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Abstract

This study aims to investigate the dysfunction and recovery of the lumbopelvic movement

and motor control of people with chronic nonspecific low back pain after a structured reha-

bilitation which emphasizes on re-education and training of movement and motor control.

The lumbopelvic movement and motor control pattern of 30 adults (15 with chronic low

back pain, 15 healthy controls) were assessed using 3D motion and electromyographic

analysis during the repeated forward bending test, in additional to the clinical outcome

measures. Regional kinematics and muscle recruitment pattern of the symptomatic group

was analysed before and after the 6-week rehabilitation, and compared to healthy con-

trols. Significant improvement in back pain, functional capacity and self-efficacy of the

symptomatic group was found after the rehabilitation. Patients with chronic nonspecific

low back pain were capable to recover to a comparable level of the healthy controls in

terms of their lumbopelvic movement and motor control pattern upon completion of a 6-

week rehabilitation program, despite their dysfunction displayed at baseline. Phase spe-

cific motor control reorganization in which more profound and positive changes shown

during the flexion phase. Our findings indicate that the recovery of the movement and

motor control pattern in patients with chronic low back pain achieved to a comparable

level of the healthy able-bodies. The improvement of both the physical outcome mea-

sures suggest that specific rehabilitation program which emphasizes on optimizing motor

control during movements would help promoting the functional recovery of this specific

low back pain subgroup.
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Introduction

Chronic low back pain (LBP) is the leading cause of disability and it is associated with serious

socioeconomic burden globally [1] Various predisposing factors have been studied in previous

research for their relation to LBP. Some evidences suggested that forward bending contributes to

the increase in the risk of development and/or aggravation of LBP [2–4]. Repetitive exposures to

shear forces on the intervertebral discs and ligaments of the lumbar spine constitutes one of the

highest risks of back injury in workers who perform frequent bending tasks [5–7]. Forward bend-

ing performed in standing is simple and routine part of the clinical assessment to evaluate the spi-

nal movements and motor control in people with LBP [8–10]. However, conflicting results were

found in the regional contribution of the lumbo-pelvic regions during bending task in patients

with LBP. Esola et al. [11] reported that people with LBP moved with a similar degree of mobility

at both the lumbar spine and hip joint as healthy individuals, when bending forward in standing.

In contrast, Porter et al. [12] found that individuals with LBP moved with significantly decreased

lumbar mobility in flexion, compared to an asymptomatic individual. These inconsistent findings

of lumbar and/or hip mobility reported could partly be related to heterogeneous causes of LBP,

which include motor control and/or mobility dysfunction of the lumbo-pelvic region [10, 13].

Time trajectory at which the forward bending movement initiates and coordinates during

the movement cycle had also be investigated before. Flexion of the trunk normally initiates at

the lumbar spine when one performs forward bending in standing [14]. It has been reported

that a greater contribution of motion at the lumbar spine relative to the hip joint during the

early phase of trunk flexion, with a ratio of approximately 2:1 for the two respective regions

found among pain-free individuals [11]. During the late phase of bending, hip motion

becomes predominant and the ratio of lumbar-to-hip motion drops to 2:5. However, inconsis-

tent findings of the mobility restriction between individuals with and without LBP have been

reported in previous studies [15–17]. Tsang et al. [15] found that it was not the mobility but

the impaired movement velocity as well as coordination between the lumbar spine and hip

joint that showed most apparent differences between the healthy and symptomatic groups.

Furthermore, weak correlation has been found consistently between the lumbar mobility and

functional disability, for which it further relegates the relative contribution of mobility dys-

function to the functional capacity in chronic LBP [18]. Meanwhile, emerging evidence indi-

cates the importance and specificity of assessing the limits of stability and movement velocity

in chronic LBP because these variables were highly associated with the degree of functional

disability in chronic LBP [19]. These findings reinforce the importance to assess and optimize

the movement strategy for those with underlying motor control dysfunction [20, 21]. It has

been showed that exercise therapy is effective for pain relief and functional recovery for

chronic LBP. However, the effects are small and there is no evidence to suggest that one spe-

cific type of exercise is distinctly superior compared to others [22, 23]. There is emerging evi-

dence to indicate there are greater benefits associated with strength/endurance and

coordination/stabilisation exercise programs compared to aerobic exercise program [24].

Laird et al. conducted a systematic review examining the effects of movement-based interven-

tions in the lumbo-pelvic kinematics for people with chronic LBP [25]. Movement-based

interventions refer to structured programs that are formulated by movements and exercises at

specific directions based on the movement-based classification, for optimising the quality of

movement execution and producing pain relief for individuals with musculoskeletal dysfunc-

tion [25–27]. However, they found that movement-based interventions were infrequently

effective for changing the clinically recognizable movement patterns. Furthermore, changes in

movement patterns failed to show significant and consistent association with the improvement

in pain or functional limitation.
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The purposes of this study were to compare the lumbo-pelvic movements during forward

bending in individuals with and without chronic LBP; and to investigate the modification of

the movement and motor control for those with chronic LBP after completing a physiothera-

pist supervised rehabilitation program which emphasizes on movement quality and control

re-education and training.

Materials and methods

Participants

Thirty adults (15 with LBP [8 females and 7 males] and 15 age and gender-matched asymptom-

atic participants) were recruited from the Department of Physiotherapy of Prince of Wales

Hospital, Hong Kong (Table 1). Inclusion criteria for LBP group included nonspecific back

pain experienced between L1 and the gluteal fold without radiation to their lower limbs

and lasted> 3 months. Fifteen adults who were asymptomatic for the last 12 months were

recruited as the healthy controls with their age- and gender-matched with the LBP group. Exclu-

sion criteria applied to both groups, which included the presence of pain, pathology or defor-

mity of the hip joint; history of operation, known orthopaedic or neurological conditions of the

spine and/or hip; or vestibular dysfunction. Ethical approvals for this study were obtained from

the Ethics Committee of the Hong Kong Polytechnic University and Cluster Research Ethics

Committee of Prince of Wales Hospital. All participants provided their written informed

consents before the study commenced. The individual in this manuscript has given written

informed consent (as outlined in PLOS consent form) to publish these case details. All proce-

dures of this study were carried out in accordance with Declarations of Helsinki 2018.

