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Abstract

Background

Trunk axial rotation is a risk factor for chronic low back pain (CLBP). The characteristics of
rotational mobility in the pelvis and spine among CLBP patients are not fully understood.

Purpose

The purpose of this study was to examine three-dimensional kinematic changes, and to
compare the differences of rotational mobility and coupled motion, in patients with and with-
out CLBP.

Methods

Fifteen patients with CLBP and 15 age and sex matched healthy subjects participated in this
study. Each subject performed trunk rotation to maximum range of motion (ROM) in a stand-
ing position. The kinematics data was collected using a three-dimensional motion analysis
system. The outcomes measured were the rotational ROM and the spine/pelvis ratio (SPR)
in transvers plane at both maximum and 50% rotation position. The coupled angles in sagit-
tal and frontal planes were also measured.

Results

No significant differences in rotational ROM of the thorax, pelvis, and spine were observed
between two groups at maximum rotation position. However, there was a significant interac-
tion between groups and rotational ROM of pelvis and spine (F = 4.57, p = 0.04), and the
SPRin CLBP patients was significantly greater than that of the healthy subjects (CLBP;
0.50 £ 0.10 Control; 0.41 £0.12, p = 0.04). The results at 50% rotation position were similar
to that at maximum rotation. This indicates a relative increase in spinal rotation in the CLBP
patients during trunk rotation. Moreover, the CLBP patients exhibited a significantly higher
anterior tilt of the pelvis and extension of the spine in the sagittal plane coupled with rotation.
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Conclusions

CLBP patients had relative hyper rotational mobility of the spine as well as excessive spinal
extension coupled with trunk rotation. These results suggest that uncoordinated trunk rota-
tion might be a functional failure associated with CLBP.

Introduction

Chronic low back pain (CLBP) has been described as a major health problem regardless of
generation [1]. Many cases of low back pain are related to job tasks that involve lifting and
trunk axial rotation (trunk rotation) [2, 3]. Previous studies have reported that motion involv-
ing trunk rotation increase the risk of low back pain by 1.51-2.28 times compared with sub-
jects who do not perform trunk rotation, and is also a risk factor for its recurrence and
chronicity [4, 5]. Although these studies investigated the frequency and duration of trunk rota-
tion as a prospective cohort study, kinematics has not been evaluated. Studying the kinematics
of trunk rotation in CLBP patients is important for estimating the mechanical stress to the
spine.

Trunk rotation mainly is achieved by rotation of the pelvis (in other words, by rotation of
both the hip joints), with a small contribution from the spine [6]. Rotational mobility in the
transverse plane of the lumbar spine is small, compared with that of the thoracic spine [7].
Excessive spinal rotation at the end of range of motion (ROM) may be associated with an
increased risk of CLBP, therefore, it is necessary to examine the kinematic characteristics in
patients with CLBP. A previous study [8] investigated rotational ROM in the spine during
maximum trunk rotation using a three-dimensional motion analysis system, and indicated
that the lumber spine rotation in CLBP patients was significantly greater compared with con-
trol subjects. On the other hand, Al-Eisa et al, [9] has reported that CLBP patients have move-
ment asymmetry, though there were no difference in rotation ROM in the lumber spine
during rotation task. The onset of pain occurs at approximately half of the maximum rota-
tional ROM during activities of daily living in subjects with CLBP [10]. Although some previ-
ous studies [8, 9] have investigated the kinematic differences between subjects with and
without CLBP during trunk rotation, the characteristics of rotational mobility still are not fully
understood. Especially, there is no information regarding analysis of the movement pattern
focusing on the coordination between pelvis and spine mobility in CLBP patients during trunk
rotation.

It is known that coupled motion, or coupling biomechanics—the rotation or translation of
a vertebral body about or along 1 axis that is consistently associated with the main rotation or
translation about another axis [11]—exists in spine motion. Previous studies [12, 13] have
reported that excessive translation of a vertebral body in the sagittal and/or frontal plane dur-
ing rotational movement can lead to spinal disorders due to increased stress on the interverte-
bral discs or joints. However, Sung et al, [8] examined the coupled motion of the lumbar spine
in patients with CLBP using a three-dimensional motion analysis system, and showed that
there was no difference compared with healthy subjects. Thus, there is no consensus on the
kinematic characteristics of coupled motion in patients with CLBP. Since the CLBP patients
exhibited significantly higher coupled rotation during trunk lateral flexion [9, 14], the coupled
motion in sagittal and frontal plane during trunk rotation may also have the same pattern.
Thus, evaluation of coupled motion during trunk rotation is necessary while determining the
kinematic characteristics of CLBP patients.
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The purpose of the present study was to examine the three-dimensional kinematic differ-
ence during trunk rotation, and to compare the rotational mobility and coupled motion in
patients with and without CLBP. We hypothesized that CLBP patients 1) differ in movement
pattern rather than in maximum rotation ROM in the transverse plane, and 2) have excessive
spinal motion coupled with rotation, compared with healthy subjects. Understanding this
would provide an insight into the kinematic characteristics of CLBP patients (in particular,
their spine-pelvis coordination strategies), and would help to develop rehabilitation programs.

