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Abstract 

Background  Low back pain (LBP) is a long-lasting condition with a variable course rather than pain episodes of unre-
lated occurrences. Thus, the remission stage between the symptom recurrence is critical. This study aimed to inves-
tigate the trunk control of the symptom remission people with low back pain (LBP-R) during gait based on a multi-
segmental spine model, including the musculoskeletal factors of lumbar muscle activity and regional thoracic 
and lumbar kinematics.

Methods  Twenty-one males (10 LBP-R, age 23–37, height 165–185 cm, weight 60–74 kg; 11 controls, age 23–38, 
height 164–183 cm, weight 55–80 kg) were evaluated using 3D motion analysis and surface electromyography 
(sEMG). The thoracic (T) and lumbar (L) spine were divided into upper and lower portions separately (T3-T7; T7-T12; 
T12-L3; L3-L5). This pilot study investigated the segmental redundancy with the cross-correlation analyses of spine 
kinematic time series (Rxy) and correlation analyses of the range of motion between adjacent segments (RROM) dur-
ing gait. Meanwhile, the bilateral lumbar erector spinae (ES) and multifidus (MF) muscle activation during the stance 
and swing phases were calculated respectively.

Results  The Upper Thoracic/Lower Thoracic pairing in the sagittal plane significantly showed a very strong correla-
tion (Rxy:0.93) in the LBP-R group, while the controls displayed a weak correlation (Rxy:0.22). In addition, the Lower 
Thoracic/Upper Lumbar and Lower Lumbar/Pelvis pairings in the sagittal plane for the LBP-R group significantly 
showed very weak to weak correlations (Rxyrange: 0.17–0.24), while the healthy controls displayed moderate correla-
tions (Rxyrange: 0.49–0.52). Most RROM values demonstrated very weak to moderate correlations (Number of pairings: 
21/24). Compared with healthy controls, left-side ES muscle activation in the LBP-R group was significantly greater 
during the ipsilateral swing phase and smaller during the ipsilateral stance phase (P < 0.05).

Conclusions  Compared with healthy controls, the LBP-R group exhibited higher lumbar ES activation dur-
ing the swing phase and altered movement redundancy between adjacent spinal segments in the sagittal plane. As 
effectively mechanical biomarkers, such findings may help establish a new approach to rehabilitation and self-man-
agement for LBP experiencers. A larger sample size is required to generalize these findings to the broader population.
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Introduction
Low back pain (LBP) is frequently referred to in com-
ing decades along with the quickly developing society 
and increasing life stress [1]. Several recent studies have 
attached the importance to the remission gap between 
back pain recurrence episodes. They reported that the 
pain remission stage might also disturb the trunk con-
trol except for in-pain episodes, including modified back 
muscle recruitment pattern, decreased spinal movement, 
altered thorax-pelvis coordination and maladaptive 
behaviours [2–4]. Therefore, current findings collectively 
suggested that LBP was a long-lasting condition with a 
variable course rather than pain episodes of unrelated 
occurrences [5]. Spine kinematics was considered a good 
choice to better describe the function disorder of trunk 
control during the remission stage [6, 7]. However, the 
research scope on spine kinematics among the symptom 
remission people with LBP (LBP-R) currently lacks suf-
ficient evidence.

Regarding spine kinematics, the most common reflec-
tive marker setting in gait analysis is the Plug-in-Gait 
model, whose landmark number of the spinous portion 
is only two (C7 and T10) [8]. This model is too simplis-
tic to accurately capture the biomechanical characteris-
tics of a multi-segmental spine, which provides a more 
precise representation of the trunk in terms of fit [9]. A 
growing body of empirical evidence supported that we 
should break up the rigid spine into smaller portions, 
detecting the inter- or intra-segmental rhythm of the 
spine by increasing the degrees of freedom (DOF) [10–
15]. Various types of multi-segmental spine models have 
been employed among the several studies of LBP, rang-
ing from 2 to 8 subsections [16]. The essential markers 
to accurately describe the motions of the regional spine 
were mainly located at the T1/T3, T6/T7, T12/L1, L3 
and L5 of vertebrae. One of the most fitting protocols 
was dividing the thoracic and lumbar spine into upper 
and lower portions separately [17, 18]. The prior studies 
related to this type of multi-segmental spine model have 
proved the difference in altered spine segmental redun-
dancy, decreased motions of lower lumbar in the fron-
tal plane and more asymmetrical lower thoracic motion 
in the transverse plane when compared the LBP people 
with healthy controls [12, 19]. However, these problems 
among the LBP-R group remain unclear, which might 
provide more evidence to support the maladaptive theory 
on regional spine kinematics.

Furthermore, the relationship between spinal biome-
chanics and muscle activity indicates that decreased 
spinal mobility is often associated with increased back 
muscle activation and enhanced trunk stiffness in indi-
viduals with LBP [20]. Although increased stiffness of 
back muscle may protect the spinal structures, it also has 

long-term consequences for spinal health and LBP recur-
rence due to compromised trunk dynamics [21]. Hence, 
in this study, research on paraspinal muscles is necessary. 
The analysis of the lumbar muscle activation during gait 
might broaden the understanding of multi-segmental 
spine kinematics. The paraspinal lumbar muscles are 
usually divided into the erector spinae (ES, also called 
lumbar longissimus) and the transversospinales (MF, 
multifidus as a major component). In the previous study, 
the LBP-R group displayed decreased bilateral longis-
simus co-activation and redistribution of activity across 
the back ES muscle during gait [3, 4]. Regarding the MF, 
LBP-R patients would have delayed recruitment onset 
and morphology changes like increased muscle thickness 
to respond to insufficient preparation for spinal loading 
[22, 23]. However, simultaneous combined muscle acti-
vation along with regional spine kinematics has not been 
previously studied. This study integrated both aspects, 
offering a comprehensive perspective on musculoskel-
etal characteristics and improved insights into altered 
motor control strategies, with implications for clinical 
rehabilitation.