Procedures

Clinical outcome assessments. Participants in LBP group were asked to complete a set

of five questionnaires or scales to screen for their prognostic indicators, and to quantify their

level of fear avoidance to movement, functional disability associated with back pain and self-

efficacy respectively. The validated tools included 1) STarT Back Tool (SBST) and 2) Tampa

Table 1. Demographics and clinical outcomes presented with the mean ± standard deviation.

Healthy (n = 15, 8F:7M) LBP (n = 15, 8F:7M) p value

Age (years) 33.7 ± 4.4 34.1 ± 4.8 0.83

Weight (kg) 56.31 ± 12.74 62.89 ± 17.21 0.262

Height (cm) 164.67 ± 9.35 161.38 ± 9.76 0.852

BMI (kg/m2) 20.53 ± 2.68 23.23 ± 4.2 0.073

Clinical outcomes (for LBP group only) Pre Post p value

VAS - - 2.75 ± 0.62 0.17 ± 0.39 <0.001�

RMQ - - 6.27 ± 4.29 4.36 ± 2.42 0.412

SBTB (TOTAL) - - 3.18 ± 1.89 1.91 ± 1.87 0.214

SBTB (SUB) - - 1.73 ± 1.27 1.27 ± 1.42 0.474

PSFS - - 3.92 ± 1.64 7.51 ± 1.39 <0.001�

TSK - - 44 ± 4.86 40.91 ± 4.59 0.053

PSEQ - - 41.36 ± 7.94 47.27 ± 9.56 0.046�

Hamstrings flexibility 21.68 (10.66) 23.64 ± 5.97 25.03 ± 5.90 0.102

BMI, Body Mass Index; NPRS 0–10, Numeric Pain Rating Scale 0–10; PSFS, Patient Specific Functional Scale; PSEQ: Pain Self Efficacy Questionnaire; RMQ, Roland

Morris Questionnaire; SBTB, STarT Back Tool; TSK: Tampa Scale of Kinesiophobia; VAS, Visual Analogue Scale.

https://doi.org/10.1371/journal.pone.0259440.t001
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Scale of Kinesiophobia (TSK) [28, 29]; 3) Roland Morris Disability Questionnaire (RMDQ)

and 4) Patient Specific Functional Scale (PSFS) [30, 31]; and 5) Pain Self Efficacy Question-

naire (PSEQ) [32] before and after the rehabilitation program (S1 File).

Physical outcomes assessments. All participants were instructed to perform the repeated

forward bending while standing by reaching down as far as they could with their hands while

keeping their elbows and knees fully extended. No attempt was made to correct the movement

for examining the natural movement pattern adopted by individual participants. For partici-

pants who could not reach the floor, the lowest point that was reached by his middle finger was

defined as the end point by placing a foam on the ground for task standardization for individual

participants. Participants were asked to perform the bending task for 7 times consecutively at

their self-preferred speed. Each bending movement cycle is defined as “bending from the stan-

dardized standing position until reaching the end point set and recovery to the same standing

position” (Fig 1). Participants were allowed to practise the bending task 3 to 5 times before the

actual test. All participants were asked to refrain from performing heavy physical activity of

their lower limbs in the 48-hour period prior to the assessment and reassessment sessions.

Surface electromyography and kinematics of the lumbopelvic region. Surface electro-

myography (EMG, MyoMuscle, Noraxon, USA) was used to investigate the activation pattern

of 7 pairs of lumbo-pelvic muscles (3 ventral and 4 dorsal muscle pairs) during the repeated

forward bending task, at a sampling frequency of 1024Hz. The seven muscles examined were:

left and right rectus abdominus (RA), internal oblique (IO), tensor fascia latae (TFL), lumbar

erector spinae (LES), lumbar multifidus (MUL), gluteus maximus (Gmax) and biceps femoris

(BF). These muscles were chosen to be studied because of their functional roles as the prime

movers and/or stabilisers of the lumbopelvic region during flexion (standing to end of bend-

ing) and extension (end of bending to standing) phases of the task [33, 34]. Standardized skin

preparation was applied to achieve the skin impedance <10 kO for EMG electrode placement

[35]. Disposable bipolar Ag-AgCl surface electrodes (10mm Ø) were used with inter-electrode

Fig 1. The experimental setup for measuring the kinematics and electromyography during repeated forward bending test. Reflective markers were

placed for the Plug-in Gait full body model (FHD: BHD: SHO: CLAV: clavicle; STRN: sternum; ASI: anterior superior iliac spine; C7: 7th cervical

spinous process; BAK: T10: 10th thoracic spinous process; PSI: posterior superior iliac spine; ELB: elbow; WRA: wrist over radial styloid process; WRB:

wrist over ulnar styloid process; FIN: head of 2nd metacarpal; THI: thigh; KNE: knee; TIB: tibia; ANK: lateral malleolus; TOE: 2nd metatarsal; HEE:

posterior calcaneus; with additional marker over L1: 1st lumbar spinous process. EMG over RA: rectus abdominus; IO: internal oblique; TFL: tensor

fascia latae; LES: lumbar erector spinae; MUL: lumbar multifidus; Gmax: gluteus maximus; BF: biceps femoris).

https://doi.org/10.1371/journal.pone.0259440.g001
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distance of 20mm. EMG electrodes were placed on the muscles according to the recommenda-

tions of SENIAM and previous studies [36–38]. RA: 1cm above umbilicus and 2cm lateral to

the midline [39]; IO: 1cm medial to the anterior superior iliac spine (ASIS) and below a line

connecting the left and right ASISs [37]; TFL: proximal 1/6 along the line from ASIS to lateral

femoral condyle [39]; LES: between L1 and L2 spinous process and midway of the muscle belly

[39]; MUL: parallel to the line between posterior superior iliac spine (PSIS) and L1-L2 inter-

spinous space at L5 level [40]; Gmax: midway on the line between sacral vertebrae and greater

trochanter [39]; BF: midway on the line between ischial tuberosity and lateral epicondyle of

the tibia [39]. Normalization of the EMG amplitude to the percentage of maximal isometric

voluntary contraction (% MVC) value of the corresponding muscles was compared between

muscles, groups, and assessment intervals. MVC procedures for the respective muscles were

conducted according to the procedures reported previously [41–43].