Materials and methods

Fifteen patients with nonspecific CLBP and 15 age and sex matched-healthy control subjects
volunteered for this study (Table 1). All the subjects were students at Kyoto University and
played sports activities at a recreational level. The inclusion criteria for the CLBP group were
as follows: history of LBP with an intensity greater than 30 mm on the visual analog scale
(VAS), continuous pain for >3 months, and ability to perform the motion task. CLBP patients
were further screened using a novel questionnaire (S1 and S2 Tables), and those having pain in
the lumbosacral region, buttocks, and thighs, with no nerve root symptoms, were carefully
selected. The items of questionnaire included the kind, degree, and duration of LBP; the type
of motion that induce LBP; whether any medical attention was sought; and complications. The
patients who had not sought any medical attention for their LBP were examined by an ortho-
paedic surgeon to check whether they met the inclusion criteria. Exclusion criteria for the
CLBP patients included previous lumbar surgery, history of neuromuscular or joint disease,
and motor signs of nerve root compression. A total of 18 patients were screened using the
questionnaire, of which 3 patients who had a diagnosis of disc herniation in the past were
excluded. Seven patients who had not previously sought medical attention met the inclusion
criteria, and were included in the study. Finally, 15 patients were included in CLBP group. The
mean scores on the VAS and Oswestry Disability Index (ODI) in the CLBP group within the
month prior to experimental period are presented in Table 1. Subjects in the control group
were included if they had no history of LBP that continued for >3 months in their lifetime, no
LBP in the month prior to experimental period. All subjects were informed of the purpose of
the study, and they provided written informed consent before participating. All test protocols
were approved by the Ethics Committee of Kyoto University (approval no.E-875).

Table 1. Summary of subject anthropometrics.

Sex (male/female)
Age (years)
[range]
Height (cm)
Weight (kg)
Right handed (%)
Sports activity with rotational motion (n)
VAS (mm)
ODI (%)
Duration of CLBP (months)
LBP with trunk rotation (n)

CLBP patients Controls P-value
mean * SD mean = SD
9/6 9/6 1.00
23.0£2.2 25.1+5.2 0.17
[20-37] [21-28]
167.8+8.9 166.3+8.5 0.64
59.8+8.2 58.9+7.7 0.77
100 100 1.00
5 4 1.00
34.9+24.2 0 N/A
14.8+10.9 — N/A
18.8+21.9 none N/A
11 none N/A

SD: standard deviation; CLBP: chronic low back pain; VAS: visual analog scale; ODI: oswestry disability index. N/A indicates not applicable.

https://doi.org/10.1371/journal.pone.0186369.t001
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The motion task

The data were collected with the subject in the standing position, with a toe-out angle of 10°
and their hands on their abdomen. While standing, the distance between both calcanei was set
equal to the individual’s foot length (Fig 1). Data were initially collected for 3 s in the standing
position, followed by the examination of the kinematics of trunk rotation. The subjects were
asked to trunk rotation from the neutral position as far as they could to left side, return to the
initial position, rotate as far as they could to the opposite side, and finally return to the initial
neutral position. The subjects performed each movement in 1 s, which means it took 4 s to
complete the task. In order to adjust its effect on the motion task, the motion speed was con-
trolled using a metronome. After ensuring that were no bilateral differences in ground reac-
tion force between both the foot, in real time at the starting position, each trial was started as
described previously [8]. Before experimental data collection, the subjects practiced the trunk
rotation task at least three times to familiarize themselves with the motion speed. Measure-
ments were repeated thrice.

Procedures

Three-dimensional kinematics were recorded using a 6-camera Vicon motion system (Vicon
Nexus; Oxford Metrics Ltd., Oxford, UK) at a sampling rate of 200 Hz, and a multicomponent
force plate (type 9286A; Kistler, Switzerland) at a sampling rate of 1000 Hz. The subjects were
clothed in close-fitting briefs, and reflective markers were attached to the body according to
the Vicon Plug-in-Gait full-body model (Vicon; Oxford Metrics Ltd., Oxford, UK) marker
placement protocol (Fig 1). The thoracic segment contained 6 markers positioned at the

Fig 1. The starting position of motion task. The reflective markers were attached to specific placement on
the subjects.

https://doi.org/10.1371/journal.pone.0186369.9001
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following sites: the seventh cervical and tenth thoracic vertebrae, jugular notch, xiphoid pro-
cess of the sternum, and left and right acromioclavicular joints. The pelvic segment had 4
markers positioned at the following sites: the left and right anterior superior iliac spine and left
and right posterior superior iliac spine [15]. The axis and direction were defined by the spatial
coordinates prescribed in the laboratory. In the present study, the X-, Y-, and Z-axes repre-
sented the sagittal, frontal, and transverse planes, respectively. The angles of the thorax and
pelvic segment were measured with reference to the global frame. Positive values represented
anterior tilt, lateral flexion, and axial rotation to left side for the thorax and pelvis. We defined
the three-dimensional kinematics of spinal motion to calculate the relative spatial changes
between the thoracic and pelvic segment. Positive values are flexion and lateral flexion and
axial rotation to left side for spine. All these procedures were carried out as described previ-
ously by Wada et al [16]. All data were low-pass filtered using a Woltring filter with a cut-off
frequency of 6 Hz. Two subjects (a man in each group) were lost due to technical errors.