Therefore, the purpose of this study was to investigate 
the trunk control of the LBP-R group during gait based 
on a multi-segmental spine model, including the muscu-
loskeletal factors of lumbar muscle activity and regional 
thoracic and lumbar kinematics. Considering the pre-
dominant current literature, this study hypothesized that 
the LBP-R group would show a stiffness trunk control, 
consisting of increased back muscle activation, reduced 
motions of the spine and altered regional spine couplings 
between adjacent segments, which might be parts of evi-
dence that the altered motor control was related to adap-
tive changes rather than the presence of pain.

Methods
Participants
In the current pilot study, 21 males were recruited due 
to the consideration of gender differences among LBP 
subjects. The occupational and ergonomic factors, such 
as standing posture leaning forward were more associ-
ated with women LBP experiencers, which may affect 
the spine kinematics during gait [24]. The control group 
(n = 11) was matched with the LBP-R group (n = 10) by 
age, height, weight, and body mass index (BMI). This 
study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Institutional 
Review Board of Tohoku University Graduate School of 
Medicine (2021–1–049). All participants gave written 
informed consent approved by the Ethics Institutional 
Review Board.

Participants in the LBP-R group were included if they 
met the following criteria: 1) males; 2) 20–40 years old; 
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3) experienced localized back pain between the lower 
posterior margin of the 12th rib cage and the horizontal 
gluteal fold; 4) experienced LBP no less than twice within 
the past two years; 5) self-reportedly LBP has affected 
their daily life or work; and 6) were in the remission stage 
at the time of data collection (i.e., before and after walk-
ing trials, self-evaluated back pain intensity by visual 
analog scale (VAS, 0–100 mm) twice, required < = 5/100 
mm score) [20]. The participants were excluded when 
they: 1) had a history of low back surgery, spinal stenosis, 
scoliosis, malignancy, spinal infection, or lumbar radicu-
lopathy; 2) had a severe history of musculoskeletal or 
neurological injury; or 3) were unable to independently 
walk.

Experimental procedures
Participants’ demographics, LBP history, and Fear-
Avoidance Beliefs Questionnaire (FABQ-Japanese ver-
sion) answers were investigated before the trials [25]. 
Five trials for the 7-m pathway were conducted at the 
preferred speed of level walking. A 30–60 s rest was pro-
vided between each trial. Participants were instructed 
to do several active monoplanar movement after trials, 
consisting of forward flexion and backward extension, 
bilateral lateral flexion when both in standing pose, and 
axial rotation to each side when sitting on a solid chair 
with arms crossed. Lastly, experienced physical therapists 
did a straight leg raising test to screen for radiculopathy 
symptoms, which are common in lumbar disc herniation 
patients.

Laboratory testing
The walking process was recorded with an 8-camera 
motion analysis system (MAC 3D; Motion Analysis Cor-
poration, Santa Rosa, CA, USA). Thirty-two retroreflec-
tive markers were placed on the following anatomical 
landmarks for all subjects (Fig.  1) referring to previous 
studies on patients with LBP [17, 18]: bilateral acromion; 
the spinous processes of T3, T12, L3, and L5; 6 cm to 
the right and left of the T7 spinous process; 4 cm to the 
right and left of the L1 and L4 spinous processes; bilateral 
anterior and posterior superior iliac spine (ASIS, PSIS); 
bilateral greater trochanter, lateral and medial epicon-
dyle, lateral and medial malleolus, 1st and 5th metacar-
pophalangeal joints, and calcaneus. Spine palpation has 
proven excellent intra-rater reliability [26, 27].

The surface electromyography (sEMG) data of bilat-
eral ES and MF was recorded by four surface electrodes 
(sEMG: WEB-1000, Nihon Kohden Corporation, Tokyo, 
Japan; surface electrodes: ZB-150H, Nihon Kohden Cor-
poration, Tokyo, Japan) according to SENIAM on rec-
ommendations for sensor locations in back muscles. 
The setting method of surface electrodes: 1) ES: vertical 

orientation and over the palpable bulge of muscle, where 
two finger widths (approx. 3 cm) lateral from the L1 
spinous process, 2) MF: on and aligned with a line from 
the caudal tip of the PSIS to the interspace between the 
L1 and the L2 spinous processes and kept at the level of 
the L4 spinous process [28, 29].

Data analysis
All kinematic data analysis used Visual3D (Version 
6, C-Motion, Inc., Germantown, MD, USA) and was 

Fig. 1  Thirty-two retroreflective markers’ location 
and the multi-segmental spine model description of a typical 
participant with markers from a back view
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primarily low-pass filtered at 6 Hz [30]. Time series gait 
data from the right heel strike (RHS) to the subsequent 
RHS was normalized to 101 data points. This study deter-
mined the gait event of the RHS and right toe off (RTO) 
using foot speed relative to the pelvis [31, 32].