Kinematics of the spine and lower extremities was recorded using the optical motion captur-

ing system equipped with 10 cameras (Vicon, Oxford, UK). A total of 35 markers were posi-

tioned according to the Plug-in Gait (version 2.0) full body model and an additional one placed

over L1 spinous process, Fig 1). Placement of the reflective markers included FHD: forehead;

BHD: behind head; SHO: posterior scapula; CLAV: clavicle; STRN: sternum; ASI: anterior

superior iliac spine; C7: 7th cervical spinous process; BAK: T10: 10th thoracic spinous process;

PSI: posterior superior iliac spine; ELB: elbow; WRA: wrist over radial styloid process; WRB:

wrist over ulnar styloid process; FIN: head of 2nd metacarpal; THI: thigh; KNE: knee; TIB: tibia;

ANK: lateral malleolus; TOE: 2nd metatarsal; HEE: posterior calcaneus; with additional marker

over L1: 1st lumbar spinous process. Kinematics was acquired at the sampling frequency of

200Hz. Calibration was conducted with the participants adopted the natural standing position

with their feet standardized at the shoulder-width apart and eyesight maintained at a target

placed 5m in front of them at eye level. In addition, the excursion of the Centre of Pressure

(COP) of the feet of the participants in the antero-posterior and medio-lateral directions during

the execution of the repeated forward bending test was recorded by the force plate (PF5000,

AMTI, Massachusetts, USA) connected to the optical motion capturing system [44].

6-week structured rehabilitation program

After the baseline assessment, all participants in LBP group attended the supervised rehabilita-

tion program at the outpatient clinic of Department of Physiotherapy of Prince of Wales Hospi-

tal, twice/week for 6 consecutive weeks. The program was supervised by a physiotherapist who

had>15 years of experience in the musculoskeletal rehabilitation field. Each session lasted for

45 minutes in a ratio of 1 physiotherapist to 5 patients. Each session consisted of 5-minute

warm up and 5-minute cool down (stretching of the back extensors and thigh muscles) before

and after a 35-minute core muscles and movement control exercises using therapeutic balls and

therabands. Emphasis of optimal posture and control of the movement at the respective spine

regions with individual guidance for correcting the faulty movement pattern. The ability and

accuracy of the activation of the anterior core muscles (namely transversus abdominus and

internal oblique) of individual participants was assessed by the responsible physiotherapist in

the first session using standardised palpation procedures [45], and corrected during the practice

sessions of the exercise program. Core stability and control exercises included hamstring roll-

ins, hip raise, ball crunch, roll-out, sitting marching and wall squat with the use of a therapeutic

ball with each exercise repeated for ten times [46–48]. Diagonal shoulder extension and flexion

with theraband (ten repetitions each) was also practiced while participant sat on the ball. Level

of resistance was adjusted individually by the attending physiotherapist. Participants continued

to perform simple core stability and control exercise at home prescribed (wall squat, sitting
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marching and diagonal flexion and extension in sitting on chair with theraband with each exer-

cise repeated for ten times once/day), 3 times/week during the program period. At the post-pro-

gram reassessment, all participants reported that they had neither taken any analgesics nor

received other treatments apart from the rehabilitation program.

Data processing and statistical analysis

The software Nexus (version 1.0, Vicon, Oxford, UK) was used for the kinematic and force

plate data processing. Lumbar spine segment was determined between markers placed over

the spinous process of L1 and the pelvis (defined by markers LASI, RASI, LPSI and RPSI). Hip

kinematics was determined by the pelvis and markers of the lower limb over the ipsilateral side

(defined by THI, KNE, TIB and ANK). The two phases of the bending cycle were determined

by the upper limb movement for which the shoulder started to move until the fingers reach the

floor or foam placed on the foam, vice versa for the extension phase. Three consecutive cycles

(fourth to the sixth) were selected from the 7 cycles of bending for each trial. The kinematic

data were then processed using a customized MATLAB code (Version R2016a, MathWorks

Inc., Natick, MA, USA) in which the values of the angular velocity of the lumbar spine and hip

joint were computed for analysis. The raw EMG signals were band-ass filtered between 10 and

500Hz, full-wave rectified, and low-pass filters with a cut-off frequency of 10Hz. The linear

envelope of the EMG data was then normalized to the percentage of the MVC of the respective

muscle, for further analysis of the pattern of recruitment.

Statistical analysis of the dependent variables was conducted using SPSS version 23 (SPSS,

Chicago, USA); the alpha level was set at 0.05 for analysis. Normality of data was examined

and verified by Shapiro–Wilk test. Paired t-test was used to compare the five clinical outcomes

within the LBP group measured at the pre- and post-program assessment. One way ANOVA

was used to compare the regional angular velocity and percentage of MVC for between-group

(LBP vs healthy) and between-time (within LBP group) using post-hoc analysis (Scheffe test).

Correlation analyses were performed using Pearson’s correlation between the six clinical out-

comes (i.e. SBTB (TOTAL), SBTB (SUB), TSK, PSFS, RMDQ and PSEQ, for assessing their

associations before and after the program.

Results and discussion

All participants were able to complete the testing protocol at pre-program and post-program

assessments. Table 1 shows the demographics and clinical outcomes of the participants. There

are no significant differences found between the healthy and LBP group in age, weight, height

and body mass index (p>0.05). For comparisons of clinical outcomes collected in LBP group

at pre- and post-program, significant differences are found in pain (VAS, p<0.001, Cohen’s d

= -4.9813); functional disability (PSFS, p<0.001, Cohen’s d = 2.361); and self-efficacy (PSEQ,

p = 0.046, Cohen’s d = 0.6725). Changes in RMDQ score, SBTB (TOTAL and SUB) scores and

TSK score are statistically insignificant for LBP participants (p>0.05). Comparisons of the

hamstrings flexibility show no significant difference between-group or between-time (for pre-

and post-program assessments in LBP group).

Comparison of kinematic parameters at pre- and post-interventions

Centre of pressure excursion. Centre of pressure excursion (COP) measured in antero-

posterior and medio-lateral directions is presented in Fig 2. All comparisons revealed insignif-

icantly differences (p>0.05).