Outcome measures

The angles of the thorax, pelvis, and spine in a static position were calculated. The primary out-
comes measured were the rotational ROM and the spine/pelvis ratio (SPR) in transvers plane.
Fig 2 shows a typical curve of kinematic data in the transverse plane during trunk rotation.
The rotation ROM of the thorax, pelvis, and spine were measured at both maximum and 50%
rotation position. The maximum rotation ROM was defined that summed the absolute values
of left and right angle at maximum rotation position. Similarly, the 50% rotation ROM was
defined that summed the absolute values of left and right at 50% rotation position relative to
maximum. In addition, the SPR, which is defined as the ratio of the magnitude of the spine
movement to that of the pelvis, was used as an index of movement pattern [6]. An important
advantage of this method is that the SPR is normalized to each individual’s mobility during
trunk rotation [17]. As secondary outcomes, the trunk rotation asymmetry (TRA) in transvers
plane and the coupled angles in sagittal and frontal planes during trunk rotation were mea-
sured. TRA were calculated using the asymmetry index, which defines the bilateral difference
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Fig 2. A representative curve of kinematic data during trunk rotation. Curves show the ROM of thorax
(red line), pelvis (dotted line) and spine (blue line) in the transverse plane. The subjects performed trunk
rotation task from the neutral standing position to the left, then to the right, and returned to neutral. The angles
at 50% rotation position (a) and maximum position (b) during left side rotation, 50% rotation position (c) and
maximum position (d) during right side rotation were measured. The positive value represents the phase
during left side rotation, and the negative value represents the phase during right side rotation.

https://doi.org/10.1371/journal.pone.0186369.g002
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between the maximum range to the left and to the right. We used the following equation: TRA
= |(right rotation)—(left rotation)|/(right rotation) + (left rotation) x 100%. In addition, as a
measurement of the coupled motion, the coupled angles in each segment were measured as
the raw values in sagittal and frontal planes, at maximum rotation position. The coupled angles
in the side with larger thorax rotation angle were used for data analysis. These outcome mea-
sures were processed using custom software (MatLab R2008b; The Mathworks Inc., Natick,
MA).

Statistics

All statistical tests were performed using SPSS statistical software (version 11.0; IBM Corpora-
tion, Armonk, NY). The subject characteristics were compared using student’s t-test for con-
tinuous variables with a normal distribution and the chi-square test for categorical variables.
Before analyzed the primary outcomes, unpaired ¢ tests performed to compare with a standing
position. A two-way analysis of variance (ANOVA) was performed for rotation ROM of
dependent variable to determine the interaction and main effects of group (CLBP and control)
and segment (pelvis and spine). Unpaired ¢ tests were applied to rotational ROM and SPR to
determine the inter-group differences. Additionally, the TRA and coupled angles were com-
pared between two groups using unpaired ¢ tests. The alpha level for determining statistical sig-
nificance was set at 0.05.

Results
The rotational ROM and SPR in transvers plane

No significant differences in the angles of the thorax, pelvis, and spine were found between the
2 groups in a static standing position (Table 2). There was a significant interaction between
groups and segments (F = 4.57, p = 0.04, partial n> = 0.08), but no significant main effects
between groups (F = 0.40, p = 0.53, partial n* = 0.01) at maximum rotation ROM. No signifi-
cant differences were observed between the patients with CLBP and the healthy subjects with

Table 2. The angles of the thorax, pelvis, and spine in a static standing position.

CLBP patients Controls P-value 95% CI
Mean + SD Mean  SD
Sagittal plane
Thorax (degree) —-42+41 -1.7+35 0.10 -5.50-0.47
Pelvis (degree) 14.1+4.9 11.0+£7.5 0.22 -1.89-7.98
Spine (degree) -18.3+7.4 -12.7+9.6 0.10 -12.23-1.12
Frontal plane
Thorax (degree) -0.1+£1.2 0.6+2.9 0.37 —2.53-0.96
Pelvis (degree) -0.3+1.6 0.1+2.0 0.54 —1.86-0.99
Spine (degree) 02+1.9 0625 0.65 —2.07-1.32
Transverse plane
Thorax (degree) -1.4+26 -1.3+25 0.93 —2.09-1.91
Pelvis (degree) -0.7+2.8 0.6+1.9 0.19 -3.09-0.64
Spine (degree) -0.8+2.7 -1.9+2.6 0.27 -0.91-3.19