A kinematic model of the multi-segmental spine was 
used to derive the joint angles in three anatomical planes. 
This model has been evaluated to be valid (R2 > 0.84) and 
reliable (greater intraclass correlation coefficient than 
0.97) [17]. Each spine segment was defined with the 
x-axis oriented from left to right using two lateral spine 
markers (+ x: from left to right), the z-axis oriented from 
the marker on the spinous process cephalad to the mid-
distance between the lateral spine markers (+ z: from 
below to up), the y-axis oriented orthogonal to the x–z 
plane (+ y: from posterior to anterior). This coordinate 
system building method was employed in the upper tho-
racic (UT), lower thoracic (LT), upper lumbar (UL), and 
lower lumbar (LL). The CODA pelvis in Visual3D was 
used to define the pelvic segment by bilateral ASISs and 
PSISs, as shown in Fig. 2.

Relative joint angles between adjacent spine segments 
were then calculated. The pelvis was defined based on 
the position of the pelvic segment relative to the labora-
tory coordinate system. The range of motion (ROM) in all 
three planes for each spine segment was calculated as the 
difference between the maximum and minimum angles. 
The mean of ROM was determined across the five trials 
and in each segment and used to calculate correlation 
coefficients between adjacent segments (RROM).

Cross-correlation analyses were conducted on the 
time series of 3D angle data between pairings of adja-
cent spine segments to assess segmental redundancy 
[12]. A total of 4 analyses were performed (UT vs LT, 
LT vs UL, UL vs LL, LL vs Pelvis). Cross-correlation 
analysis determines the spatial and temporal similar-
ity between two signals, which could assess the extent 
of the association between the kinematic time series 
of two adjacent segments. When the time series are 
aligned, cross-correlation coefficients (Rxy) at time 
lag zero were extrapolated to quantify the strength of 
relationship. Raw cross-correlation coefficients (Rxy) 
were transformed with a Fisher Z-transformation, used 
to calculate the mean Rxy over five gait trials for each 
participant, and then averaged across both groups to 
enable a comparison between segmental redundancy. 
Calculations were performed with MATLAB (The 
MathWorks, Inc., Natick, USA).

EMG data were bandpass filtered between 30 and 
470 Hz, then the signal was smoothed using a 100 ms 
moving window, and the full wave was rectified finally. 
Bilateral ES and MF muscle activity was divided into 
each gait cycle’s stance phase (defined from RHS to 
RTO) and swing phase (defined from RTO to RHS). For 
the detailed normalization method, the averaged values 
of EMG in the stance phase and swing phase separately 
relative to the whole gait cycle were used as the results 
of each walking trial. Later, the final data was averaged 
within five gait cycles.

Fig. 2  The coordinate system building method used in Visual3D
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Statistical analysis
Independent t-tests were performed between groups to 
test for differences in demographics, gait parameters, 
sEMG of ES and MF, mean ROMs and Rxy values. Spear-
man’s rank correlation and Pearson product moment cor-
relation coefficients (RROM) were calculated for non- and 
normally distributed data respectively, showing the cor-
relation of ROMs between adjacent spinal segments in 
the three anatomical planes. The normality of the data 
was assessed using Q-Q plots and the Shapiro–Wilk test. 
Correlation coefficients (Rxy, RROM) were interpreted as 
follows [19]: very weak (0.00–0.19), weak (0.20–0.39), 
moderate (0.40–0.59), strong (0.60–0.79) and very strong 
(0.80 –1.00). All statistical analysis used SPSS version 26 
(IBM SPSS Inc., Armonk, NY), and the level of signifi-
cance was set at P < 0.05.

Results
According to the investigation of past back pain dura-
tion, all the LBP-R participants could be identified as 
acute LBP experiencers (< 6 weeks) in this study. Table 1 
showed no significant differences between groups in gait 
parameters of speed and cadence, but the LBP-R group 
showed a faster speed and cadence than the controls. 
The level of the fear-avoidance beliefs on physical activity 
(PA) in the LBP-R group was approximately equal to the 
cut-off value (= 14), while the part of work (W) was lower 
than the cut-off score (< 29). One participant reported 
mild back pain after the trials, but the VAS score was no 
more than 5/100 mm.

sEMG of the ES and MF
Table  2 showed that compared with healthy controls, 
left-side ES muscle activation during the ipsilateral 
swing phase was significantly greater in the LBP-R 
group (p = 0.016). Meanwhile, the left-side ES muscle 
activation during the ipsilateral stance phase was sig-
nificantly smaller in the LBP-R group (p = 0.017).

Rxy values between spine adjacent segments
Table 3 showed the Rxy values and the 95% confidence 
interval (CI) of the difference for three anatomical 
planes of motion in both groups during gait. In the sag-
ittal plane, the UT/LT pairing significantly showed a 
very strong correlation (Rxy:0.93) in the LBP-R group, 
while the control group displayed a weak correlation 
(Rxy:0.22). On the contrary, the LT/UL and LL/Pel-
vis pairings in the LBP-R group significantly displayed 
very weak to weak correlations (Rxyrange:0.17–0.24) 
while the control group showed moderate correla-
tions (Rxyrange:0.49–0.52). Although in the frontal and 
transverse planes, this study did not detect a significant 
difference between groups, the correlation values of 
adjacent segments in the LBP-R group (weak to moder-
ate, Rxyrange:0.25–0.54) were at a lower level than the 
control group (moderate to strong, Rxyrange:0.37–0.74). 
In Fig.  4, the Rxy values were transformed into visual-
ized color bars based on the five levels of correlation 
coefficients.

In addition, strong to very strong correlations were 
observed only in 2 cases out of 24 analyzed results, 
including the UT/LT pairing (Rxy:0.93) in the sagit-
tal plane of the LBP-R group and the LL/Pelvis pair-
ing (Rxy:0.74) in the frontal plane of the controls group, 
these are highlighted in Table 3 with bold font.