Cycle time of bending and angular velocity of lumbo-pelvic kinematics. Fig 3 shows

the averaged value of the one cycle time in flexion and extension phases (in seconds) during
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the repeated bending test at pre- and post-intervention assessments. There is significant differ-

ence in the one cycle flexion time at baseline assessment before the healthy and LBP group

(F = 9.505, p = 0.05, η2 = 0.312). Fig 4 illustrates the regional angular velocity measured at the

lumbar spine and hip joint during the flexion and extension phases of the bending test. Values

of the lumbar spine and hip joint velocity in both flexion and extension were found to have sig-

nificantly decreased in LBP group at baseline compared to the healthy group. Meanwhile, val-

ues of the regional velocity recorded at post-program assessment in LBP group were

Fig 2. Comparisons of the centre of pressure excursion (COP) during flexion and extension phase of the repeated bending task.

https://doi.org/10.1371/journal.pone.0259440.g002

Fig 3. Comparisons of the 1-cycle time (seconds) of the repeated bending task. � indicates significant difference found between healthy and LBP

(pre) with p<0.05.

https://doi.org/10.1371/journal.pone.0259440.g003
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significantly increased compared to the pre-program magnitude. No significant differences

were found for the comparisons between the data collected at LBP (post) and healthy group.

Muscle recruitment pattern

Figs 5 and 6 show the muscle recruitment pattern (expressed in % MVC) of the trunk and

lower limb muscles during the repeated bending test, measured before and after the rehabilita-

tion program for flexion and extension phases of the bending task respectively. For flexion

phase of the bending, there were no significant differences found between healthy and LBP

(pre) or between healthy and LBP (post). However, the pre-post comparisons of the data in

the LBP group showed significantly increased values of % MVC for the right TFL (F = 2.514,

p = 0.05, η2 = 0.126), right LES (F = 3.084, p = 0.05, η2 = 0.150), right BF (F = 3.933, p = 0.029,

η2 = 0.183) as well as bilateral MUL (left: F = 3.302, p = 0.049, η2 = 0.159; right: F = 3.999,

p = 0.027, η2 = 0.186) and Gmax (left: F = 2.361, p<0.05, η2 = 0.119; right: F = 1.424, p = 0.05,

η2 = 0.075) during the flexion phase. For extension phase (recovery) of bending, there were no

significant differences found between healthy and LBP (pre) group except the left BF in LBP

group showed a significantly greater activity at pre-program assessment compared to the

healthy group (F = 3.073, p = 0.05, η2 = 0.149). The within-group analysis showed significantly

greater activity level of right TFL (F = 3.642, p = 0.037, η2 = 0.172) and left Gmax (F = 1.450,

p = 0.05, η2 = 0.077) for participants with LBP at post- compared to pre-program assessments.

In addition, there are significant differences shown for comparisons between healthy and LBP

(post) for EMG activity of the right TFL and left BF in which the LBP group activated these

two muscles at a greater level compared the asymptomatic individuals.

Correlations between clinical outcomes

Fig 7 shows the correlation matrix between the clinical outcomes (SBTS TOTAL and SUB,

TSK, PSFS, RMDQ and PSEQ) of participants in LBP group, at pre- and post-program

Fig 4. Comparisons of lumbar spine and hip angular velocity during the repeated bending task. � indicates significant difference found between

healthy and LBP (pre); and § indicates significant difference found between LBP (pre) and LBP (post) with p<0.05.

https://doi.org/10.1371/journal.pone.0259440.g004
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analysis. At pre-program assessment, significant correlations were found between 1) SBTB

(TOTAL) and SBTB (SUB) (r = 0.918, p<0.01), RMDQ (r = 0.882, p<0.01), PSFQ (r = -0.671,

p<0.01); 2) between SBTS (SUB) and TSK (r = 0.650, p<0.05), PSFS (r = -0.537, p<0.05),

RMDQ (r = 0.882, p<0.01), PSEQ (r = -0.819, p<0.01); 3) between TSK and PSEQ (r = -0.545,

p<0.05); 4) between PSFS and PSEQ (r = 0.561, p<0.05); and 5) between RMDQ and PSEQ (r

= -0.758, p<0.01). At post-program assessment, significant correlations were found in those

reported for pre-program analysis (r values range from -0.790 to 0.949, p<0.05) except the

associations between 1) SBTS (SUB) and TSK (r = -0.220, p<0.05), and 2) TSK and PSEQ (r =

-0.570, p>0.05). One additional significant association was found at post-program between

SBTB (TOTAL) and TSK (r = 0.756, p<0.01).

This study investigated the modification of lumbopelvic movements and motor control pat-

tern during forward bending in individuals with chronic nonspecific LBP after completing a

6-week rehabilitation program. The comparative analysis of the physical outcomes between

the pre- and post-program performance of the LBP group of participants to the healthy con-

trols, reveals the degree and strategy of recovery of their dynamic movement control at the

lumbo-pelvic region. This finding may have important clinical implications for the clinicians

in understanding the patients’ response to exercise training.

Performance of LBP group at pre-program interval compared to healthy

individuals

Participants in LBP group moved with significantly lower velocity at their lumbar spines and

hip joint when executing the forward bending and recovery task, compared to the healthy

Fig 5. Muscle recruitment (expressed in percentage of maximal voluntary contraction, MVC) during flexion phase of the bending task performed

at self-preferred speed. Significant difference was found between LBP (pre) and LBP (post) with p<0.05 (§). RA, rectus abdominus; IO, internal

oblique; TEL, tensor fascia latae; LES, lumbar erector spinae; MUL, lumbar multifidus; Gmax, gluteal maximus; BF, biceps femoris.

https://doi.org/10.1371/journal.pone.0259440.g005
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controls at pre-program assessment. The compromised dynamic capacity of the lumbopelvic

region found in this study is consistent with the impairment reported in the literature [46–49].

