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Low back pain (LBP) is one of the most prevalent and disabling disease worldwide. However, the specific biomechanical changes due to LBP are still controversial. The purpose of this study was to estimate the lumbar and lower limb kinematics, lumbar moments and loads, muscle forces and activation during walking in healthy adults and LBP. A total of 18 healthy controls and 19 patients with chronic LBP were tested for walking at a comfortable speed. The kinematic and dynamic data of the subjects were collected by 3D motion capture system and force plates respectively, and then the motion simulation was performed by OpenSim. The OpenSim musculoskeletal model was used to calculate lumbar, hip, knee and ankle joint angle variations, lumbar moments and loads, muscle forces and activation of eight major lumbar muscles. In our results, significant lower lumbar axial rotation angle, lumbar flexion/extension and axial rotation moments, as well as the muscle forces of the four muscles and muscle activation of two muscles were found in patients with LBP than those of the healthy controls (p < 0.05). This study may help providing theoretical support for the evaluation and rehabilitation treatment intervention of patients with LBP.
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1 INTRODUCTION
Low back pain (LBP) is the pain, muscle tension, or stiffness located below the costal margin and above the subgluteal fold, with or without leg pain, when LBP exceeded 3 months (Fourney et al., 2011), it is defined as chronic LBP. The mean prevalence of LBP in adults is approximately 12%, and the lifetime prevalence is approximately 40% (Hoy et al., 2012). LBP is the most prevalent and disabling disease considered for rehabilitation worldwide (Cieza et al., 2021). Despite its widespread occurrence, the underlying mechanisms of LBP are not well understood, largely due to insufficient assessment of biomechanical factors (O'Sullivan, 2005).
Chronic LBP is often aggravated by changes in spinal biomechanics. In lumbar biomechanical analysis, compression, shear, and twisting forces on the intervertebral discs are key indicators of discogenic LBP caused by degenerative changes in the lumbar spine (Marras et al., 2001; Adams, 2004). Excessive loads can cause annular fissures, disc herniation, and other degenerative changes, resulting in chronic LBP (Creighton et al., 2023). This emphasizes the importance of accurately assessing the differences in lumbar load between individuals with and without LBP. Repeated exposure to high-intensity forces may damage spinal integrity, especially during everyday activities such as walking (Gombatto et al., 2015; Christe et al., 2016). In the current field of biomechanical research on LBP, the focus is primarily limited to specific lumbar segments. However, this method overlooks the impact of movements in other parts of the body on the lumbar spine, lacking a holistic analysis of motion. We need to understand more comprehensively the effects of body movements on the lumbar spine and validate these theories through experiments. This will help us gain a deeper understanding of the biomechanical mechanisms of LBP, providing more effective strategies for the prevention and treatment of LBP (Owen et al., 2020; Pocovi et al., 2022).
To elucidate the biomechanical intricacies of LBP, traditional methodologies have employed cadaveric experiments (Nachemson, 1981)or the implantation of pressure sensors in vivo (Sato et al., 1999)to quantify lumbar load during routine activities. However, these approaches present limitations: cadaver studies fail to mimic the dynamic physiological responses inherent in living tissues (Von Forell et al., 2015), and implanted sensors, while invasive, fall short in replicating the natural load conditions encountered by an active human body, rendering them unsuitable for monitoring the daily activities of individuals with or without LBP (Ferrara et al., 2005). Therefore, biomechanical models of different complexities have become key tools in this research field, providing a non-invasive approach for comprehensive analysis of the mechanical basis of the human neuromuscular system. The main methods include finite element models and multibody models (Roupa et al., 2022).
The finite element method (FEM) is a computational technique that discretizes a continuous model into a finite number of non-overlapping elements in space and time (Castro et al., 2015). Kim et al. (Kim et al., 1991)initially utilized a nonlinear three-dimensional FEM to investigate the vertical compressive forces exerted on the lumbar intervertebral disc. Later, Simon (Simon et al., 1985), Lee (Lee et al., 2000), and Williams (Williams JR et al., 2004) further refined the research related to the lumbar FEM. However, the FEM often simplify the geometric shape and constitutive relationship of the lumbar spine. Moreover, these models are unable to simulate the kinematics of the lumbar spine and muscle activation during holistic movement. Thus FEM is not suitable for this study.
The multibody model is a biomechanical motion analysis model that decomposes the system into a set of rigid bodies connected by joints, which can be used to study the impact of overall motion analysis on a specific joint (Ma et al., 2023). Cappozzo (Cappozzo, 1984), Callaghan et al. (Callaghan et al., 1999)and Kuai et al. (2017a) used different lumbar multibody models to simulate and predict the lumbar spine load under different movements. Although, the construction of the multibody model does not take into account the inter-individual variability, it currently stands as the only effective method to simultaneously obtain in vivo kinematics, lumbar loading, muscle force and activation. Previous multibody lumbar studies only focused on limited lumbar segments, such as the lumbar L3-L4 and L4-L5 segments, ignoring the impact of overall body mass and overall movement on lumbar biomechanics. These limitations hinder comprehensive investigations into potential biomechanical differences and underlying mechanisms, potentially leading to unsupported conclusions.
OpenSim is an open source software developed by Stanford University for the study and design of biomechanical and neuro-controlled movements (Delp et al., 2007). The software visualizes complex biomechanical analysis and simulation, providing a powerful tool for understanding human motion mechanisms and designing solutions. The researchers used recent experimental studies to improve previously published models and continue to add new models to expand OpenSim’s possible research applications (Seth et al., 2018). Models of muscle mechanics have typically been validated against experimental data obtained from animals (Millard et al., 2013). Other simulation results were verified by each model developer. The latest advancements in the full-body lumbar spine (FBLS) model (Raabe and Chaudhari, 2016)provide a comprehensive musculoskeletal modeling approach. It considers the impacts and interactions of the whole body, enabling precise load calculations for each lumbar segment. This model was validated against measured EMG, joint angle and moments (Novacheck, 1998; Brown et al., 2014)and previous simulation results (Hamner et al., 2010). But the FBLS model also has some limitations, the model contains 324 musculotendon actuators, the computational cost to create simulations with this model is higher than simpler models. In addition, the model can not be able to perform computed muscle control (CMC) or forward dynamics. It can only simulate muscle force and activation through static optimization (Lin et al., 2011), which may affect the accuracy of the results to some extent. This model has been applied to biomechanical studies of running (Raabe and Chaudhari, 2018) and crawling (Li et al., 2020). However, there is still no consensus on whether there are significant differences in kinematics and dynamics between LBP patients and healthy individuals, and there is a lack of personalized data for LBP patients. The purpose of this study was to estimate the lumbar and lower limb kinematics, lumbar moments and loads, and muscle activation during walking in healthy adults and LBP.