Table 1  Participant characteristics

Values given are Mean ± SD/{Range}

LBP-R low back pain remission group, FABQ Fear-Avoidance Beliefs 
Questionnaire, PA Physical Activity, W Work, N/A not applicable, VAS visual 
analog scale

LBP-R (n = 10) Control (n = 11)

Age (years) 28.5 ± 4.8 25.9 ± 4.7

Height (cm) 174.2 ± 7.8 175.0 ± 5.2

Weight (kg) 65.9 ± 5.3 67.6 ± 6.7

BMI (kg/m2) 21.7 ± 1.6 22.1 ± 1.9

Time(mo.) since initial episode 49.0 ± 29.9 {1–104} N/A

Time(mo.) since pain-free episode 9.7 ± 9.7 {0–24} N/A

FABQ-PA (0–24) 14.6 ± 5.5 {5–24} N/A

FABQ-W (0–42) 14.6 ± 6.8 {8–28} N/A

Pain before walking VAS (mm) 
(0–100)

1.0 ± 2.1 0

Pain after walking VAS (mm) 
(0–100)

1.0 ± 2.1 0

speed (m/s) 1.39 ± 0.20 1.31 ± 0.10

cadence (steps/min) 113.50 ± 6.93 111.54 ± 3.55

Table 2  sEMG of the lumbar ES and MF muscles

Values given are Mean ± SD (%)
* Significant difference between groups (P < .05)

ES Erector spinae, MF Multifidus

LBP-R Control

Erector Spinae Right Stance 0.78 ± 0.10 0.80 ± 0.09

Swing 1.42 ± 0.19 1.33 ± 0.11

Left Stance* 1.15 ± 0.07 1.07 ± 0.08

Swing* 0.71 ± 0.13 0.88 ± 0.15

Multifidus Right Stance 0.86 ± 0.09 0.88 ± 0.14

Swing 1.28 ± 0.17 1.23 ± 0.26

Left Stance 1.03 ± 0.06 1.02 ± 0.09

Swing 0.96 ± 0.12 0.95 ± 0.17
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ROM of regional spine segments in the three anatomical 
planes
3-dimensional ROM mean values of all analyzed seg-
ments were reported in Fig.  3 for both groups, which 
showed no significant difference between groups. 
The regional segment motions of the sagittal plane 
in the thoracic and lumbar spine were observed 
wider than the frontal or transverse plane during 
gait (ROMrange_X:2.78–19.23; ROMrange_Y:4.02–4.51; 
ROMrange_Z:1.66–8.78).

In Table  4, the correlation coefficient values (RROM) 
between segment pairings showed a different variability 

to Rxy across segment couplings and participant groups. 
The significant correlation results, which mainly in the 
healthy controls, were reported in the LT/UL (p = 0.035, 
rROM = 0.636) and UL/LL (p = 0.026, rROM = 0.664) pair-
ings in the sagittal plane and the UL/LL pairing in the 
frontal plane (p = 0.035, rROM = 0.636). Most RROM val-
ues demonstrated very weak to moderate correlations 
(Number of pairings:21/24; RROM_range:0.002–0.562). 
Finally, the RROM values were visualized into corre-
sponding color bars based on the five levels of correla-
tion coefficients (Fig. 4).

Table 3  Rxy mean (SD) values between spine adjacent segments in both groups assessed in the three anatomical planes

Values given are Mean ± SD
* Significant difference between groups (P < .05)

Bold values represent very strong correlations

CI Confidence Interval, UT Upper Thoracic, LT Lower Thoracic, UL Upper Lumbar, LL Lower Lumbar

LBP-R Control 95% CI of the Difference

Sagittal Plane UT/LT* 0.93 ± 0.55 0.22 ± 0.22 [−0.95, −0.77]

LT/UL* 0.17 ± 0.26 0.52 ± 0.37 [0.11, 0.62]

UL/LL 0.57 ± 0.23 0.48 ± 0.30 [−0.36, 0.13]

LL/Pelvis* 0.24 ± 0.25 0.49 ± 0.25 [0.05, 0.49]

Frontal Plane UT/LT 0.25 ± 0.29 0.51 ± 0.59 [−0.19, 0.66]

LT/UL 0.46 ± 0.52 0.49 ± 0.52 [−0.45, 0.50]

UL/LL 0.35 ± 0.45 0.56 ± 0.65 [−0.32, 0.70]

LL/Pelvis 0.54 ± 0.21 0.74 ± 0.73 [−0.29, 0.74]

Transverse Plane UT/LT 0.27 ± 0.30 0.37 ± 0.57 [−0.35, 0.53]

LT/UL 0.48 ± 0.29 0.49 ± 0.62 [−0.45, 0.49]

UL/LL 0.44 ± 0.27 0.47 ± 0.35 [−0.25, 0.33]

LL/Pelvis 0.31 ± 0.24 0.50 ± 0.59 [−0.24, 0.60]

Fig. 3  ROM mean (± standard deviation) of thoracic and lumbar spine segments in the 3 anatomical planes when walking analyzed for healthy 
control (blue bars) and LBP-R (green bars) groups
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Discussion
The study used a multi-segmental spine model to exam-
ine trunk control of the LBP-R population during gait, 
focusing on lumbar muscle activity and thoracic-lum-
bar kinematics. Results showed increased lumbar ES 
activation during the swing phase and reduced move-
ment redundancy between adjacent spinal segments in 
the sagittal plane.

However, to generalize these findings to the entire 
population, a larger sample size is essential.