The reduced movement velocity could be partly explained by the higher degree of co-contrac-

tion of trunk flexor and extensor muscles in those with LBP while performing the trunk flexion

task in a semi-seated position reported previously [47]. This particular muscle recruitment pat-

tern substantiates the trunk bracing or stiffening strategy frequently adapted by the symptom-

atic group. Clinically, this phenomenon may explain the classical description given by those

experiencing severe back pain: they say they feel a “locking” or “giving way” of the back when

they try reaching or bending forward at a faster speed [46, 50]. The significantly lower move-

ment velocity had been considered to be a protective and mal-adaptive movement pattern

shown in LBP group potentially associated with their fear-avoidance belief towards movement

[51]. Grotle et al. reported that patients with chronic LBP had significantly higher fear-

avoidance belief (measured in Fear-Avoidance Beliefs Questionnaire, FABQ) than those with

acute LBP [50]. More importantly, such difference remained unchanged at one-year follow-

up. There is consistent evidence available to substantiate that level of fear avoidance predicts

the intensity of pain and disability in LBP [52, 53]. Participants in this study showed the signif-

icant improvement with their confidence level in performing their daily activities in pain (evi-

denced by the significant increase in PSEQ) and close to significant reduction in the TSK score

(P = 0.053), after completing the rehabilitation program. Our findings indicate that both the

aberrant movement pattern and fearfulness towards provocative movement could be opti-

mised satisfactorily by re-education and training of the lumbopelvic region using specific

therapeutic exercise regimen.

Fig 6. Muscle recruitment (expressed in percentage of maximal voluntary contraction) during extension phase of forward bending task

performed at self-preferred speed. � indicates significant difference found between healthy and LBP (pre); § indicates significant difference found

between LBP (pre) and LBP (post); and † indicates significant difference found between healthy and LBP (post). RA, rectus abdominus; IO, internal

oblique; TEL, tensor fascia latae; LES, lumbar erector spinae; MUL, lumbar multifidus; Gmax, gluteal maximus; BF, biceps femoris.

https://doi.org/10.1371/journal.pone.0259440.g006
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Effects of exercise program on movement pattern and motor control

strategies in LBP group

Marras et al. studied the movement-associated risk factors reported by industrial workers and

their contribution to development of back pain [54, 55]. They reported that the probability of

sustaining a back injury as a result of moving the trunk at high speed was double compared to

that caused by moving the trunk at the maximum flexion angle. Participants in current LBP

Fig 7. Correlation matrix between the clinical outcomes for participants in LBP group, at a) pre- and b) post-program interval (with correlation

coefficient, r and p values [� <0.05 and �� <0.01] included). SBTB (TOTAL), STarT Back Tool (Total score); SBTB (SUB), STarT Back Tool (Sub-

score); TSK, Tampa Scale of Kinesiophobia; PSFS, Patient Specific Functional Scale; RMDQ, Roland Morris Disability Questionnaires; and PSEQ, Pain

Self Efficacy Questionnaire.

https://doi.org/10.1371/journal.pone.0259440.g007
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group showed a satisfactory recovery of their lumbar spine movement velocity after the

6-week program which focused on optimizing the movement pattern between the lumbar

spine and hip region. Our findings may suggest its potential application for reducing the injury

or recurrence of the back condition. Despite the emerging evidence revealed in previous stud-

ies, which compared the rhythm of the lumbo-pelvic movements in people with LBP to healthy

individuals, knowledge of impact of the speed level on the spinal movement strategy during

forward bending remains limited. This knowledge gap indicates the possible pitfalls of assess-

ing the functional activities at the self-preferred speed of individuals with LBP dysfunction

since the condition itself could be self-limiting. Furthermore, the highly task-specific exercise

training incorporated in this 6-week program might also have promoted the feedforward

mechanisms, a crucial pathway that monitor movement and functional organization of the

cortex associated with musculoskeletal dysfunctions [56–58]. Previous neurophysiological

studies which examined the underlying mechanisms of the effect of task-specific training on

the recovery of motor control and management of the musculoskeletal dysfunction revealed

that exercise training with task specificity is crucial for neural and functional rehabilitation

[56]. To ensure the safety and suitability of the patients to participate in the speed dependent

task or training program, proper procedures for screening of the contraindications and identi-

fication of subgroup of patients with LBP are recommended.

This is the first time to reveal that individuals with chronic LBP manifested with compro-

mised movement capacity at the recurrent or exacerbation phase could recover to the level of

performance comparable to the healthy individuals in 6 weeks as substantiated by the lack of

between-groups differences in the kinematics data collected at LBP (post-program) and

healthy group. Furthermore, it is crucial to note that positive reorganization of muscle recruit-

ment was revealed in the LBP group with the significant enhanced activity level of lumbar mul-

tifidus and gluteus maximus bilaterally during the flexion phase of the bending cycle, after the

program [59, 60]. The improved level of willingness and capability of the symptomatic group

to execute this “fearful or provocative” functional movement at a faster pace implies promising

impact of the exercise training in terms of the interplay between the physical and psychological

components involved in chronic pain management in spine dysfunction [61, 62]. Hyper-

mobility may present in the spinal segments or regions of those with LBP with diminished

resistance to segmental manual displacement applied to the spine which contributes to the typ-

ical manifestations of spinal instability [61–63]. In a recent review of the evolution of the con-

cepts of stability and instability relevant to back pain by Revees [63], sufficient spinal stiffness

is required to support the upper body part during dynamic activities and this is achieved by

the fine-tuning and timely activation of the spinal muscles. These mechanisms are critical for

protecting the spine from injury and pain for its potential role of modified preparatory trunk

control prior to the predictable spine perturbation [64].

Steiger et al. [65] reported in their systematic review that evidence was lacking to support

the notion of treatment effects of exercise therapy in chronic LBP directly attributable to

changes in the musculoskeletal system as displayed in trunk muscle strength and endurance.

Contrary to their results, our positive impacts on the clinical and physical outcomes indicate

that the study of the motor control strategy using movement velocity analysis and recruitment

of the specific lumbopelvic muscles region would be more sensitive and specific to the induced

changes occurring at the neuromusculoskeletal system for this subgroup of chronic LBP. This

is substantiated by the recent clinical commentary by Hodges et al. [66] which reiterates the

importance in considering the task-specific changes in the multifidus and erector spinae of the

lumbar spine as a result of injury and recovery. The modification of the muscle recruitment

pattern revealed in the present study provide novel evidence to support the use of motor con-

trol training to first overcome the adaptive muscle inhibition during the acute exacerbation
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phase [67], and second to facilitate the restoration of the optimal recruitment pattern during

the rehabilitation phase [60, 68].

