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Abstract 

Background: Despite advancing developments in modern medicine and growing knowledge 

pertaining to spinal disorders, chronic low back pain (CLBP) remains the leading cause of 

disability worldwide. This is partly due to varying movement dysfunctions observed in people 

with CLBP. Although previous research has shown that people with CLBP exhibit altered 

motor control strategies, the literature is characterized by inconsistent findings. Thus, improved 

empirical assessment methods, such as intersegment coordination and local dynamic stability, 

have the potential to improve measurement of and detection of neuromuscular deficiencies 

exhibited in people with CLBP. While intersegment coordination and local dynamic stability 

measures have been used extensively in healthy people, there is a scarcity of research that has 

applied these measures to assess people with CLBP. Therefore, this thesis primarily aimed to 

compare movement and stability between CLBP and healthy people using intersegment 

coordination and local dynamic stability assessment. 

Methods: Twelve participants with CLBP and 12 healthy participants performed one set of 

repetitive deadlifts for 35 repetitions with a dowel rod and one set with a barbell loaded with 

15% of their bodyweight for 35 repetitions.  Inertial Measurement Units (IMU) were used to 

measure trunk and lower limb kinematic parameters. Local dynamic stability and intersegment 

coordination were then calculated from the kinematic data and compared between the groups 

using a 2-factor repeated measures ANOVA.  

Results: Significantly greater local dynamic stability of the hip and knee was observed in the 

CLBP group compared to the healthy control group. The CLBP group also reported increased 

low back pain immediately after completion of the loaded and un-loaded lifting trials. No 

differences in intersegment coordination or coordination variability were observed between 
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two groups. There were no differences observed in local dynamic stability and intersegment 

coordination when lifting with a load compared to lifting with no-load for both groups. 

Conclusion: Our findings suggest that the significantly greater local dynamic stability of the 

hip and knee exhibited by the CLBP group may be mediated by pain avoidance. Local dynamic 

stability assesses both spatial and temporal characteristics of a lifting cycle, thus potentially 

providing greater insight into the differences in motor control of people with CLBP than 

intersegment coordination analysis. This thesis has shown that local dynamic stability is a 

measure which has potential clinical utility for monitoring changes in stability over time.  
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Chapter 1: Introduction 

1.1 Introduction 

Chronic low back pain (CLBP) is the leading cause of activity limitation worldwide [1]. The 

direct economic cost of CLBP in Australia is estimated to be 4.8 billion dollars annually [2]. 

Additionally, CLBP is the primary reason for lost work productivity and early retirement in 

Australia [3]. Despite trends in increasing research and medical expenditure on CLBP, there 

has been a concurrent increase in chronicity and disability in people with CLBP [4]. Growing 

evidence suggests that current clinical assessment of CLBP is inconsistent with current 

literature, and consequently, poor diagnoses is prevalent amongst patient populations [5]. 

Considering that clinical practice is discordant with contemporary evidence, and the socio-

economic burden caused by CLBP, there is a crucial need to improve clinical assessment to 

facilitate better treatment decisions and outcomes [4, 5].  

 

Previously, it has been determined that individuals with CLBP alter their motor activity and 

control strategies to avoid painful movements and postures [6-10]. Such adaptive and 

protective strategies may affect spinal loading and compromise spinal control stability by 

decreasing damping and increasing the stiffness of trunk [7]. Currently, the mechanisms 

underpinning these observed differences in motor control in CLBP populations are not well 

understood [9]. This is in part due to the large variation in subjective pain ratings across 

individuals and that many disabling disorders are considered non-specific, i.e., there is no valid 

and objective diagnostic tool and no accurate or precise diagnosis for CLBP [10-12]. Given 

that clinicians currently rely on subjective pain ratings when assessing the effectiveness of their 

interventions, an improved empirical method of measuring spine stability and motor control 
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would allow for an objective assessment of impairment, which could then lead to enhanced 

treatment effectiveness in clinical and workplace settings.  

 

Traditional methods of kinematic analysis are somewhat limited in their utility in assessing 

movement and movement control because they can only analyse kinematic data based on the 

temporal and spatial aspects of the coordinate data. As such, they do not provide an assessment 

of how coordination between body segments changes or develops throughout an entire 

movement cycle. The use of a dynamical systems approach could address this issue and allow 

for the analysis of both the spatial and temporal aspects of the coordinated movement patterns 

and thus, may help to identify and quantify neuromuscular deficiencies exhibited in CLBP 

patients [14]. Because dynamical systems analyses provide insight into how movement occurs 

or changes over time, and current trends in occupational life involve repetitive movement over 

extended periods of time, it appears appropriate to apply dynamical systems analysis to CLBP 

patients during repetitive lifting tasks [15].  