2 METHODS
2.1 Participants
This study recruited a total of 37 participants from the community and online, including 18 healthy individuals and 19 participants with chronic LBP. Only one subject with LBP had left side pain, while the others had right side pain. Inclusion criteria followed the non-specific LBP diagnosis guidelines of the American College of Physicians and the American Pain Society (Chou et al., 2007). The chronic LBP patients who met the following criteria were included in the study: (1) clinical diagnosis of non-specific LBP or discomfort for >3 months, with a Visual Analog Scale (VAS) (Chiarotto et al., 2019)score was greater than 30mm; (2) age 18–75 years. A healthy control group meeting the following criteria was included in the study: (1) no incidence of low back pain in 2 years; (2) age 18–75 years. The key exclusion criteria were as follows: (1) pregnancy; (2) a history of waist trauma or waist/abdominal surgery in the past 2 years; (3) a history of nerve roots symptoms, spine fracture, infection, lumbar malignancy, or LBP caused by any other disease; and (4) patients suffering from hypertension, heart disease, Parkinson’s disease, and other conditions that were not suitable for intense exercise; (5) inability to walk independently or an abnormal gait. Patients with LBP and healthy controls were matched for age and gender. The mean age of the LBP group was 23.95 years, and the average age of the healthy group was 23.44 years (Table 1). All participants had no recent history of back injury or surgery within the last 2 years. The individuals with a clinical diagnosis of nonspecific chronic LBP (Chou et al., 2007)that persists for more than 3 months, and their Visual Analog Scale (VAS) (Chiarotto et al., 2019)score was greater than 30 mm. The Ethics Committee of Zhujiang Hospital of Southern Medical University approved this study (2023-KY-017). Informed consent was obtained from all participants prior to the experiment.
TABLE 1 | Baseline characteristics (X (sd)).
[image: Table 1]2.2 Experimental procedures
Before starting the test, the subjects were instructed to wear tight-fitting clothing and were informed about how to perform the walking tests within the designated area. When the test started, participants were first asked to stand in the test area in an anatomical position (standing upright, facing forward, eyes looking straight ahead, feet together, toes pointing forward, both upper limbs hanging at the sides of the torso with palms facing forward) (Hansen and Netter, 2009) to collect the necessary static data for the test. Subjects were then instructed to walk through the force plates at their own comfortable pace. After a single pass through the force plates, they were required to turn and walk back to the starting point at a comfortable pace, repeating this process back-and-forth five times. A successful trail was defined as having both feet on two force plates during a gait cycle.
2.3 Data collection
The kinematic data were recorded with a 6-camera infrared 3D motion capture system (BTS SMART-DX EVO2) with an acquisition frequency of 100 Hz. A total of 49 Reflective Markers (14.0 mm diameter) were affixed to the subjects’ whole body (Figures 1A,B) (Jamison et al., 2013). The results of the static and dynamic tests showed an error lower than 0.1 mm within a volume of 4 m × 3 m × 3 m (L × W × H), similar to other commercial systems usually used in biomechanics. Ground reaction forces were collected using 2 force plates (BTS P6000) at 1,000 Hz. Surface electromyography (EMG) data of the left and right erector spinae muscles (BTS FREEEMG 300) at 1,000 Hz were placed according to SENIAM guidelines (Figure 1D) (Stegeman and Hermens, 2007). The data of 3D kinematic and GRF data, as well as Surface EMG data, were updated and adjusted in the BTS system to ensure temporal uniformity of data acquisition. The muscle thickness of Musculi transversus abdominis (TrA) and Multifidus muscle (MF) was measured using a Terason uSmart 3,300 ultrasound (Terason, Burlington, United States).
[image: Figure 1]FIGURE 1 | Anterior (A) and posterior (B) views of the lower body Point-Cluster marker set with the upper body Plug-In Gait marker set; (C) OpenSim musculoskeletal model; (D) The EMG electrode shows the iliocostalis muscle.
The data collection process commences with the initial step of gathering static standing data. Following this, participants were instructed to walk at their comfortable pace during the gait tests, with marker trajectory data, ground reaction forces data, and surface EMG data being collected simultaneously. Each participant underwent at least five trials to ensure complete gait data collection. A qualified dataset required separate recordings of left and right feet on two different force plates. If data from both feet were recorded on the same force plate, an additional trial was performed. Meanwhile, all collected data were processed by normalization. For TrA thickness, patients were instructed to lie in the supine position with hips flexed to approximately 135° and knees flexed to 90°. They were then asked to take a deep breath, exhale fully, and keep their abdomen relaxed for 5 s. A linear probe was used to measure the thickness above the iliac crest at the axillary front. Muscle thickness was recorded as the distance between the hyperechoic myofascial. For MF thickness, patients were instructed to lie in the prone position with a thin pillow under their abdomen to straighten the lumbar spine. A curve probe was used to measure the thickness at the fourth lumbar spine. Muscle thickness was recorded as the distance from the tip of the articular process to the lower end of subcutaneous fat. The measurement was performed on both left and right sides three times, and the average was used for data analysis (Skeie et al., 2015).
2.4 Musculoskeletal modeling and simulation
From the collected data, a complete gait data was selected and input into OpenSim software (version 4.1) for kinematicand dynamic calculations using the Full Body Lumbar Spine (FBLS) model created by Raabe and Chaudhari (Raabe and Chaudhari, 2016). The steps are as follows:
The process began by scaling the original model to match the participant’s height, weight, and body proportions. This was based on the static data collected from the subject, ensuring that the segment ratios of the body align with those of the corresponding subject in the original experiment. Following this, the Inverse Kinematics tool in OpenSim was employed to input the experimentally acquired kinematic data into the model, which then drove the model to obtain the kinematics data during gait. Subsequently, the Residual Reduction Algorithm was applied to optimize the model’s motion data and body segment mass properties. This resulted in an adjusted model and a new set of Inverse Kinematics and Inverse Dynamics outcomes. The next step was to proceed with Static Optimization, which involved allocating net joint moments obtained from Inverse Dynamics to individual muscle fibers frame by frame. This yielded muscle forces and activation levels throughout the motion. Finally, the Joint Reaction Analysis tool was used to calculate the internal loads experienced on the lumbar joints during gait. This allowed us to obtain the compression and shear forces and twisting forces on the L3-S1 lumbar intervertebral disc.