COP excursion is commonly used to measure the balance performance and postural stabil-

ity in nonspecific LBP. Previous research reviewed that when compared to healthy control,

individuals with LBP displayed a significantly greater COP excursion consistently across stud-

ies in antero-posterior (range: 2.3–7.5mm) and in medio-lateral direction (range: 1.6–4.7mm)

when performing the normal stance task [69]. In this study, we showed that the COP excur-

sions in the antero-posterior direction were similar between the LBP and healthy group follow-

ing the 6-week program, suggesting an improvement in postural stability in the LBP group.

Numerous factors, for examples, the presence of pain, spine mobility capacity and muscular

excitation affect the postural stability in individuals with LBP [70]. This study also showed sub-

stantial increase in the bending pace in LBP group and the same factors may have also contrib-

uted to the improvements in spine movement velocity [71]. It has been proposed that postural

sway increase in low back pain is not related to a reduced spinal range of motion, but the

increase in muscular active tension, which reduces dynamic mobility capacity. Based on the

present findings, pain intensity, spine movement velocity and recruitment of the key spinal

muscles all showed a positive recovery upon the completion of the 6-week structured rehabili-

tation program. It therefore suggests that this specific program plays a critical role in optimis-

ing the neuromusculoskeletal dysfunctions that underlie this cohort of nonspecific LBP.

Associations between clinical outcomes

The role and negative impact of fear-avoidance behaviour and self-efficacy associated with the

progress and prognosis of LBP had been reported previously [72–74]. Movement strategies rel-

evant to the LBP subgroup with dominant psychosocial contributors include bracing of the

trunk manifested in reduced dissociation of rotation between the thoracic spine and pelvis

during walking [75–77]; enhanced stiffness of the trunks and hip joints to minimise the inter-

nal perturbation during repeated bending [15, 56, 57]. Meanwhile, slower movement pace dis-

played in LBP group could be considered as an effective strategy adopted by the individuals to

avoid pain provocation; however, it would be considered mal-adaptive if this pattern persists

beyond the recovery phase. Both the fear-avoidance and self-efficacy scores improved in our

LBP group after the program. The present findings suggest that the significant recovery of pain

(by VAS) and function (by PSFS) in the symptomatic group could have been partly mediated

by modifying their kinesiophobia and avoidance hypervigilance, as well as empowering

patients with LBP to confidently engage in their daily functions. It had been found that self-

efficacy is more important than fear of movement in mediating the relationship between pain

and disability in chronic LBP population [78].

The present findings were obtained from a small cohort of relatively young adults suffered

from chronic nonspecific LBP. Further research is required to study the applicability of the

exercise program and the generalisation of these findings to other age groups. It is recom-

mended to carry out randomized controlled studies with large sample size and longer-term

follow-up period to truly reveal the clinical course and recovery of individuals with nonspecific

LBP in future for the better the clinical management and preventive measures for this highly

disabling subgroup of spine dysfunction.

Conclusions

Individuals with chronic nonspecific LBP moved with a strategy featured with a significantly

slower movement speed both at their lumbar spine and hip articulation compared to the able-

bodies when performing trunk forward bending in standing. Such movement strategy may
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indicate the suboptimal efficacy of the dynamic muscle system exhibited in the symptomatic

group. Upon completion of a structured program which emphasizes on re-education and

training of the lumbopelvic movement control, individuals with LBP showed a satisfactory

recovery of their movement speed and reorganization of the muscle activation patterns with

the enhanced activation level of the local stabilizer muscles of the lumbopelvic region evi-

denced during bending task. More profound reorganization of the motor control was found

during the flexion phase than the extension phase of the bending task. These findings indicate

that the recovery of the movement and motor control pattern in patients with chronic LBP

achieved to a comparable level of the healthy able-bodies. The improvement of both the physi-

cal outcome measures suggest that specific rehabilitation program would help promoting the

functional recovery of this specific subgroup of LBP.
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model of care and implementation. European Spine Journal. 2018; 27(6):925–45. https://doi.org/10.

1007/s00586-018-5720-z PMID: 30151805

PLOS ONE Recovery of the lumbopelvic movement and muscle recruitment patterns

PLOS ONE | https://doi.org/10.1371/journal.pone.0259440 November 18, 2021 14 / 18

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259440.s001
https://doi.org/10.1007/s00586-018-5720-z
https://doi.org/10.1007/s00586-018-5720-z
http://www.ncbi.nlm.nih.gov/pubmed/30151805
https://doi.org/10.1371/journal.pone.0259440


2. McGill SM. Linking latest knowledge of injury mechanisms and spine function to the prevention of low

back disorders. Journal of Electromyography and Kinesiology. 2004; 14(1):43–7. https://doi.org/10.

1016/j.jelekin.2003.09.012 PMID: 14759749

3. Taylor JB, Goode AP, George SZ, Cook CE. Incidence and risk factors for first-time incident low back

pain: a systematic review and meta-analysis. The Spine Journal. 2014; 14(10):2299–319. https://doi.

org/10.1016/j.spinee.2014.01.026 PMID: 24462537

4. Parreira P, Maher CG, Steffens D, Hancock MJ, Ferreira ML. Risk factors for low back pain and sciatica:

an umbrella review. The Spine Journal. 2018; 18(9):1715–21. https://doi.org/10.1016/j.spinee.2018.05.

018 PMID: 29792997

5. Gillespie KA, Dickey JP. Biomechanical role of lumbar spine ligaments in flexion and extension: deter-

mination using a parallel linkage robot and a porcine model. Spine. 2004; 29(11):1208–16. https://doi.

org/10.1097/00007632-200406010-00010 PMID: 15167660

6. Gardner-Morse MG, Stokes IAF. Structural behavior of human lumbar spinal motion segments. Journal

of Biomechanics. 2004; 37(2):205–12. https://doi.org/10.1016/j.jbiomech.2003.10.003 PMID:

14706323

7. Yingling VR, McGill SM. Anterior shear of spinal motion segments kinematics, kinetics, and resultant

injuries observed in a porcine model. Spine. 1999; 24(18):1882–9. https://doi.org/10.1097/00007632-

199909150-00004 PMID: 10515011

8. Shojaei I, Salt EG, Hooker Q, Van Dillen LR, Bazrgari B. Comparison of lumbo-pelvic kinematics during

trunk forward bending and backward return between patients with acute low back pain and asymptom-

atic controls. Clinical Biomechanics. 2017; 41:66–71. https://doi.org/10.1016/j.clinbiomech.2016.12.