CLBP: chronic low back pain; SD: standard deviation; Cl: confidence intervals; ROM: range of motion. Positive values represented anterior tilt for thorax and
pelvis and flexion for spine in sagittal plane. Positive values represented elevation tilt for thorax and pelvis and lateral flexion for spine toward the left side in
frontal plane.

https://doi.org/10.1371/journal.pone.0186369.t002
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Fig 3. The SPR between CLBP patients and control. The spine/pelvis ratio (SPR) between CLBP patients
and control at maximum and 50% trunk rotation. The higher SPR indicates relative hyper-mobility of spine
regarding to pelvis. * indicates the statistical significance level of p<0.05.

https://doi.org/10.1371/journal.pone.0186369.9003

respect to the overall angles. The SPR was significantly greater in patients with CLBP than in
the healthy subjects (Fig 3). The results of the rotational ROM and SPR in transvers plane are
presented in Table 3.

There was also a significant interaction between groups and segments (F = 4.85, p = 0.03,
partial n* = 0.09), but no significant main effects between groups (F = 0.18, p = 0.67, partial
1* = 0.00) at 50% rotation ROM during trunk rotation. In similar with the results in maximum
rotation ROM, no significant differences were observed between the 2 groups with respect to
the overall angles. However, the SPR was significantly greater in patients with CLBP, compared
with the healthy subjects (Table 3 and Fig 3).

The trunk rotation asymmetry in transvers plane

There were no significant differences between the 2 groups with respect to the thorax (CLBP
patients; 3.8 + 3.4%, Controls; 3.7 + 2.7%, p = 0.97), pelvis (CLBP patients; 3.6 + 2.1%, Con-
trols; 4.6 + 4.4%, p = 0.43), and spine (CLBP patients; 10.9 + 9.3%, Controls; 7.5 £ 5.3%,

p = 0.26) in the asymmetry index.

Table 3. The rotational ROM and SPR in transvers plane.

CLBP patients Controls P-value 95% CI
Mean + SD Mean £ SD
maximum rotation ROM
Thorax (degree) 178.9+21.6 183.8+22.9 0.57 —12.45-22.19
Pelvis (degree) 120.1+16.8 130.8+15.8 0.09 —1.96-23.32
Spine (degree) 58.8+10.5 53.0+13.9 0.22 -15.37-3.76
SPR 0.50+0.10 0.41+0.12 0.04 | " —0.17 - -0.01
50% rotation ROM
Thorax (degree) 88.2+11.1 90.0+£11.5 0.69 —7.03-10.52
Pelvis (degree) 67.5+8.9 72.9+8.5 0.11 -1.36-12.16
Spine (degree) 20.8+7.0 17.1+6.0 0.15 -8.71-1.41
SPR 0.31+£0.11 0.24£0.08 0.04 " —0.15--0.01

CLBP: chronic low back pain; SD: standard deviation; Cl: confidence intervals; ROM: range of motion; SPR: spine/pelvis ratio.
*A P-value <0.05 on the unpaired t test indicates a significant difference between the 2 groups.

https://doi.org/10.1371/journal.pone.0186369.t003
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Table 4. Coupled motion in sagittal and frontal planes.

CLBP patients Controls P-value 95% CI
Mean = SD Mean = SD
Sagittal plane
Thorax (degree) 0.6+2.6 3.4+3.8 0.04 " 0.18-5.26
Pelvis (degree) 14.7+4.8 10.8+3.9 0.03|" —7.30--0.48
Spine (degree) -14.1+£6.2 -7.4+6.1 0.01|" 1.93-11.42
Frontal plane
Thorax (degree) -5.3+4.1 -25+1.4 0.02|" 0.44-5.20
Pelvis (degree) 75+7.6 5.0+6.6 0.36 —7.96-3.03
Spine (degree) -12.8+10.3 -7.5+7.2 0.13 -1.60-12.19

CLBP: chronic low back pain; SD: standard deviation; Cl: confidence intervals; ROM: range of motion. Positive values represented anterior tilt for thorax and
pelvis and flexion for spine in sagittal plane. Positive values represented elevation tilt for thorax and pelvis and lateral flexion for spine toward the left side in

frontal plane.

*A P-value <0.05 on the unpaired ttest indicates a significant inter-group difference.

https://doi.org/10.1371/journal.pone.0186369.1004

Coupled motion in sagittal and frontal planes

Table 4 shows the results of coupled motion in sagittal and frontal planes. CLBP patients
exhibited a significant difference in the sagittal plane coupled with trunk rotation. The anterior
tilt of the pelvic segment and spine extension in patients with CLBP were greater than those of
the healthy subjects. Coupled motion in the lateral tilt and/or lateral flexion of the pelvis and
spine showed no significant differences in the frontal plane between the 2 groups.