2.5 Statistical analysis
Statistical analyses were performed using IBM SPSS v25. The Chi-square test was used for the categorical variable (gender). For continuous variables, the Shapiro–Wilk test was used to test whether the data were normally distributed, and the Levene test was used to test whether the two sets of data were homogeneous. The independent-samples t-test was used for the outcomes (age, years of education, BMI, gait cycle, muscle thickness, axial rotation peak moment, lumbar intervertebral peak load) with a normal distribution and consistent variance in both groups, and the independent-samples Mann-Whitney U test was used for the outcomes (flexion-extension and lateral bending peak moment, muscle peak force) with non-normal distribution or irregular variance. BW normalization was performed on the simulated moment and lumbar Intervertebral load for each subject. All outcomes of continuous variables were described as mean ± standard deviation, and all statistical inferences were performed using two-sided tests, α = 0.05.
3 RESULTS
3.1 Subjects
There were no significant differences in gender, age, BMI, years of education, or gait cycle between the two groups (Table 1, p > 0.05). The TUG test duration, contracted thickness of MF, and contraction rate of TrA significantly differ between the group with LBP and the healthy group (Table 1, p < 0.05).
3.2 Kinematics
The average gait cycle in the LBP group (1.35 ± 0.10s) was slightly longer than that in the healthy group (1.34 ± 0.13s), but the difference was not significant (Table 1, p > 0.05).
Figure 2 (A, B and C) shows the of lumbar flexion, extension, lateral flexion, and rotation angles during one walking cycle in the two groups. As shown in Figure 2, the changes in lumbar flexion, lateral flexion, and rotation angles during walking in the two groups are consistent. In the LBP group, the lumbar flexion angle was slightly less than that in the healthy group (Figure 2A); the lateral bending angle was slightly greater than that in the healthy group (Figure 2B) and the axial rotation angle was significantly greater than those in the healthy group (Figure 2C).
[image: Figure 2]FIGURE 2 | Motions of the joints of the Lumbar and lower limb joints during one gait Cycle. (A) The angle of lumbar flexion extension during a gait cycle. (B) The angle of lumbar lateral bending during a gait cycle. (C) The angle of lumbar axial rotation during a gait cycle. (D) The angle of hip motion during a gait cycle. (E)The angle of knee motion during a gait cycle. (F) The angle of ankle motion during a gait cycle. Lumbar extension is positive, flexion is negative, lateral flexion to the right is positive, lateral flexion to the left is negative, left rotation is positive, and right rotation is negative. The hip joint flexion is positive, extension is negative; knee joint flexion is negative, extension is positive; ankle joint dorsiflexion is positive, plantar flexion is negative. The shaded area represents ±1 standard deviation. *Represents significant differences between HC and LBP groups (p < 0.05).
The changes in hip, knee, and ankle joint angles during walking for the LBP group and the healthy group are shown in Figures 2D–F. The flexion and extension angle changes of the hip, knee, and ankle joints during walking in the LBP group and healthy group are consistent. Throughout the walking process, the flexion angles of the hip and knee joints in the LBP group were greater than those in the healthy group, and the extension angle of the hip joint in the LBP group was less than that in the healthy group; moreover, the peak flexion angles of the hip and knee joints in the LBP group were greater than those in the healthy group, and the peak extension angle of the hip joint in the LBP group was less than that in the healthy group (Figures 2D–F). The peak dorsiflexion angle and plantar flexion angle of the ankle joint in the LBP group were greater than those in the healthy group (Figure 2F; Table 2).
TABLE 2 | Maximum joint angle (X (sd)).
[image: Table 2]3.3 Dynamics
Figure 3 shows the simulation curves of lumbar flexion extension (Figure 3A), lateral flexion (Figure 3B), and rotation (Figure 3C) moment changes during one gait cycle in the two groups. Overall, the changes in lumbar moment during walking in patients with LBP and healthy individuals are relatively consistent. In a standardized gait cycle, the total lumbar extension, right lateral flexion, and right and left rotation moment in the LBP group are less than those in the healthy group. The extension and axial rotation peak moment in the LBP group were significantly lower than those in the healthy group (Table 3, p < 0.05), but there was no statistically significant difference in lateral bending peak moment (Table 3, p > 0.05).
[image: Figure 3]FIGURE 3 | (A) The moment of lumbar flexion extension during a gait cycle. (B) The moment of lumbar lateral bending during a gait cycle. (C) The moment of lumbar axial rotation during a gait cycle. The shaded area represents ±1 standard deviation. The bar chart is a comparison of the moment of the three degrees of freedom of the lumbar spine. *Represents significant differences between HC and LBP groups (p < 0.05).
TABLE 3 | Maximum joint moment (X (sd)).
[image: Table 3]3.4 Lumbar intervertebral load
Figure 4 shows the simulation curves of changes in L3/L4, L4/L5, L5/S1 intervertebral compression force, sagittal shear force, and twisting force during one gait cycle in the two groups. Overall, the intervertebral loads of L3/L4 (Figures 4A–C), L4/L5 (Figures 4D–F), L5/S1 (Figures 4H–J) in patients with LBP are greater than those in healthy individuals. The peak compression force, sagittal shear force, and twisting force of L3/L4, L4/L5, L5/S1 intervertebral discs in patients with LBP are greater than those in healthy individuals, but there is no significant difference (Figure 4K; Table 4, p > 0.05).
[image: Figure 4]FIGURE 4 | (A–C) Corresponding to the shear force, compressive force and twisting force of L3-4 respectively. (D–F) Corresponding to the shear force, compressive force and twisting force of L4-5 respectively. (G–I) Corresponding to the shear force, compressive force and twisting force of L5-S1 respectively. (J) The shaded area represents ±1 standard deviation. The bar chart shows the shear force, compressive force and twisting force of each section of L3-S1.
TABLE 4 | Maximum lumbar intervertebral force (X (sd)).