005 PMID: 27992778

9. Thomas JS, Gibson GE. Coordination and timing of spine and hip joints during full body reaching tasks.

Human Movement Science. 2007; 26(1):124–40. https://doi.org/10.1016/j.humov.2006.08.002 PMID:

17055098

10. van Wingerden J-P, Vleeming A, Ronchetti I. Differences in Standing and Forward Bending in Women

With Chronic Low Back or Pelvic Girdle Pain: Indications for Physical Compensation Strategies. Spine.

2008; 33(11):E334–E41. https://doi.org/10.1097/BRS.0b013e318170fcf6 PMID: 18469680

11. Esola MA, McClure PW, Fitzerald GK, Siegler S. Analysis of lumbar spine and hip motion during forward

bending in subjects with and without a history of low back pain. Spine. 1996; 21(1):71–8. https://doi.org/

10.1097/00007632-199601010-00017 PMID: 9122766

12. Porter JL, Wilkinson A. Lumbar-Hip flexion motion: a comparison study between asymptomatic and

chronic low back pain in 18- to 36-year-old men. Spine. 1997; 22(13):1508–14. https://doi.org/10.1097/

00007632-199707010-00017 PMID: 9231971

13. Kim MH, Yi CH, Kwon OY, Cho SH, Cynn HS, Kim YH, et al. Comparison of lumbopelvic rhythm and

flexion-relaxation response between 2 different low back pain subtypes. Spine. 2013; 38. https://doi.

org/10.1097/BRS.0b013e318291b502 PMID: 23514875

14. Paquet N, Malouin F, Richards C. Hip-spine movement interaction and muscle activation patterns dur-

ing sagittal trunk movements in low back pain patients. Spine. 1994; 15. https://doi.org/10.1097/

00007632-199403000-00016 PMID: 8184355

15. Tsang SMH, Szeto GPY, Li LMK, Wong DCM, Yip MMP, Lee RYW. The effects of bending speed on

the lumbo-pelvic kinematics and movement pattern during forward bending in people with and without

low back pain. BMC musculoskeletal disorders. 2017; 18(1):157. https://doi.org/10.1186/s12891-017-

1515-3 PMID: 28415980

16. McClure PW, Esola M, Schreier R, Siegler S. Kinematic Analysis of Lumbar and Hip Motion While Ris-

ing From a Forward, Flexed Position in Patients With and Without a History of Low Back Pain. Spine.

1997; 22(5):552–8. https://doi.org/10.1097/00007632-199703010-00019 PMID: 9076888

17. Shojaei I, Vazirian M, Salt EG, Van Dillen LR, Bazrgari B. Timing and magnitude of lumbar spine contri-

bution to trunk forward bending and backward return in patients with acute low back pain. Journal of Bio-

mechanics. 2017; 53:71–7. https://doi.org/10.1016/j.jbiomech.2016.12.039 PMID: 28087062

18. Sullivan MS, Shoaf LD, Riddle DL. The relationship of lumbar spine flecion to disability in patients with

low back pain. Physical Therapy. 2000; 80(3):240–50. PMID: 10696151

19. Davis DS, Mancinelli CA, Petronis JJ, Bensenhaver C, McClintic T, Nelson G. Variables Associated

With Level of Disability in Working Individuals With Nonacute Low Back Pain: A Cross-sectional Investi-

gation. Journal of Orthopaedic & Sports Physical Therapy. 2013; 43(2):97–104. https://doi.org/10.2519/

jospt.2013.4382 PMID: 23090485.

20. Asgari M, Sanjari MA, Mokhtarinia HR, Moeini Sedeh S, Khalaf K, Parnianpour M. The effects of move-

ment speed on kinematic variability and dynamic stability of the trunk in healthy individuals and low

back pain patients. Clinical Biomechanics. 2015; 30(7):682–8. https://doi.org/10.1016/j.clinbiomech.

2015.05.005 PMID: 26021879

PLOS ONE Recovery of the lumbopelvic movement and muscle recruitment patterns

PLOS ONE | https://doi.org/10.1371/journal.pone.0259440 November 18, 2021 15 / 18

https://doi.org/10.1016/j.jelekin.2003.09.012
https://doi.org/10.1016/j.jelekin.2003.09.012
http://www.ncbi.nlm.nih.gov/pubmed/14759749
https://doi.org/10.1016/j.spinee.2014.01.026
https://doi.org/10.1016/j.spinee.2014.01.026
http://www.ncbi.nlm.nih.gov/pubmed/24462537
https://doi.org/10.1016/j.spinee.2018.05.018
https://doi.org/10.1016/j.spinee.2018.05.018
http://www.ncbi.nlm.nih.gov/pubmed/29792997
https://doi.org/10.1097/00007632-200406010-00010
https://doi.org/10.1097/00007632-200406010-00010
http://www.ncbi.nlm.nih.gov/pubmed/15167660
https://doi.org/10.1016/j.jbiomech.2003.10.003
http://www.ncbi.nlm.nih.gov/pubmed/14706323
https://doi.org/10.1097/00007632-199909150-00004
https://doi.org/10.1097/00007632-199909150-00004
http://www.ncbi.nlm.nih.gov/pubmed/10515011
https://doi.org/10.1016/j.clinbiomech.2016.12.005
https://doi.org/10.1016/j.clinbiomech.2016.12.005
http://www.ncbi.nlm.nih.gov/pubmed/27992778
https://doi.org/10.1016/j.humov.2006.08.002
http://www.ncbi.nlm.nih.gov/pubmed/17055098
https://doi.org/10.1097/BRS.0b013e318170fcf6
http://www.ncbi.nlm.nih.gov/pubmed/18469680
https://doi.org/10.1097/00007632-199601010-00017
https://doi.org/10.1097/00007632-199601010-00017
http://www.ncbi.nlm.nih.gov/pubmed/9122766
https://doi.org/10.1097/00007632-199707010-00017
https://doi.org/10.1097/00007632-199707010-00017
http://www.ncbi.nlm.nih.gov/pubmed/9231971
https://doi.org/10.1097/BRS.0b013e318291b502
https://doi.org/10.1097/BRS.0b013e318291b502
http://www.ncbi.nlm.nih.gov/pubmed/23514875
https://doi.org/10.1097/00007632-199403000-00016
https://doi.org/10.1097/00007632-199403000-00016
http://www.ncbi.nlm.nih.gov/pubmed/8184355
https://doi.org/10.1186/s12891-017-1515-3
https://doi.org/10.1186/s12891-017-1515-3
http://www.ncbi.nlm.nih.gov/pubmed/28415980
https://doi.org/10.1097/00007632-199703010-00019
http://www.ncbi.nlm.nih.gov/pubmed/9076888
https://doi.org/10.1016/j.jbiomech.2016.12.039
http://www.ncbi.nlm.nih.gov/pubmed/28087062
http://www.ncbi.nlm.nih.gov/pubmed/10696151
https://doi.org/10.2519/jospt.2013.4382
https://doi.org/10.2519/jospt.2013.4382
http://www.ncbi.nlm.nih.gov/pubmed/23090485
https://doi.org/10.1016/j.clinbiomech.2015.05.005
https://doi.org/10.1016/j.clinbiomech.2015.05.005
http://www.ncbi.nlm.nih.gov/pubmed/26021879
https://doi.org/10.1371/journal.pone.0259440