Discussion

The results of present study indicated that there were no significant differences in the rota-
tional ROM of the thorax, pelvis, and spine, between the patients with CLBP and the healthy
subjects, during trunk rotation. However, there was a significant interaction between groups
and rotational ROM of pelvis and spine, and the SPR in patients with CLBP was significantly
greater than that of the healthy subjects. These results support our hypothesis that kinematics
characteristics in patients with CLBP differ in the movement pattern of the pelvis and spine,
not but in maximum rotation ROM in transverse plane compared with healthy subjects. The
coupled motion in sagittal plane, which accompanies trunk rotation, were greater than that of
the healthy subjects; and these results further support our hypothesis.

Sung et al. [8] have reported that the rotational ROM of upper thorax in CLBP patients was
significantly lower, and that of lumber was greater, than control group during maximum
trunk rotation. However, our results in the rotational ROM were not consistent with the previ-
ous study. Since the spinal ROM in this study was defined as the relative spatial changes
between the thoracic and pelvic segment, the disparity in results may be due to the difference
in the three-dimensional model employed. The SPR was significantly greater in the patients
with CLBP than in the healthy subjects because of the movement pattern during trunk rota-
tion. The previous study also indicated an increase in the relative mobility of spine [8], which
was similar to our results. An increase in the relative mobility of spine was found at both maxi-
mum and 50% rotation ROM. Therefore, these results suggest that CLBP patients had different
movement pattern compared with healthy subjects not only at the end rage of trunk rotation.
As trunk rotation was achieved by the high contribution of rotational ROM in the pelvis [6],
the relative decrease in pelvic mobility may be associated with the compensatory movement
pattern by spine mobility. Sahrmann et al., [18] defined the phenomenon in which a joint with
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high flexibility begins to move primarily (as compensatory relative flexibility), which can be
seen when various joints move in the same direction, such as in trunk rotation. Actually, previ-
ous studies have reported that CLBP patients have an abnormal relative timing and asymmetry
of pelvic and hip rotation [19, 20]. Therefore, uncoordinated movement pattern such as the
increase of SPR in patients with CLBP has suggested to associate with the mobility of pelvic
segment. Previous study [21] have reported that CLBP patients had less pelvic and unchanged
thoracic rotation during walking as compared to healthy controls. Although the motion tasks
were different, their results suggested a relative increase in spinal rotation, consistent with the
results of present study. Another study [22] showed asymmetry pattern in spine motion in
CLBP patients during walking, therefore these findings suggested that CLBP patients had
uncoordinated movement patterns during walking as well as during trunk rotation.

The results of present study that the CLBP patients had significantly greater motion of the
pelvis and spine in the sagittal plane coupled with trunk rotation were consistent with previous
study [9]. However, considering the lower limits of the 95% confidence intervals, the pelvic
anterior tilt angle showed only a minor difference in patients with CLBP, which may not be of
clinical importance. By contrast, the spinal extension angle in patients with CLBP was greater
than that of control subjects, with a satisfactory difference in the 95% confidence intervals.
Hyper rotation in the lumbar vertebral segment itself does not induce intervertebral disc injury,
but compounded movements in other planes can increase the risk of LBP [12, 23]. Thus, the
increased mechanical stress of the spine in CLBP patients may be associated with excessive spi-
nal extension coupled with trunk rotation, in addition to abnormal movement pattern in the
transverse plane. Although the intra-abdominal pressure (IAP) increase stiffness of the lumber
spine [24, 25], trunk rotation was disadvantageous for elevating the IAP [26]. Furthermore,
muscle activity of multifidus muscle which contributes to spinal stabilization was decreased in
CLBP patients during trunk rotation [27]. Spinal instability due to decrease in IAP and muscle
activity may be related to excessive spinal extension coupled with trunk rotation.

This study has several limitations. Firstly, the three-dimensional model used in present study
should be assessed with caution because the thorax was considered a single rigid segment based
on the markers set on VICON model. However, the thorax consists of several mobile parts. To
simplify the analysis, it is generally assumed that the thorax is a rigid segment [28]. Although
more detailed trunk models provide more detailed spinal motion information, it is difficult to
evaluate trunk motion using these models in the clinical setting. Since the VICON model has
been widely used in several studies [16, 29, 30], it can be judiciously used for the assessment of
spinal motion. The second limitation was the selection of the CLBP patients, which included var-
ious types of back pain caused by numerous factors (for example, trunk forward and backward
bending, axial rotation, and standing for prolonged time). Therefore, the motion task in this
study may not be a critical movement for each CLBP patients. It is necessary to classify the CLBP
subjects into subgroups based on the painful motion and to analyze kinematics in future studies.

Conclusions

The present study showed that patients with CLBP had relative hyper rotational mobility of
the spine as well as excessive spinal extension coupled with trunk rotation. The results suggest
that uncoordinated movement during trunk rotation might be a functional failure associated
with CLBP.