[image: Table 4]3.5 Muscle force and activition
The trend of muscle force changes in the LBP group and the healthy group during the gait cycle was similar. The muscle force of the right and left multifidus muscles in the healthy group was higher than that in the LBP group throughout the gait cycle (Figures 5G,H). The muscle force of the right iliocostalis and internal oblique muscles in the healthy group was higher than that in the LBP group throughout the gait cycle (Figures 5C,F), but the muscle force of the left iliocostalis and internal oblique muscles in the first peak was lower than that in the LBP group, and the second peak was higher than that in the LBP group (Figures 5D,H). The muscle force of the right external oblique muscle in the healthy group was higher than that in the LBP group throughout the gait cycle (Figure 5A), but the muscle force of the left external oblique muscle in the first peak was higher than that in the LBP group, and the second peak was lower than that in the LBP group (Figure 5B). There were significant differences in peak muscle force between the two groups for the right multifidus, iliocostalis, internal oblique, and external oblique muscles (p < 0.05), but there were no significant differences in peak muscle force for the left multifidus, iliocostalis, internal oblique, and external oblique muscles (Table 5, p > 0.05). The simulated muscle activation patterns (Figure 6) were almost consistent with the trend of the above muscle force results, with significantly lower activation of the right external abdominal oblique muscle and right iliocostalis muscle (Table 6, p < 0.05) in patients with LBP compared to the healthy control group. In this study, the simulation data of muscle activation in OpenSim was compared with surface EMG signals, and the two showed good consistency (Figures 5I,J).
[image: Figure 5]FIGURE 5 | (A–H) Represents the force of different muscles during gait. *Represents significant differences between HC and LBP groups (p < 0.05).
TABLE 5 | Maximum muscle force (X (sd)).
[image: Table 5][image: Figure 6]FIGURE 6 | (A–H) Represents the activation of different muscles during gait. (I–J) Represents a comparison between different muscle activation and EMG data. *Represents significant differences between HC and LBP groups (p < 0.05).
TABLE 6 | Maximum muscle activation (X (sd)).
[image: Table 6]4 DISCUSSION
This study aims to compare the differences in kinematics, dynamics, lumbar load and muscle force between healthy individuals and patients with chronic LBP using biomechanical methods. The results show significant differences in dynamics and muscle force.
4.1 Kinematics
During gait simulation, we compared the lumbar and lower limb joint angle between subjects with LBP and healthy controls. The results indicate that the joint angle in the sagittal of the lumbar spine in subjects with LBP is less than that of healthy subjects, which is consistent with a previous study (Hernandez et al., 2017). Several potential explanations include subjects with LBP limiting their movement to avoid discomfort, stiffness in soft tissues or joints restricting lumbar joint angle, or subjects adopting habitual movement patterns, either the resulting from or contributing to LBP. In the coronal plane, however, lumbar joint angle was greater than that of healthy subjects. This might be explained by lateral instability of the lumbar spine, which also aligns with a previous study suggesting that increased coronal joint angle is related to symptoms in patients with more pronounced degenerative L4-5 spondylolisthesis (Wang et al., 2022). The presence of lateral instability of the lumbar spine during posture changes could lead to more pronounced effects on reported outcomes for patients. Additionally, hip range of motion was different from that of healthy subjects, consistent with the research previous studies (Shum et al., 2005a; Shum et al., 2007; Lee et al., 2011). This may relate to symptomatic subjects employing compensatory movements and altered load-sharing strategies (Ebrahimi et al., 2017; Zawadka et al., 2018)or reduced coordination capabilities of the lumbar spine relative to the hip joint (Shum et al., 2005a). In lower limb joints, the knee joint angle changes were similar between the patient group and healthy subjects, aligning with prior research (Muller et al., 2015; Kuai et al., 2017b). However, the plantar flexion and dorsal extension during mid-stance of the patients with LBP was greater compared to the control group, which might indicate that the altered ankle movement pattern in the sagittal plane might be a compensatory strategy to avoid downward displacement of the center of gravity and reduce mechanical load on the lumbar spine (Zahraee et al., 2014). Furthermore, it is essential to recognize the significant individual differences in human joint motion. This inherent variability may serve as a potential confounding factor in our study.
4.2 Dynamics
The lumbar moment of patients with LBP is significantly lower than that of healthy controls in sagittal and axial planes (p < 0.05). The change of moment in sagittal plane of lumbar vertebra is consistent with the previous research results of Shum et al. (2005b). Shum’s research results suggest that the activation of the lumbar muscles in patients with LBP, especially the lumbar extensor muscles, is reduced, and the muscle strength is decreased. The moment in sagittal plane of the lumbar is decreased, which may be a compensatory protective mechanism to protect the painful tissues in the waist and back and enhance the stability of the trunk during activity. The decrease of lumbar moment may be related to the “pain-spasm-pain” mode (van Dieen et al., 2003). The occurrence of LBP can cause the co-contraction of the prime mover and antagonist muscles in the waist, and the contraction of the antagonist muscles can lead to the decrease of muscle moment in that area. Although there is no statistically significant difference in the change of moment in coronal plane, we believe that the smaller angle formed by the waist muscle and the coronal plane of the spine may lead to the elongation of the resistance arm (Kalimo et al., 1989; Park et al., 2018), which may be the reason why the change of lumbar sagittal moment is not obvious.
4.3 Lumbar intervertebral load
Our results of lumbar compression and shear forces exhibited a typical bimodal pattern, which was closely related to the single-leg standing phase of the left and right feet during the gait cycle (Sung and Danial, 2017). Meanwhile, peak unilateral twisting forces were observed during the single-leg standing phase of each foot, respectively (Paul, 1989). Our study revealed that the peak compressive forces at the L4-L5 segment of the lumbar spine during walking were 3.55 ± 0.57 times and 3.54 ± 0.48 times the body weight for the subjects with LBP and the healthy control group, respectively. This result is generally consistent with the maximum compressive force of 3.45 times the body weight calculated by Callaghan (Callaghan et al., 1999) using a muscle-driven model. The results of lumbar compressive forces obtained by Banks et al. (Banks et al., 2022) using OpenSim for gait simulation were also consistent in terms of trends and magnitudes. There were only slight differences but no significant differences in shear force, compressive force, and twisting force between each lumbar segment in the LBP group and the healthy control group. Nevertheless, we still observed that the shear force, compressive force, and twisting force in the L3-4, L4-5, and L5-S1 segments were slightly greater in patients with LBP compared to the healthy control group. Excessive mechanical loads in daily life may cause structural damage to the intervertebral discs and lead to the occurrence of LBP (Creighton et al., 2023). Similar results were also found in a study by Beaucage-Gauvreau et al. (Beaucage-Gauvreau et al., 2019) comparing patients with LBP and healthy controls under low-load bending conditions. The load on the spine is mainly caused by (1) gravitational forces due to the mass of body segments, (2) external forces and moments induced by a physical activity, and (3) muscle tension (Patwardhan et al., 2008). These loads are distributed among the osseoligamentous tissues and muscles of the spine. Specifically, tensile forces in the paraspinal muscles counterbalance the moments generated by gravitational and external loads, maintaining spinal stability. In this study, there was no statistical difference in body weight between the two groups, and muscle tension was the most likely cause of increased lumbar loads. However, some related studies suggest that significant differences in lumbar loads only occur when muscle contractility is further reduced (Qin et al., 2022). Therefore, we believe that the reason for the absence of significant differences in lumbar loads may be that the subjects with LBP recruited in this study were generally young and their muscle condition could still compensate to temporarily alleviate the excessive mechanical loads on the lumbar spine, compensating for creep and fatigue of the lumbar spine (Shin et al., 2009).