Regional spine kinematics
This study used the cross-correlation coefficient between 
adjacent segments to calculate the Rxy as a time-varying 
value of segmental redundancy. The Rxy results could 
help us understand how the spine coordinated within 
inter-segments and maintained a complicated interplay 
between stability and mobility during gait despite suf-
fering local injuries. Rxy values of the UT/LT, LT/UL, 
and LL/Pelvis pairings in the sagittal plane of the LBP-R 
group were significantly different from the controls in 
this study. The previous restriction of the multi-segmen-
tal spine kinematics focused on the frontal and trans-
verse planes, while the sagittal plane was seldom referred 
to before [6]. Thus, the results of segmental redundancy 
in the sagittal plane, as the primary characteristic of the 
LBP-R group in this study, could be interpreted as a mal-
adaptive and prolonged strategy, responding to back pain 
or the fear of pain [33, 34].

At the same time, this study first found the LBP-R 
group exhibited a very strong correlation in the UT/
LT pairing of the sagittal plane, which implied the sig-
nificance of the thoracic movement on LBP. The prior 
study has reported that the thoracic movement would 
occur before lumbar onset and might play a pivotal role 
in developing maladaptive spinal behaviours [35]. When 
considering the reverse result of the adjacent pairings 
between the UT/LT (Rxy_LBP-R: 0.93; Rxy_control: 0.22) and 
the LT/UL (Rxy_LBP-R: 0.17; Rxy_control: 0.52) in the sagittal 
plane, prior studies provided an inter-vertebral insight 
into spinal interactions within the anatomical plane and 
might explain the different behaviours of the segmen-
tal redundancy. The common analysis of regional spine 
kinematics is usually concentrated on a single plane 

Table 4  RROM values between spine adjacent segments in both 
groups assessed in the three anatomical planes

Bold values represent strong to very strong correlations

Significant correlations are indicated with *(< .05)

UT Upper Thoracic, LT Lower Thoracic, UL Upper Lumbar, LL Lower Lumbar

LBP-R Control

Sagittal Plane UT/LT −0.004 −0.062

LT/UL 0.382 0.636*
UL/LL 0.141 0.664*
LL/Pelvis −0.002 −0.045

Frontal Plane UT/LT 0.379 0.487

LT/UL −0.194 0.200

UL/LL 0.300 0.636*
LL/Pelvis 0.558 −0.140

Transverse Plane UT/LT 0.504 0.501

LT/UL 0.454 0.345

UL/LL 0.562 0.164

LL/Pelvis 0.170 0.483

Fig. 4  Rxy and RROM values corresponding to the different color bars based on the five levels of the correlation coefficients, including: very weak 
(0.00–0.19), weak (0.20–0.39), moderate (0.40–0.59), strong (0.60–0.79) and very strong (0.80 –1.00)
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rather than the coordination patterns of the monoplane 
or multiplanar. Due to the kinematic coupling system in 
the spine, the motor disorder in one of the planes tends 
to be compensated by the other two planes [36]. Thus, 
aside from planar motions, combined three-dimensional 
motions should also be included in further study, which 
is currently short of consolidated calculation methods of 
kinematic couplings between spinal segments.

Although this study divided the results of the Rxy and 
RROM into several levels, the increased correlation coef-
ficient values were not always parallel to better spinal 
health. More criteria for the assessment of spinal kin-
ematics should be established. For example, compared 
with the movement pattern of the spine between adjacent 
segments, the fluctuating variability of the total results 
in the LBP-R group might be the true reflection of spine 
kinematic alterations. In the future, the persuasive analy-
sis of dynamic spinal alignment changes and compensa-
tion should be detected among the LBP-R group [37, 38].

Lumbar muscle activation
The result of higher left-side lumbar ES muscle activation 
during the ipsilateral swing phase in the LBP-R group 
corresponded to the evidence from the previous stud-
ies on chronic LBP [39, 40]. This finding supported the 
characteristics of muscle activation patterns in the type 
of stiffness trunk control. However, the possible explana-
tion for this increase has not been determined, such as 
a protective strategy to compensate for spinal instability 
or excessive demand on the superficial muscles to gener-
ate high stress on the spine and exhibit guarded move-
ment. Both muscularskeleton strategies could result from 
either an adaptation process to protect the low back or 
direct interference of back pain and related changes with 
trunk motor control [5]. However, persistent issues, such 
as increased loading and reduced movement, may com-
promise spine health. Therefore, later-stage clinical strat-
egies should reduce excitability and co-contraction while 
promoting movement and its variability [41]. More stud-
ies on back and abdominal muscle activation patterns for 
the LBP-R group should be conducted.

All participants in this study were right-handed. 
Therefore, the significant result of left-side lumbar 
ES muscle activity implied the effect of hand domi-
nance. Unbalanced muscle responses would prompt a 
decreased, uncoordinated, asymmetric bracing effect, 
thereby worsening the abnormal performance of non-
dominant-side back muscles. Previous studies have 
referred to that in the early years but lack thorough evi-
dence of biomechanics even today [42, 43]. This study 
did not detect a significant difference in MF muscle 
activation between groups. That might be explained as 
most participants were low-level experiencers of LBP, 

not severe enough to evoke the alteration of deep mus-
cle fibres. On the other hand, the persisting pain might 
make the LBP patients learn to avoid painful motor 
solutions, thus modifying tissue loads and distribut-
ing stresses more evenly. However, these explanations 
required further detection through other functional 
tasks or more ultrasonic testing [2, 23]. Prior stud-
ies demonstrated that when lumbar ES muscle activ-
ity increased, there was a reduction in the maximal 
intervertebral motion at the lower lumbar, which sug-
gested regional compensation strategies [44]. However, 
we did not apply the analysis of subphase to the regional 
spine motions in this study. It was difficult to clarify the 
detailed connections between lumbar kinematics and 
muscle activity, which could help strengthen the under-
standing of spinal stability and sub-system interactions 
in further study.