Supporting information

§1 Table. Low back pain questionnaire. The subjects who experience low back pain with an
intensity greater than 30 mm on the visual analog scale and with duration of >3 months,

PLOS ONE | https://doi.org/10.1371/journal.pone.0186369 October 17, 2017 9/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186369.s001
https://doi.org/10.1371/journal.pone.0186369

@° PLOS | ONE

Relative mobility of the pelvis and spine during trunk rotation in CLBP patients

kindly answer this questionnaire.
(DOCX)

S2 Table. Low back pain questionnaire (Japanese Edition). The subjects who experience low
back pain with an intensity greater than 30 mm on the visual analog scale and with duration of
>3 months, kindly answer this questionnaire in Japanese.

(DOCX)

Acknowledgments

We would like to acknowledge all volunteers for participating in this study.

Author Contributions

Conceptualization: Masashi Taniguchi.

Data curation: Masashi Taniguchi.

Formal analysis: Masashi Taniguchi, Hiroshige Tateuchi, Noriaki Ichihashi.
Investigation: Masashi Taniguchi, Hiroshige Tateuchi.

Methodology: Masashi Taniguchi, Hiroshige Tateuchi.

Project administration: Noriaki Ichihashi.

Resources: Noriaki Ichihashi.

Supervision: Noriaki Ichihashi.

Visualization: Masashi Taniguchi.

Writing - original draft: Masashi Taniguchi, Hiroshige Tateuchi, Satoko Ibuki, Noriaki
Ichihashi.

Writing - review & editing: Masashi Taniguchi, Hiroshige Tateuchi, Satoko Ibuki, Noriaki
Ichihashi.

References

1.  Shmagel A, Foley R, Ibrahim H. Epidemiology of Chronic Low Back Pain in US Adults: Data From the
2009-2010 National Health and Nutrition Examination Survey. Arthritis Care Res (Hoboken). 2016; 68
(11):1688-94. https://doi.org/10.1002/acr.22890 PMID: 26991822; PubMed Central PMCID:
PMCPMC5027174.

2. XuY, Bach E, Orhede E. Work environment and low back pain: the influence of occupational activities.
Occup Environ Med. 1997; 54(10):741-5. Epub 1997/12/24. PMID: 9404322; PubMed Central PMCID:
PMC1128929.

3. Hoogendoorn WE, Bongers PM, de Vet HC, Douwes M, Koes BW, Miedema MC, et al. Flexion and
rotation of the trunk and lifting at work are risk factors for low back pain: results of a prospective cohort
study. Spine (Phila Pa 1976). 2000; 25(23):3087-92. PMID: 11145822.

4. Rohrer MH, Santos-Eggimann B, Paccaud F, Haller-Maslov E. Epidemiologic study of low back pain in
1398 Swiss conscripts between 1985 and 1992. Eur Spine J. 1994; 3(1):2-7. PMID: 7874536.

5. Plouvier S, Chastang JF, Cyr D, Bonenfant S, Descatha A, Goldberg M, et al. Occupational biomechan-
ical exposure predicts low back pain in older age among men in the Gazel Cohort. Int Arch Occup Envi-
ron Health. 2014. https://doi.org/10.1007/s00420-014-0979-9 PMID: 25218459.

6. LeeRY, Wong TK. Relationship between the movements of the lumbar spine and hip. Hum Mov Sci.
2002; 21(4):481-94. Epub 2002/11/27. PMID: 12450680.

7. Masharawi Y, Rothschild B, Dar G, Peleg S, Robinson D, Been E, et al. Facet orientation in the thoraco-
lumbar spine: three-dimensional anatomic and biomechanical analysis. Spine (Phila Pa 1976). 2004;
29(16):1755-63. Epub 2004/08/11. PMID: 15303019.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186369 October 17, 2017 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186369.s002
https://doi.org/10.1002/acr.22890
http://www.ncbi.nlm.nih.gov/pubmed/26991822
http://www.ncbi.nlm.nih.gov/pubmed/9404322
http://www.ncbi.nlm.nih.gov/pubmed/11145822
http://www.ncbi.nlm.nih.gov/pubmed/7874536
https://doi.org/10.1007/s00420-014-0979-9
http://www.ncbi.nlm.nih.gov/pubmed/25218459
http://www.ncbi.nlm.nih.gov/pubmed/12450680
http://www.ncbi.nlm.nih.gov/pubmed/15303019
https://doi.org/10.1371/journal.pone.0186369

@° PLOS | ONE

Relative mobility of the pelvis and spine during trunk rotation in CLBP patients

10.

11.

12

13.

14.

15.

16.

17.

18.
19.

20.

21.

22,

23.

24,

25.

26.

27.

Sung PS, Park WH, Kim YH. Three-dimensional Kinematic Lumbar Spine Motion Analyses of Trunk
Motion During Axial Rotation Activities. J Spinal Disord Tech. 2011. Epub 2012/01/03. https://doi.org/
10.1097/BSD.0b013e3182404b87 PMID: 22210514.