4.4 Muscle force and activation
Our results of the peak force of the right multifidus, iliocostalis, and internal and external abdominal oblique muscles in patients suffering with LBP were significantly lower than those of the healthy individuals during walking. This finding is consistent with previous studies which confirmed that a decrease in the activation of the multifidus and iliocostalis muscle in LBP (Danneels et al., 2002; Smith and Kulig, 2016). Our study further highlights the reduction of the right internal and external abdominal oblique muscles force in LBP patients during walking, which echoes the findings in the previous study (Hanada et al., 2011). The pain adaptation theory cannot be ruled out as a possible explanation, which suggests that musculoskeletal pain can lead to a decrease in muscle activity when the muscle as a prime mover (Vogt et al., 2003). Another possible explanation is that pain could lead to muscle changes and compensatory actions from other muscles, or incorrect recruitment patterns in daily activities could result in selective muscle atrophy, inducing pain (Li et al., 2021). Interestingly, in this study, the majority of patients experienced pain on the right side, leading to more pronounced differences in peak muscle force on the right side during walking, while no statistical differences were observed on the left side. This suggests that the adoption of compensatory patterns may have played a significant role. We also observed that although there was a significant difference in the force of the right multifidus muscle between the two groups, there was no significant difference in muscle activation. This may be influenced by muscle thickness, as the healthy control group exhibited significantly thicker multifidus muscle in a contracted state compared to the LBP group. Thicker multifidus muscles can generate more muscle force even under similar activation conditions, contributing to lumbar stability.
4.5 Limitations
The study is the first to investigate the loading of the lumbar spine during walking under holistic exercise using experimental data from patients with chronic LBP and healthy controls based on the FBLS model. However, there are some limitations to this study. First, in the simulation of the model, although OpenSim provides many pre-defined mannequins, these models are still simplified approximations and may differ from real human motion situations, for the FBLS model, it is important to note that spinal curvature was not subject-specific, which may affect the calculation of lumbar load. Second, as part of the study exploring the efficacy of remote, smartphone-based interventions for managing LBP which may require complex use of mobile phones and the acceptability of tele-rehabilitation, the recruited subjects were mainly young adults (21–27 years old). Yet, the lumbar structural degeneration is not severe in these young subjects with LBP, which can be compensated for by excessive muscle contraction. Our future work should be to expand the age range of subjects. Finally, in the design of the experiment, this experiment did not conduct subcompositional data on subjects’ LBP location and dominant side. Third, this study only investigated the walking at a comfortable speed, and the lumbar spine load was not measured during fast or slow walking.
5 CONCLUSION
Our study has identified statistical differences in dynamics, muscle force and activation between patients with LBP and healthy controls, indicating that the lumbar moment, muscle force and activation on the affected side are significantly lower in LBP patients. While no statistical difference was found in the loads of the lumbar intervertebral disc, possibly due to the low pain scores in our sample. Future research should consider including a more diverse sample population, with varying age groups and pain levels, to determine the influence of these factors more conclusively. Additionally, exploring the potential effects of limited movement to avoid discomfort, tissue stiffness, and habitual movement patterns on lumbar joint angle and muscle force could yield insights into the mechanisms underlying LBP. The results of this study also suggest that the reduction of muscle force and activation on the painful side of the lumbar may play an important role in the occurrence of chronic LBP. In rehabilitation, more attention should be paid to the training of the lumbar muscles, such as core training, with the goal of improving the force and activation of the core muscles, which may achieve good therapeutic effects.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by the ethics committee of Zhujiang Hospital, Southern Medical University. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent for participation in this study was provided by the participants legal guardians/next of kin. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS
ZZ: Data curation, Formal Analysis, Investigation, Methodology, Project administration, Software, Writing–original draft. JZ: Conceptualization, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing. PL: Conceptualization, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing. JH: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft. YC: Data curation, Formal Analysis, Investigation, Methodology, Software, Writing–original draft. CX: Data curation, Formal Analysis, Methodology, Writing–review and editing. GL: Data curation, Formal Analysis, Methodology, Writing–review and editing. QZ: Data curation, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing. MZ: Conceptualization, Data curation, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing–review and editing. GZ: Conceptualization, Data curation, Funding acquisition, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This work was supported in part by the National Key Research and Development Program of China 2018YFA0703000, the National Natural Science Foundation of China 22072047, 82072528 and 82002380, 52105305 and the Natural Science Foundation of Guangdong Province 2022A1515012460, 2020A1515011292, Science and Technology Program of Guangzhou No. 2023A04J2449 and 2023A04J0444, and the Foundation of Guangdong Provincial Key Laboratory of Sensor Technology and Biomedical Instrument 2020B1212060077.