Trunk control strategy
In prior studies, the LBP group tends to choose a spe-
cific type of trunk control, like a “tighter” one or a 
“looser” one, equipped with obviously muscular or 
kinematic characteristics [4]. However, based on the 
findings in this study, people seem to adopt a more het-
erogeneous and interactive strategy of trunk control 
during the symptom remission stage. Several studies 
recently reported that LBP people persistently take an 
altered motor control strategy of muscle activity and 
spine kinematics adaptations even after pain compared 
with healthy controls [3, 21, 45]. These synthesized 
changes extend beyond the duration of a painful episode 
and could lead to potential long-term consequences, 
such as pain recurrence. Nevertheless, we did not 
know whether the degree of motor alterations would 
fluctuate along with the pain remission. In addition, 
researchers have proved that LBP people would adapt 
movement variability to compensate for the function 
between regions or muscles, but the direction of the 
changes could not be consistent across current stud-
ies [46]. The coexistence of significant symptoms may 
change gait because of the pain or adaptation of the 
musculoskeletal structures or both. A history of LBP 
without the overlay of a current symptomatic episode 
allows a better model to explore the impact on spinal 
coordination during walking. Although small, there 
were indicators that spinal movement and coordination 
alterations in subjects with recurrent LBP were due to 
adaptive changes rather than the presence of pain [13]. 
Furthermore, more than finding out a particular mus-
cle or joint disorder, dealing with the coordination or 
harmony of the entire body might be better for clinical 
rehabilitation on non-specific LBP patients [47].
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Limitations
There are limitations in this study that need to be con-
sidered. Firstly, more female participants and different 
pain severity of people with LBP history were required 
in the future [48]. Secondly, the current study did not 
set the markers at the sternum, which was essential to 
accurately describe the spine’s motion [16]. Although 
the regional spinal kinematics and lumbar muscle acti-
vation were analyzed in this study, there is an apparent 
lack of synchronized investigation into relationships 
between them, which might provide an expansive view 
of trunk control [49]. Lastly, longitudinal studies cover-
ing different pain statuses for people with LBP are nec-
essary to observe the changing process of pain and its 
effect on motor control.

Conclusion
The LBP-R group exhibited a varied trunk control strat-
egy in gait, including higher left-side lumbar ES acti-
vation during the ipsilateral swing phase and altered 
segmental redundancy mainly focused in the sagittal 
plane. Insights of using a multi-segmental spine model in 
the symptom remission stage among the LBP group are 
significant to detecting the adaptive changes of regional 
spine kinematics. The findings above may improve nor-
malized exercise rehabilitation approaches and provide 
new views of the long-lasting effects on back pain.

Acknowledgements
The authors thank all participants from Tohoku University Graduate School 
and Rehabilitation Department of Tohoku University Affiliated Hospital. We 
are grateful to Shogo Kashima and Zhongfei Bai for their valuable suggestions 
regarding Visual3D and MATLAB analysis.

Authors’ contributions
Conceptualization and methodology, X.X., Y.S. and S.I.; data collection and 
analysis, X.X., Y.S. and K.H.; writing—review and editing, X.X., Y.S., K.H. and S.I. All 
authors have read and agreed to the published version of the manuscript.

Funding
The authors received no financial support for the research, authorship, and/or 
publication of this article.

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All participants provided written informed consent. The study was approved 
by the Ethics Institutional Review Board of Tohoku University Graduate School 
of Medicine (2021–1-049).

Consent for publication
All participants provided consent for publication of their data.

Competing interests
The authors declare no competing interests.

Author details
1 Department of Neurology and Neurological Rehabilitation, Shanghai Yangzhi 
Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center), School 
of Medicine, Tongji University, Shanghai 201619, China. 2 Department of Physi-
cal Medicine and Rehabilitation, Graduate School of Medicine, Tohoku Univer-
sity, 2‑1 Seiryo‑machi, Aoba‑ku, Sendai 980‑8575, Japan. 3 Department of Physi-
cal Medicine and Rehabilitation, Graduate School of Biomedical Engineering, 
Tohoku University, 2‑1 Seiryo‑Machi, Aoba‑Ku, Sendai 980‑8575, Japan. 

Received: 6 October 2024   Accepted: 6 March 2025

References
	1.	 Hartvigsen J, Hancock MJ, Kongsted A, Louw Q, Ferreira ML, Genevay S, 

et al. What low back pain is and why we need to pay attention. Lancet. 
2018;391(10137):2356–67.

	2.	 Suehiro T, Ishida H, Kobara K, Osaka H, Watanabe S. Altered trunk muscle 
recruitment patterns during lifting in individuals in remission from recur-
rent low back pain. J Electromyogr Kinesiol. 2018;39:128–33.

	3.	 Devecchi V, Rushton AB, Gallina A, Heneghan NR, Falla D. Are neuromus-
cular adaptations present in people with recurrent spinal pain during a 
period of remission? a systematic review. PLoS ONE. 2021;16(4):e0249220.

	4.	 Shih HS, Van Dillen LR, Kutch JJ, Kulig K. Individuals with recurrent low 
back pain exhibit further altered frontal plane trunk control in remission 
than when in pain. Clin Biomech (Bristol, Avon). 2021;87:105391.