Al-Eisa E, Egan D, Deluzio K, Wassersug R. Effects of pelvic skeletal asymmetry on trunk movement:
three-dimensional analysis in healthy individuals versus patients with mechanical low back pain. Spine
(Phila Pa 1976). 2006; 31(3):E71-9. Epub 2006/02/02. https://doi.org/10.1097/01.brs.0000197665.
93559.04 PMID: 16449891.

Marras WS, Lavender SA, Leurgans SE, Fathallah FA, Ferguson SA, Allread WG, et al. Biomechanical
risk factors for occupationally related low back disorders. Ergonomics. 1995; 38(2):377—410. Epub
1995/02/01. https://doi.org/10.1080/00140139508925111 PMID: 7895740.

Sizer PS Jr., Brismee JM, C. Coupling behavior of the thoracic spine: a systematic review of the litera-
ture. J Manipulative Physiol Ther. 2007; 30(5):390-9. Epub 2007/06/19. https://doi.org/10.1016/j.jmpt.
2007.04.009 PMID: 17574958.

Adams MA, Hutton WC. The relevance of torsion to the mechanical derangement of the lumbar spine.
Spine (Phila Pa 1976). 1981; 6(3):241-8. Epub 1981/05/01. PMID: 7268544.

Ng JK, Parnianpour M, Richardson CA, Kippers V. Functional roles of abdominal and back muscles dur-
ing isometric axial rotation of the trunk. J Orthop Res. 2001; 19(3):463—71. Epub 2001/06/12. https:/
doi.org/10.1016/S0736-0266(00)90027-5 PMID: 11398861.

Lund T, Nydegger T, Schlenzka D, Oxland TR. Three-dimensional motion patterns during active bend-
ing in patients with chronic low back pain. Spine (Phila Pa 1976). 2002; 27(17):1865—74. PMID:
12221351.

Tateuchi H, Wada O, Ichihashi N. Effects of calcaneal eversion on three-dimensional kinematics of the
hip, pelvis and thorax in unilateral weight bearing. Hum Mov Sci. 2011; 30(3):566—73. Epub 2011/04/05.
https://doi.org/10.1016/j.humov.2010.11.011 PMID: 21459469.

Wada O, Tateuchi H, Ichihashi N. The correlation between movement of the center of mass and the
kinematics of the spine, pelvis, and hip joints during body rotation. Gait Posture. 2014; 39(1):60—4.
https://doi.org/10.1016/j.gaitpost.2013.05.030 PMID: 23810089.

Wong TK, Lee RY. Effects of low back pain on the relationship between the movements of the lumbar
spine and hip. Hum Mov Sci. 2004; 23(1):21-34. Epub 2004/06/18. https://doi.org/10.1016/j.humov.
2004.03.004 PMID: 15201039.

Sahrmann s. Daignosis and Treatment of Movement Impairment Syndromes. Mosby, Inc. 2002.

Van Dillen LR, Gombatto SP, Collins DR, Engsberg JR, Sahrmann SA. Symmetry of timing of hip and
lumbopelvic rotation motion in 2 different subgroups of people with low back pain. Arch Phys Med Reha-
bil. 2007; 88(3):351-60. Epub 2007/02/27. https://doi.org/10.1016/j.apmr.2006.12.021 PMID:
17321829.

Al-Eisa E, Egan D, Deluzio K, Wassersug R. Effects of pelvic asymmetry and low back pain on trunk
kinematics during sitting: a comparison with standing. Spine (Phila Pa 1976). 2006; 31(5):E135-43.
Epub 2006/03/02. https://doi.org/10.1097/01.brs.0000201325.89493.5f PMID: 16508537.

Muller R, Ertelt T, Blickhan R. Low back pain affects trunk as well as lower limb movements during walk-
ing and running. J Biomech. 2015; 48(6):1009—14. https://doi.org/10.1016/j.jpiomech.2015.01.042
PMID: 25700607.

Christe G, Kade F, Jolles BM, Favre J. Chronic low back pain patients walk with locally altered spinal
kinematics. J Biomech. 2017; 60:211-8. https://doi.org/10.1016/j.jpoiomech.2017.06.042 PMID:
28716466.

Pearcy MJ. Twisting mobility of the human back in flexed postures. Spine (Phila Pa 1976). 1993; 18
(1):114-9. Epub 1993/01/01. PMID: 8434311.

Hodges PW, Eriksson AE, Shirley D, Gandevia SC. Intra-abdominal pressure increases stiffness of the
lumbar spine. J Biomech. 2005; 38(9):1873-80. https://doi.org/10.1016/j.jbiomech.2004.08.016 PMID:
16023475.

Stokes |IA, Gardner-Morse MG, Henry SM. Abdominal muscle activation increases lumbar spinal stabil-
ity: Analysis of contributions of different muscle groups. Clin Biomech (Bristol, Avon). 2011. Epub 2011/
05/17. https://doi.org/10.1016/j.clinbiomech.2011.04.006 PMID: 21571410.