ACKNOWLEDGMENTS
For the completion of this work, we thank all the subjects for their cooperation and participation, the hospitals and departments for their strong support, and all the authors for their contributions to this article.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Adams, M. A. (2004). Biomechanics of back pain. Acupunct. Med. 22 (4), 178–188. doi:10.1136/aim.22.4.178
 Banks, J. J., Umberger, B. R., and Caldwell, G. E. (2022). EMG optimization in OpenSim: a model for estimating lower back kinetics in gait. Med. Eng. Phys. 103, 103790. doi:10.1016/j.medengphy.2022.103790
 Beaucage-Gauvreau, E., Robertson, W., Brandon, S., Fraser, R., Freeman, B., Graham, R. B., et al. (2019). Validation of an OpenSim full-body model with detailed lumbar spine for estimating lower lumbar spine loads during symmetric and asymmetric lifting tasks. Comput. Methods Biomech. Biomed. Engin 22 (5), 451–464. doi:10.1080/10255842.2018.1564819
 Brown, T. N., O’Donovan, M., Hasselquist, L., Corner, B. D., and Schiffman, J. M. (2014). Body borne loads impact walk-to-run and running biomechanics. Gait Posture 40 (1), 237–242. doi:10.1016/j.gaitpost.2014.04.001
 Callaghan, J. P., Patla, A. E., and Mcgill, S. M. (1999). Low back three-dimensional joint forces, kinematics, and kinetics during walking. Clin. Biomech. (Bristol, Avon) 14 (3), 203–216. doi:10.1016/s0268-0033(98)00069-2
 Cappozzo, A. (1984). Compressive loads in the lumbar vertebral column during normal level walking. J. Orthop. Res. 1 (3), 292–301. doi:10.1002/jor.1100010309
 Castro, A. P., Completo, A., Simoes, J. A., and Flores, P. (2015). Biomechanical behaviour of cancellous bone on patellofemoral arthroplasty with Journey prosthesis: a finite element study. Comput. Methods Biomech. Biomed. Engin 18 (10), 1090–1098. doi:10.1080/10255842.2013.870999
 Chou, R., Qaseem, A., Snow, V., Casey, D., Cross, J. J., Shekelle, P., et al. (2007). Diagnosis and treatment of low back pain: a joint clinical practice guideline from the American College of Physicians and the American Pain Society. Ann. Intern Med. 147 (7), 478–491. doi:10.7326/0003-4819-147-7-200710020-00006
 Christe, G., Redhead, L., Legrand, T., Jolles, B. M., and Favre, J. (2016). Multi-segment analysis of spinal kinematics during sit-to-stand in patients with chronic low back pain. J. Biomech. 49 (10), 2060–2067. doi:10.1016/j.jbiomech.2016.05.015
 Cieza, A., Causey, K., Kamenov, K., Hanson, S. W., Chatterji, S., and Vos, T. (2021). Global estimates of the need for rehabilitation based on the global burden of disease study 2019: a systematic analysis for the global burden of disease study 2019. Lancet 396 (10267), 2006–2017. doi:10.1016/S0140-6736(20)32340-0
 Creighton, D., Fausone, D., Swanson, B., Young, W., Nolff, S., Ruble, A., et al. (2023). Myofascial and discogenic origins of lumbar pain: a critical review. J. Man. Manip. Ther. 31 (6), 435–448. doi:10.1080/10669817.2023.2237739
 Danneels, L. A., Coorevits, P. L., Cools, A. M., Vanderstraeten, G. G., Cambier, D. C., Witvrouw, E. E., et al. (2002). Differences in electromyographic activity in the multifidus muscle and the iliocostalis lumborum between healthy subjects and patients with sub-acute and chronic low back pain. Eur. Spine J. 11 (1), 13–19. doi:10.1007/s005860100314
 Delp, S. L., Anderson, F. C., Arnold, A. S., Loan, P., Habib, A., John, C. T., et al. (2007). OpenSim: open-source software to create and analyze dynamic simulations of movement. IEEE Trans. Biomed. Eng. 54 (11), 1940–1950. doi:10.1109/TBME.2007.901024
 Ebrahimi, S., Kamali, F., Razeghi, M., and Haghpanah, S. A. (2017). Comparison of the trunk-pelvis and lower extremities sagittal plane inter-segmental coordination and variability during walking in persons with and without chronic low back pain. Hum. Mov. Sci. 52, 55–66. doi:10.1016/j.humov.2017.01.004
 Ferrara, L., Triano, J. J., Sohn, M. J., Song, E., and Lee, D. D. (2005). A biomechanical assessment of disc pressures in the lumbosacral spine in response to external unloading forces. Spine J. 5 (5), 548–553. doi:10.1016/j.spinee.2005.03.012
 Fourney, D. R., Andersson, G., Arnold, P. M., Dettori, J., Cahana, A., Fehlings, M. G., et al. (2011). Chronic low back pain: a heterogeneous condition with challenges for an evidence-based approach. Spine (Phila Pa 1976) 36 (21 Suppl. l), S1–S9. doi:10.1097/BRS.0b013e31822f0a0d
 Gombatto, S. P., Brock, T., Delork, A., Jones, G., Madden, E., and Rinere, C. (2015). Lumbar spine kinematics during walking in people with and people without low back pain. Gait Posture 42 (4), 539–544. doi:10.1016/j.gaitpost.2015.08.010
 Hamner, S. R., Seth, A., and Delp, S. L. (2010). Muscle contributions to propulsion and support during running. J. Biomech. 43 (14), 2709–2716. doi:10.1016/j.jbiomech.2010.06.025
 Hanada, E. Y., Johnson, M., and Hubley-Kozey, C. (2011). A comparison of trunk muscle activation amplitudes during gait in older adults with and without chronic low back pain. PM R. 3 (10), 920–928. doi:10.1016/j.pmrj.2011.06.002
 Hansen, J. T., and Netter, F. H. (2009) Netter’s clinical anatomy. Saunders/Elsevier. 
 Hernandez, A., Gross, K., and Gombatto, S. (2017). Differences in lumbar spine and lower extremity kinematics during a step down functional task in people with and people without low back pain. Clin. Biomech. (Bristol, Avon) 47, 46–52. doi:10.1016/j.clinbiomech.2017.05.012
 Hoy, D., Bain, C., Williams, G., March, L., Brooks, P., Blyth, F., et al. (2012). A systematic review of the global prevalence of low back pain. Arthritis Rheum. 64 (6), 2028–2037. doi:10.1002/art.34347
 Jamison, S. T., Mcnally, M. P., Schmitt, L. C., and Chaudhari, A. M. (2013). The effects of core muscle activation on dynamic trunk position and knee abduction moments: implications for ACL injury. J. Biomech. 46 (13), 2236–2241. doi:10.1016/j.jbiomech.2013.06.021
 Kalimo, H., Rantanen, J., Viljanen, T., and Einola, S. (1989). Lumbar muscles: structure and function. Ann. Med. 21 (5), 353–359. doi:10.3109/07853898909149220
 Kim, Y. E., Goel, V. K., Weinstein, J. N., and Lim, T. H. (1991). Effect of disc degeneration at one level on the adjacent level in axial mode. Spine (Phila Pa 1976) 16 (3), 331–335. doi:10.1097/00007632-199103000-00013
 Kuai, S., Liao, Z., Zhou, W., Guan, X., Ji, R., Zhang, R., et al. (2017a). The effect of lumbar disc herniation on musculoskeletal loadings in the spinal region during level walking and stair climbing. Med. Sci. Monit. 23, 3869–3877. doi:10.12659/msm.903349
 Kuai, S., Zhou, W., Liao, Z., Ji, R., Guo, D., Zhang, R., et al. (2017b). Influences of lumbar disc herniation on the kinematics in multi-segmental spine, pelvis, and lower extremities during five activities of daily living. BMC Musculoskelet. Disord. 18 (1), 216. doi:10.1186/s12891-017-1572-7