	5.	 van Dieën JH, Reeves NP, Kawchuk G, van Dillen LR, Hodges PW. Motor 
control changes in low back pain: divergence in presentations and 
mechanisms. J Orthop Sports Phys Ther. 2019;49(6):370–9.

	6.	 Errabity A, Calmels P, Han WS, Bonnaire R, Pannetier R, Convert R, et al. 
The effect of low back pain on spine kinematics: a systematic review and 
meta-analysis. Clin Biomech (Bristol, Avon). 2023;108:106070.

	7.	 Papi E, Bull AMJ, McGregor AH. Is there evidence to use kinematic/kinetic 
measures clinically in low back pain patients? A systematic review. Clin 
Biomech (Bristol, Avon). 2018;55:53–64.

	8.	 Panero E, Digo E, Ferrarese V, Dimanico U, Gastaldi L. Multi-segments 
kinematic model of the human spine during gait. 2021 IEEE International 
Symposium on Medical Measurements and Applications (MeMeA). 
2021:1–6.

	9.	 Kudo S, Fujimoto M, Sato T, Nagano A. Determination of the optimal 
number of linked rigid-bodies of the trunk during walking and running 
based on Akaike’s information criterion. Gait Posture. 2020;77:264–8.

	10.	 Kuai S, Guan X, Zhou W, Zhang R, Ji R, Liao Z, et al. Continuous lumbar 
spine rhythms during level walking, stair climbing and trunk flexion 
in people with and without lumbar disc herniation. Gait Posture. 
2018;63:296–301.

	11.	 Alqhtani RS, Jones MD, Theobald PS, Williams JM. Investigating the 
contribution of the upper and lower lumbar spine, relative to hip motion, 
in everyday tasks. Man Ther. 2016;21:268–73.

	12.	 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.

	13.	 Crosbie J, de Faria Negrão Filho R, Nascimento DP, Ferreira P. Coordination 
of spinal motion in the transverse and frontal planes during walking in 
people with and without recurrent low back pain. Spine (Phila Pa 1976). 
2013;38(5):E286–92.

	14.	 Seerden SFL, Dankaerts W, Swinnen TW, Westhovens R, De Vlam K, Van-
wanseele B. Differences in multi-segmental spine kinematics between 
patients with different stages of axial spondyloarthritis and healthy 
controls. Musculoskelet Sci Pract. 2021;53:102368.

	15.	 Alqhtani RS, Jones MD, Theobald PS, Williams JM. Correlation of lumbar-
hip kinematics between trunk flexion and other functional tasks. J 
Manipulative Physiol Ther. 2015;38(6):442–7.

	16.	 Fayad J, Eltes PE, Lazary A, Cristofolini L, Stagni R. Stereophotogrammetric 
approaches to multi-segmental kinematics of the thoracolumbar spine: a 
systematic review. BMC Musculoskelet Disord. 2022;23(1):1080.

	17.	 Mazzone B, Wood R, Gombatto S. Spine kinematics during prone exten-
sion in people with and without low back pain and among classifi-
cation-specific low back pain subgroups. J Orthop Sports Phys Ther. 
2016;46(7):571–9.



Page 10 of 10Xu et al. BMC Musculoskeletal Disorders          (2025) 26:269 

	18.	 Gombatto SP, Brock T, DeLork A, Jones G, Madden E, Rinere C. Lumbar 
spine kinematics during walking in people with and people without low 
back pain. Gait Posture. 2015;42(4):539–44.

	19.	 Papi E, Bull AMJ, McGregor AH. Spinal segments do not move together 
predictably during daily activities. Gait Posture. 2019;67:277–83.

	20.	 Smith JA, Kulig K. Altered multifidus recruitment during walking in young 
asymptomatic individuals with a history of low back pain. J Orthop 
Sports Phys Ther. 2016;46(5):365–74.

	21.	 Hodges P, van den Hoorn W, 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(1):61–6.

	22.	 Macdonald DA, Dawson AP, Hodges PW. Behavior of the lumbar 
multifidus during lower extremity movements in people with recurrent 
low back pain during symptom remission. J Orthop Sports Phys Ther. 
2011;41(3):155–64.

	23.	 MacDonald D, Moseley GL, Hodges PW. People with recurrent low back 
pain respond differently to trunk loading despite remission from symp-
toms. Spine (Phila Pa 1976). 2010;35(7):818–24.

	24.	 Bento TPF, Genebra C, Maciel NM, Cornelio GP, Simeao S, Vitta A. Low 
back pain and some associated factors: is there any difference between 
genders? Braz J Phys Ther. 2020;24(1):79–87.

	25.	 Matsudaira K, Kikuchi N, Murakami A, Isomura T. Psychometric properties 
of the Japanese version of the Fear-Avoidance Beliefs Questionnaire 
(FABQ). J Orthop Sci. 2014;19(1):26–32.

	26.	 Downey BJ, Taylor NF, Niere KR. Manipulative physiotherapists can reliably 
palpate nominated lumbar spinal levels. Man Ther. 1999;4(3):151–6.

	27.	 Morl F, Blickhan R. Three-dimensional relation of skin markers to lumbar 
vertebrae of healthy subjects in different postures measured by open 
MRI. Eur Spine J. 2006;15(6):742–51.

	28.	 Anders C, Wagner H, Puta C, Grassme R, Petrovitch A, Scholle HC. Trunk 
muscle activation patterns during walking at different speeds. J Electro-
myogr Kinesiol. 2007;17(2):245–52.

