):145–56. PMID: 9113613

53. Mannion AF. Fibre type characteristics and function of the human paraspinal muscles: normal values
and changes in association with low back pain. J Electromyogr Kinesiol. 1999; 9:363–77. PMID:
10597049

54. Johanson E, Brumagne S, Janssens L, Pijnenburg M, Claeys K, Pääsuke 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; 20:2152–59. doi: 10.1007/s00586-011-1825-3 PMID: 21533851

55. Gandevia SC. Neural control in humanmuscle fatigue: changes is muscle afferents, moto neurones
and moto cortical drive. Acta Physiol Scand. 1998; 162:275–83. PMID: 9578373

56. Griffin L, Garland SJ, Ivanova T, Gossen ER. Muscle vibration sustains motor unit firing rate during sub-
maximal isometric fatigue in humans. J Physiol. 2001; 535(Pt 3):929–36. PMID: 11559785

Vibration and Trunk Sensorimotor Control in Low Back Pain Patients

PLOS ONE | DOI:10.1371/journal.pone.0135838 August 26, 2015 17 / 17

http://www.ncbi.nlm.nih.gov/pubmed/3206305
http://www.ncbi.nlm.nih.gov/pubmed/9113613
http://www.ncbi.nlm.nih.gov/pubmed/10597049
http://dx.doi.org/10.1007/s00586-011-1825-3
http://www.ncbi.nlm.nih.gov/pubmed/21533851
http://www.ncbi.nlm.nih.gov/pubmed/9578373
http://www.ncbi.nlm.nih.gov/pubmed/11559785