Goldish GD, Quast JE, Blow JJ, Kuskowski MA. Postural effects on intra-abdominal pressure during
Valsalva maneuver. Arch Phys Med Rehabil. 1994; 75(3):324—7. PMID: 8129587.

Ng JK, Richardson CA, Parnianpour M, Kippers V. EMG activity of trunk muscles and torque output dur-
ing isometric axial rotation exertion: a comparison between back pain patients and matched controls. J
Orthop Res. 2002; 20(1):112-21. Epub 2002/02/22. https://doi.org/10.1016/S0736-0266(01)00067-5
PMID: 11855379.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186369 October 17, 2017 11/12


https://doi.org/10.1097/BSD.0b013e3182404b87
https://doi.org/10.1097/BSD.0b013e3182404b87
http://www.ncbi.nlm.nih.gov/pubmed/22210514
https://doi.org/10.1097/01.brs.0000197665.93559.04
https://doi.org/10.1097/01.brs.0000197665.93559.04
http://www.ncbi.nlm.nih.gov/pubmed/16449891
https://doi.org/10.1080/00140139508925111
http://www.ncbi.nlm.nih.gov/pubmed/7895740
https://doi.org/10.1016/j.jmpt.2007.04.009
https://doi.org/10.1016/j.jmpt.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17574958
http://www.ncbi.nlm.nih.gov/pubmed/7268544
https://doi.org/10.1016/S0736-0266(00)90027-5
https://doi.org/10.1016/S0736-0266(00)90027-5
http://www.ncbi.nlm.nih.gov/pubmed/11398861
http://www.ncbi.nlm.nih.gov/pubmed/12221351
https://doi.org/10.1016/j.humov.2010.11.011
http://www.ncbi.nlm.nih.gov/pubmed/21459469
https://doi.org/10.1016/j.gaitpost.2013.05.030
http://www.ncbi.nlm.nih.gov/pubmed/23810089
https://doi.org/10.1016/j.humov.2004.03.004
https://doi.org/10.1016/j.humov.2004.03.004
http://www.ncbi.nlm.nih.gov/pubmed/15201039
https://doi.org/10.1016/j.apmr.2006.12.021
http://www.ncbi.nlm.nih.gov/pubmed/17321829
https://doi.org/10.1097/01.brs.0000201325.89493.5f
http://www.ncbi.nlm.nih.gov/pubmed/16508537
https://doi.org/10.1016/j.jbiomech.2015.01.042
http://www.ncbi.nlm.nih.gov/pubmed/25700607
https://doi.org/10.1016/j.jbiomech.2017.06.042
http://www.ncbi.nlm.nih.gov/pubmed/28716466
http://www.ncbi.nlm.nih.gov/pubmed/8434311
https://doi.org/10.1016/j.jbiomech.2004.08.016
http://www.ncbi.nlm.nih.gov/pubmed/16023475
https://doi.org/10.1016/j.clinbiomech.2011.04.006
http://www.ncbi.nlm.nih.gov/pubmed/21571410
http://www.ncbi.nlm.nih.gov/pubmed/8129587
https://doi.org/10.1016/S0736-0266(01)00067-5
http://www.ncbi.nlm.nih.gov/pubmed/11855379
https://doi.org/10.1371/journal.pone.0186369

o @
@ : PLOS | ONE Relative mobility of the pelvis and spine during trunk rotation in CLBP patients

28. Armand S, Sangeux M, Baker R. Optimal markers’ placement on the thorax for clinical gait analysis.
Gait Posture. 2014; 39(1):147-53. https://doi.org/10.1016/j.gaitpost.2013.06.016 PMID: 23849985.

29. Riley PO, Dicharry J, Franz J, Della Croce U, Wilder RP, Kerrigan DC. A kinematics and kinetic compar-
ison of overground and treadmill running. Med Sci Sports Exerc. 2008; 40(6):1093—100. https://doi.org/
10.1249/MSS.0b013e3181677530 PMID: 18460996.

30. Attias M, Bonnefoy-Mazure A, Lempereur M, Lascombes P, De Coulon G, Armand S. Trunk move-
ments during gait in cerebral palsy. Clin Biomech (Bristol, Avon). 2015; 30(1):28-32. https://doi.org/10.
1016/j.clinbiomech.2014.11.009 PMID: 25480360.

PLOS ONE | https://doi.org/10.1371/journal.pone.0186369 October 17, 2017 12/12


https://doi.org/10.1016/j.gaitpost.2013.06.016
http://www.ncbi.nlm.nih.gov/pubmed/23849985
https://doi.org/10.1249/MSS.0b013e3181677530
https://doi.org/10.1249/MSS.0b013e3181677530
http://www.ncbi.nlm.nih.gov/pubmed/18460996
https://doi.org/10.1016/j.clinbiomech.2014.11.009
https://doi.org/10.1016/j.clinbiomech.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25480360
https://doi.org/10.1371/journal.pone.0186369