	29.	 Hermens HJ, Freriks B, Merletti R, Stegeman DF, Blok JH, Rau G, et al., edi-
tors. European recommendations for surface electromyography: results 
of the SENIAM Project. 1999.

	30.	 Yu P, Cen X, Mei Q, Wang A, Gu Y, Fernandez J. Differences in intra-foot 
movement strategies during locomotive tasks among chronic ankle 
instability, copers and healthy individuals. J Biomech. 2024;162:111865.

	31.	 French MA, Koller C, Arch ES. Comparison of three kinematic gait event 
detection methods during overground and treadmill walking for indi-
viduals post stroke. J Biomech. 2020;99:109481.

	32.	 Zeni JA Jr, Richards JG, Higginson JS. Two simple methods for determin-
ing gait events during treadmill and overground walking using kinematic 
data. Gait Posture. 2008;27(4):710–4.

	33.	 Knechtle D, Schmid S, Suter M, Riner F, Moschini G, Senteler M, et al. 
Fear-avoidance beliefs are associated with reduced lumbar spine flexion 
during object lifting in pain-free adults. Pain. 2021;162(6):1621–31.

	34.	 Sipko T, Glibowski E, Kuczyński M. Acute effects of proprioceptive neuro-
muscular facilitation exercises on the postural strategy in patients with 
chronic low back pain. Complement Ther Clin Pract. 2021;44:101439.

	35.	 du Rose A. Have studies that measure lumbar kinematics and muscle 
activity concurrently during sagittal bending improved understanding of 
spinal stability and sub-system interactions? A systematic review. Health-
care (Basel). 2018;6(3):112.

	36.	 Glover NA, Kakar RS, Chaudhari AMW. Effects of spinal coupling and 
marker set on tracking of spine models during running. J Biomech. 
2021;116:110217.

	37.	 Le Huec JC, Thompson W, Mohsinaly Y, Barrey C, Faundez A. Sagittal bal-
ance of the spine. Eur Spine J. 2019;28(9):1889–905.

	38.	 Severijns P, Moke L, Overbergh T, Beaucage-Gauvreau E, Ackermans T, 
Desloovere K, et al. Dynamic sagittal alignment and compensation strate-
gies in adult spinal deformity during walking. Spine J. 2021;21(7):1059–71.

	39.	 Ghamkhar L, Kahlaee AH. Trunk muscles activation pattern during walk-
ing in subjects with and without chronic low back pain: a systematic 
review. PM R. 2015;7(5):519–26.

	40.	 Koch C, Hänsel F. Chronic non-specific low back pain and motor control 
during gait. Front Psychol. 2018;9:2236.

	41.	 Hodges PW, R. Van Dillen L, McGill S, Brumagne S, Hides JA, Moseley GL. 
Chapter 21 - Integrated clinical approach to motor control interventions 
in low back and pelvic pain. In: Hodges PW, Cholewicki J, van Dieën JH, 
editors. Spinal control: Churchill Livingstone; 2013:243–309.

	42.	 Sung PS, Spratt KF, Wilder DG. A possible methodological flaw in compar-
ing dominant and nondominant sided lumbar spine muscle responses 
without simultaneously considering hand dominance. Spine (Phila Pa 
1976). 2004;29(17):1914–22.

	43.	 Renda E, Lamanuzzi S, Dal Maso F, Côté JN. The effects of hand domi-
nance, fatigue, and sex on muscle activation during a repetitive overhead 
fatiguing task. Hum Mov Sci. 2023;92:103149.

	44.	 du Rose A, Breen A. Relationships between paraspinal muscle activity and 
lumbar inter-vertebral range of motion. Healthcare (Basel). 2016;4(1):4.

	45.	 Sipko T, Glibowski E, Barczyk-Pawelec K, Kuczyński M. The effect of 
chronic pain intensity on sit-to-stand strategy in patients with herniated 
lumbar disks. J Manipulative Physiol Ther. 2016;39(3):169–75.

	46.	 Alsubaie AM, Mazaheri M, Martinez-Valdes E, Falla D. Is movement 
variability altered in people with chronic non-specific low back pain? A 
systematic review. PLoS ONE. 2023;18(6):e0287029.

	47.	 Pocovi NC, Lin CC, French SD, Graham PL, van Dongen JM, Latimer J, et al. 
Effectiveness and cost-effectiveness of an individualised, progressive 
walking and education intervention for the prevention of low back pain 
recurrence in Australia (WalkBack): a randomised controlled trial. Lancet. 
2024;404(10448):134–44.

	48.	 Żywień U, Barczyk-Pawelec K, Sipko T. Associated risk factors with low 
back pain in white-collar workers-a cross-sectional study. J Clin Med. 
2022;11(5):1275.

	49.	 Hemming R, du Rose A, Sheeran L, van Deursen R, Sparkes V. Relation-
ships between trunk muscle activation and thoraco-lumbar kinematics in 
non-specific chronic low back pain subgroups during a forward bending 
task. Gait Posture. 2024;107:96–103.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Motion analysis of 3D multi-segmental spine during gait in symptom remission people with low back pain: a pilot study
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Participants
	Experimental procedures
	Laboratory testing
	Data analysis
	Statistical analysis

	Results
	sEMG of the ES and MF
	Rxy values between spine adjacent segments
	ROM of regional spine segments in the three anatomical planes

	Discussion
	Regional spine kinematics
	Lumbar muscle activation
	Trunk control strategy
	Limitations

	Conclusion
	Acknowledgements
	References