21. D’hooge R, Hodges P, Tsao H, Hall L, MacDonald D, Danneels L. Altered trunk muscle coordination

during rapid trunk flexion in people in remission of recurrent low back pain. Journal of Electromyogra-

phy and Kinesiology. 2013; 23(1):173–81. https://doi.org/10.1016/j.jelekin.2012.09.003 PMID:

23079004

22. Van Middelkoop M, Rubinstein SM, Kuijpers T, Verhagen AP, Ostelo R, Koes BW, et al. A systematic

review on the effectiveness of physical and rehabilitation interventions for chronic non-specific low back

pain. European Spine Journal. 2011; 20(1):19–39. https://doi.org/10.1007/s00586-010-1518-3 PMID:

20640863

23. van Middelkoop M, Rubinstein SM, Verhagen AP, Ostelo RW, Koes BW, van Tulder MW. Exercise ther-

apy for chronic nonspecific low-back pain. Best Practice & Research Clinical Rheumatology. 2010; 24

(2):193–204. https://doi.org/10.1016/j.berh.2010.01.002 PMID: 20227641

24. Searle A, Spink M, Ho A, Chuter V. Exercise interventions for the treatment of chronic low back pain: a

systematic review and meta-analysis of randomised controlled trials. Clin Rehabil. 2015; 29(12):1155–

67. Epub 2015/02/15. https://doi.org/10.1177/0269215515570379 PMID: 25681408.

25. Laird R, Kent P, Keating J. Modifying patterns of movement in people with low back pain—does it help?

A systematic review. BMC Musculoskelet Disord. 2012; 13. https://doi.org/10.1186/1471-2474-13-169

PMID: 22958597

26. Karayannis NV, Jull GA, Hodges PW. Movement-based subgrouping in low back pain: synergy and

divergence in approaches. Physiotherapy. 2016; 102(2):159–69. Epub 2015/07/02. https://doi.org/10.

1016/j.physio.2015.04.005 PMID: 26126426.

27. Karayannis NV, Jull GA, Hodges PW. Physiotherapy movement based classification approaches

to low back pain: comparison of subgroups through review and developer/expert survey. BMC

Musculoskeletal Disorders. 2012; 13(1):24. https://doi.org/10.1186/1471-2474-13-24 PMID:

22348236

28. Hill JC, Dunn KM, Lewis M, Mullis R, Main C, Foster NE, et al. A primary care back pain screening tool:

Identifying patient subgroups for initial treatment. Arthritis Rheumat. 2008; 59. https://doi.org/10.1002/

art.23563 PMID: 18438893

29. Miller RP, Kori S, Todd D. The Tampa Scale: a measure of kinesiophobia. Clin J Pain 1991; 7(1):51–2.

30. Roland M, Fairbank J. The Roland-Morris disability questionnaire and the oswestry disability question-

naire. Spine. 2000; 25. https://doi.org/10.1097/00007632-200012150-00006 PMID: 11124727
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63. Reeves NP, Cholewicki J, Dieën JHv, Kawchuk G, Hodges PW. Are Stability and Instability Relevant

Concepts for Back Pain? Journal of Orthopaedic & Sports Physical Therapy. 2019; 49(6):415–24.

https://doi.org/10.2519/jospt.2019.8144 PMID: 31021689.

64. Hodges P, Richardson CL. Inefficient muscular stabilization of the lumbar spine associated wtih low

back pain: a motor control evaluation of transversus abdominis. Spine. 1996; 21(2):2640–50.

65. Steiger F, Wirth B, de Bruin ED, Mannion AF. Is a positive clinical outcome after exercise therapy for

chronic non-specific low back pain contingent upon a corresponding improvement in the targeted

aspect(s) of performance? A systematic review. European spine journal: official publication of the Euro-

pean Spine Society, the European Spinal Deformity Society, and the European Section of the Cervical

Spine Research Society. 2012; 21(4):575–98. Epub 2011/11/10. https://doi.org/10.1007/s00586-011-

2045-6 PMID: 22072093.

66. Hodges PW, Danneels L. Changes in Structure and Function of the Back Muscles in Low Back Pain:

Different Time Points, Observations, and Mechanisms. Journal of Orthopaedic & Sports Physical Ther-

apy. 2019; 49(6):464–76. https://doi.org/10.2519/jospt.2019.8827 PMID: 31151377.

67. Tsao H, Druitt TR, Schollum TM, Hodges PW. Motor Training of the Lumbar Paraspinal Muscles

Induces Immediate Changes in Motor Coordination in Patients With Recurrent Low Back Pain. The

Journal of Pain. 2010; 11(11):1120–8. https://doi.org/10.1016/j.jpain.2010.02.004 PMID: 20434958

68. Hodges PW, van Dillen L, McGill S, Brumagne S, Hides JA, Moseley GL. Integrated clinical approach to

motor control interventions in low back and pelvic pain. In: Hodges PW, Cholewicki J, van Dieën JH, edi-
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