 Lee, C. K., Kim, Y. E., Lee, C. S., Hong, Y. M., Jung, J. M., and Goel, V. K. (2000). Impact response of the intervertebral disc in a finite-element model. Spine (Phila Pa 1976) 25 (19), 2431–2439. doi:10.1097/00007632-200010010-00003
 Lee, J. K., Desmoulin, G. T., Khan, A. H., and Park, E. J. (2011). Comparison of 3D spinal motions during stair-climbing between individuals with and without low back pain. Gait Posture 34 (2), 222–226. doi:10.1016/j.gaitpost.2011.05.002
 Li, M., Wang, K., Niu, W., and Zhang, S. (2020). A musculoskeletal modeling of hand-foot crawling with different heights. J. Bionic Eng. 17 (3), 591–599. doi:10.1007/s42235-020-0047-y
 Li, W., Gong, Y., Liu, J., Guo, Y., Tang, H., Qin, S., et al. (2021). Peripheral and central pathological mechanisms of chronic low back pain: a narrative review. J. Pain Res. 14, 1483–1494. doi:10.2147/JPR.S306280
 Lin, Y., Dorn, T. W., Schache, A. G., and Pandy, M. G. (2011). Comparison of different methods for estimating muscle forces in human movement. Proc. Institution Mech. Eng. Part H J. Eng. Med. 226 (2), 103–112. doi:10.1177/0954411911429401
 Ma, C. Z., Li, Z., and He, C. (2023). Advances in biomechanics-based motion analysis. Bioeng. (Basel) 10 (6), 677. doi:10.3390/bioengineering10060677
 Marras, W. S., Davis, K. G., Ferguson, S. A., Lucas, B. R., and Gupta, P. (2001). Spine loading characteristics of patients with low back pain compared with asymptomatic individuals. Spine (Phila Pa 1976) 26 (23), 2566–2574. doi:10.1097/00007632-200112010-00009
 Millard, M., Uchida, T., Seth, A., and Delp, S. L. (2013). Flexing computational muscle: modeling and simulation of musculotendon dynamics. J. Biomech. Eng. 135 (2), 021005. doi:10.1115/1.4023390
 Muller, R., Ertelt, T., and Blickhan, R. (2015). Low back pain affects trunk as well as lower limb movements during walking and running. J. Biomech. 48 (6), 1009–1014. doi:10.1016/j.jbiomech.2015.01.042
 Nachemson, A. L. (1981). Disc pressure measurements. Spine (Phila Pa 1976) 6 (1), 93–97. doi:10.1097/00007632-198101000-00020
 Novacheck, T. F. (1998). The biomechanics of running. Gait Posture 7 (1), 77–95. doi:10.1016/S0966-6362(97)00038-6
 O’Sullivan, P. (2005). Diagnosis and classification of chronic low back pain disorders: maladaptive movement and motor control impairments as underlying mechanism. Man. Ther. 10 (4), 242–255. doi:10.1016/j.math.2005.07.001
 Owen, P. J., Miller, C. T., Mundell, N. L., Verswijveren, S., Tagliaferri, S. D., Brisby, H., et al. (2020). Which specific modes of exercise training are most effective for treating low back pain? Network meta-analysis. Br. J. Sports Med. 54 (21), 1279–1287. doi:10.1136/bjsports-2019-100886
 Park, M. S., Moon, S. H., Kim, T. H., Oh, J., Lee, S. J., Chang, H. G., et al. (2018). Paraspinal muscles of patients with lumbar diseases. J. Neurol. Surg. A Cent. Eur. Neurosurg. 79 (4), 323–329. doi:10.1055/s-0038-1639332
 Patwardhan, A. G., Meade, K. P., and Gavin, T. M. (2008). Physiologic loads. AAOS Atlas Orthoses Assistive Devices 83. 
 Paul, J. P. (1989). Gait analysis. Ann. Rheum. Dis. 48 (3), 179–181. doi:10.1136/ard.48.3.179
 Pocovi, N. C., de Campos, T. F., Christine, L. C., Merom, D., Tiedemann, A., and Hancock, M. J. (2022). Walking, cycling, and swimming for nonspecific low back pain: a systematic review with meta-analysis. J. Orthop. Sports Phys. Ther. 52 (2), 85–99. doi:10.2519/jospt.2022.10612
 Qin, B., Baldoni, M., Wu, B., Zhou, L., Qian, Z., and Zhu, Q. (2022). Effect of lumbar muscle atrophy on the mechanical loading change on lumbar intervertebral discs. J. Biomech. 139, 111120. doi:10.1016/j.jbiomech.2022.111120
 Raabe, M. E., and Chaudhari, A. (2016). An investigation of jogging biomechanics using the full-body lumbar spine model: model development and validation. J. Biomech. 49 (7), 1238–1243. doi:10.1016/j.jbiomech.2016.02.046
 Raabe, M. E., and Chaudhari, A. (2018). Biomechanical consequences of running with deep core muscle weakness. J. Biomech. 67, 98–105. doi:10.1016/j.jbiomech.2017.11.037
 Roupa, I., Da Silva, M. R., Marques, F., Gonçalves, S. B., Flores, P., and Da Silva, M. T. (2022). On the modeling of biomechanical systems for human movement analysis: a narrative review. Archives Comput. Methods Eng. 29 (7), 4915–4958. doi:10.1007/s11831-022-09757-0
 Sato, K., Kikuchi, S., and Yonezawa, T. (1999). In vivo intradiscal pressure measurement in healthy individuals and in patients with ongoing back problems. Spine (Phila Pa 1976) 24 (23), 2468–2474. doi:10.1097/00007632-199912010-00008
 Seth, A., Hicks, J. L., Uchida, T. K., Habib, A., Dembia, C. L., Dunne, J. J., et al. (2018). OpenSim: simulating musculoskeletal dynamics and neuromuscular control to study human and animal movement. PLoS Comput. Biol. 14 (7), e1006223. doi:10.1371/journal.pcbi.1006223
 Shin, G., D’Souza, C., and Liu, Y. H. (2009). Creep and fatigue development in the low back in static flexion. Spine (Phila Pa 1976) 34 (17), 1873–1878. doi:10.1097/BRS.0b013e3181aa6a55
 Shum, G. L., Crosbie, J., and Lee, R. Y. (2005a). Effect of low back pain on the kinematics and joint coordination of the lumbar spine and hip during sit-to-stand and stand-to-sit. Spine (Phila Pa 1976) 30 (17), 1998–2004. doi:10.1097/01.brs.0000176195.16128.27
 Shum, G. L., Crosbie, J., and Lee, R. Y. (2005b). Symptomatic and asymptomatic movement coordination of the lumbar spine and hip during an everyday activity. Spine (Phila Pa 1976) 30 (23), E697–E702. doi:10.1097/01.brs.0000188255.10759.7a
 Shum, G. L., Crosbie, J., and Lee, R. Y. (2007). Movement coordination of the lumbar spine and hip during a picking up activity in low back pain subjects. Eur. Spine J. 16 (6), 749–758. doi:10.1007/s00586-006-0122-z
 Simon, B. R., Wu, J. S., Carlton, M. W., Kazarian, L. E., France, E. P., Evans, J. H., et al. (1985). 1985 volvo award in biomechanics: poroelastic dynamic structural models of rhesus spinal motion segments. Spine (Phila Pa 1976) 10 (6), 494–507. doi:10.1097/00007632-198507000-00003
 Skeie, E. J., Borge, J. A., Leboeuf-Yde, C., Bolton, J., and Wedderkopp, N. (2015). Reliability of diagnostic ultrasound in measuring the multifidus muscle. Chiropr. Man. Ther. 23, 15. doi:10.1186/s12998-015-0059-6
 Smith, J. A., and Kulig, K. (2016). Altered multifidus recruitment during walking in young asymptomatic individuals with a history of low back pain. J. Orthop. Sports Phys. Ther. 46 (5), 365–374. doi:10.2519/jospt.2016.6230
 Stegeman, D., and Hermens, H. (2007) Standards for surface electromyography: the European Project surface EMG for non-invasive assessment of muscles. SENIAM, 108–112. 
 Sung, P. S., and Danial, P. (2017). A kinematic symmetry index of gait patterns between older adults with and without low back pain. Spine (Phila Pa 1976) 42 (23), E1350–E1356. doi:10.1097/BRS.0000000000002161
 van Dieen, J. H., Cholewicki, J., and Radebold, A. (2003). Trunk muscle recruitment patterns in patients with low back pain enhance the stability of the lumbar spine. Spine (Phila Pa 1976) 28 (8), 834–841. doi:10.1097/01.brs.0000058939.51147.55
 Vogt, L., Pfeifer, K., and Banzer, W. (2003). Neuromuscular control of walking with chronic low-back pain. Man. Ther. 8 (1), 21–28. doi:10.1054/math.2002.0476
 Von Forell, G. A., Stephens, T. K., Samartzis, D., and Bowden, A. E. (2015). Low back pain: a biomechanical rationale based on "patterns" of disc degeneration. Spine (Phila Pa 1976) 40 (15), 1165–1172. doi:10.1097/BRS.0000000000000982
 Wang, X. W., Chen, X., Fu, Y., Chen, X., Zhang, F., Cai, H. P., et al. (2022). Analysis of lumbar lateral instability on upright left and right bending radiographs in symptomatic patients with degenerative lumbar spondylolisthesis. BMC Musculoskelet. Disord. 23 (1), 59. doi:10.1186/s12891-022-05017-1
 Williams, J. R., Natarajan, R. N., and Andersson, G. B. J. (2004). Inclusion of regional variations in the poroelastic material properties of the lumbar disc better predicts the change in disc height during long term as well as short term loadings. Trans. 50th Annu. Meet. Orthop. Res. Soc.
 Zahraee, M. H., Karimi, M. T., Mostamand, J., and Fatoye, F. (2014). Analysis of asymmetry of the forces applied on the lower limb in subjects with nonspecific chronic low back pain. Biomed. Res. Int. 2014, 289491–289496. doi:10.1155/2014/289491
 Zawadka, M., Skublewska-Paszkowska, M., Gawda, P., Lukasik, E., Smolka, J., and Jablonski, M. (2018). What factors can affect lumbopelvic flexion-extension motion in the sagittal plane? a literature review. Hum. Mov. Sci. 58, 205–218. doi:10.1016/j.humov.2018.02.008
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zhang, Zou, Lu, Hu, Cai, Xiao, Li, Zeng, Zheng and Huang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fbioe-12-1377767-g005.gif





OPS/images/fbioe-12-1377767-g006.gif
il e i

; ;
A, &
S w i

S

A
N






OPS/images/fbioe-12-1377767-g003.gif





OPS/images/fbioe-12-1377767-g004.gif





OPS/images/fbioe-12-1377767-t003.jpg
Characteristic Low back pain g 18)

lumbar flexion and extension moment (N-m/kg) 042 (0.08) 0.50 (0.11) 0.012
lumbar lateral bending moment (N-m/kg) 009 (0.07) 0.15 (0.10) 0070
lumbar axial rotation moment (N-m/kg) 003 (0.01) 0.04 (0.01) 0.001

The bold values indicate P value <0.05.
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Low back pain group (n

althy control group (n

Age (years) 239 (15) 234 (16) 0335
Gender 0873
Male 9 (47%) 9 (50%)
Female 10 (53%) 9 (50%)

BMI (kg/m2) 217 (28) 23 (37) 0586
Timed up-and-go () 106 (1.1) 82 (0.6) <0.001
Gait cycle (s) 14 (0.1) 13 (0.1) 0.856
rest thickness of LTrA (mm) 35 (10) 32(06) 0327
rest thickness of RTrA (mm) 32(07) 32(06) 0946
rest thickness of LMF (mm) 267 (43) 293 (52) 0.106
st thickness of RME (mm) 264 (36) 284 (46) 0142
contracted thickness of LTrA (mm) 47 (11) 5.1 (10) 0249
contracted thickness of RTrA (mm) 46 (1.0) 52(09) 0123
contracted thickness of LMF (mm) 351 (41) 390 (55) 0.022
contracted thickness of RMF (mm) 351 (42) 389 (58) 0.033
contraction rate of LTrA (%) 431 (17.0) 610 (15.9) 0.002
contraction rate of RTrA (%) 463 (19.7) 60.5 (16.1) 0.022
contraction rate of RMF (%) 331 (13.0) 342 (98) 0784
contraction rate of LMF (%) 339 (11.8) 372 81) 0321

Abbreviations: BMI, body mass index; LTrA, left transverse abdominal muscle; RTrA, right transverse abdominal muscle; LMF, left multifidus muscle; RMF, right multifidus muscle.
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Healthy control group (n = 18)
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145 twisting force (x body weight) 122 (023) 122 (017) 0929
L5-51 shear force (x body weight) 107 (032) 1.00 (0.34) 0555
| L5-Slcompressive force (x body weight) 377 (0.61) 3.76 (0.51) 0964
L5-S1 twisting force (x body weight) 130 (024) 130 (0.18) 0913
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