 

To date, there is considerable evidence demonstrating differences in muscle activation, trunk 

alignment, posture, and movement in individuals with a history of CLBP compared to healthy 

individuals [6-10]. However, the literature is characterized by inconsistent findings [6-13]. This 

partly due to variations in experimental study design and the assessment methods used. In 

addition, the subjective and individualised nature of pain is problematic, with each patient 

possessing different structural, histochemical, and neuromuscular changes resulting in their 

level of pain [6-8]. Therefore, the diverse array of potential dysfunction within CLBP 

populations makes it difficult to determine if pain is causative or reflective of motor control 

impairments. 
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Changes in muscle activity of the spine have been proposed as a plausible mechanism for 

underlying CLBP [10]. Hodges et al. [10] examined the changes in mechanical properties of 

the trunk using an electromyography (EMG) driven model. The effective trunk stiffness, mass 

and damping were estimated using trunk kinematics and cable force. Equal weights (12–15% 

body weight) were attached to the front and back of the trunk via pulleys such that the trunk 

could move freely, and no muscle activity was required to hold the weights. The trunk was then 

perturbed by the unexpected release of one of the weights. Results indicated there was no 

difference in trunk displacement between both groups for forward perturbations. However, 

trunk stiffness was significantly greater in recurrent CLBP patients who also demonstrated 

significantly lower damping than healthy controls [10]. Contrary to clinical belief, trunk 

stiffness increased, most likely due to augmented trunk muscle activity and changes in reflex 

control of the trunk muscles [10].  

 

This increase in trunk stiffness may explain why other researchers have demonstrated a delay 

in initiation of lumbar spine flexion following an unexpected perturbation in CLBP patients. 

Mok et al. [12] investigated the response to a sudden load dropped into the participant’s hands 

in CLBP patients. Centre of pressure movement was measured to determine the compensatory 

postural adjustments that CLBP patients use to respond to sudden loads. No difference was 

observed in the amplitude of centre of pressure movement between groups. However, people 

with CLBP had a delayed initiation of lumbar spine flexion and took significantly longer to 

regain postural stability. This reduced efficiency of postural stability exhibited by CLBP 

patients is likely mediated by the increased stiffness of the trunk, thus favouring rotation around 

the ankle in CLBP patients [10]. 
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Delayed initiation of the lumbar spine exhibited by CLBP populations may be explained by the 

increased activation of the shortened muscles of the antagonists. This has been supported by 

Marras et al. [11], who used an EMG-assisted model to evaluate spine loading in CLBP patients 

and asymptomatic individuals. Participants lifted various weights from five different origins 

varying in horizontal distance and vertical height from the spine. Patients with CLBP 

experienced significantly greater spine compression and shear forces when performing lifting 

tasks in comparison to asymptomatic individuals. These increases in spine loading were 

mediated by greater levels of antagonistic muscle coactivation [11]. 

 

Traditionally, kinematic analysis of the alterations in motor control of CLBP populations have 

been quantified using discrete measures such as the average of spatiotemporal measures and 

peak joint mechanics. These studies have not shown any differences between the two 

population groups when using the kinematic data alone [6-10]. Courbalay et al. [9] determined 

the extent that load expectations modulate neuromechanical adaptations in individuals with and 

without CLBP when lifting and lowering various loads. EMG analysis showed significantly 

lower vastus lateralis activity in the CLBP group during both the concentric and eccentric phase 

of the lift, and when lifting with a load. This difference may be explained by guarding 

behaviours used by people with CLBP to limit low back movement during repetitive lifting [9]. 

Despite demonstrating significantly lower muscle activity, kinematic displacement data did not 

reveal any significant difference between groups during the lifting phase.  

 

Similarly, Larivière et al. [13] performed a 3D analysis involving the assessment of L5/S1 

loading, posture of segments, inertial parameters, and EMG. No differences between the groups 

were observed for trunk and limb angular rotations, velocity, and acceleration. However, 

significant differences in the activation of the paraspinal muscles were observed. This finding 
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suggests that the altered motor control strategy used by CLBP patients may be a protective 

mechanism to avoid movement-evoked pain.  

 

Collectively, the findings from these studies and the broader literature show that while there 

are significant differences in muscle onset times, discrete kinematic measures have shown 

inconsistent differences between healthy and CLBP patients [9-13]. The lack of observable 

difference in the present studies may be due to a lack of sensitivity of the discrete kinematic 

variables to differentiate between patient populations and controls. Therefore, it is evident that 

more sensitive methods of analysis of kinematic data are required to reveal movement 

impairments in CLBP populations during lifting [13].  

 

A relatively new motor control and movement assessment approach that may enhance the 

diagnosis and assessment of CLBP patients is based on dynamical systems theory. The 

following section outlines dynamical systems theory and its potential use for assessing 

movement in CLBP.   

 

1.1.1 Dynamical systems theory 

Dynamical systems theory is a mathematical approach that is used to explain the behaviour of 

complex systems, including biological systems such as the human motor control system [16]. 

The human motor control system has multiple degrees of freedom which can produce an 

infinite number of coordinated movements to complete a given functional exercise.  Dynamical 

systems theory operates on the premise that the number of degrees of freedom of the motor 

control system can be dramatically reduced through a process termed “self-organization” [14-

17, 19]. Self-organization refers to the human motor control system’s ability to spontaneously 

organize itself into a coordination pattern which enables a functional movement to occur [18].  
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The dynamical systems approach describes these coordination patterns in terms of “attractor 

states”. An attractor state refers to the specific stable states to which movement trajectories 

converge over time. In human movement, this refers to an individual’s coordination tendency 

[17]. For example, every time human movement is initiated, our body organizes itself into an 

attractor state which allows the functional movement to occur. Therefore, attractor states allow 

humans to generate coordinated, and stable movements. This reduced dimensionality of the 

motor system encourages the development of functionally preferred attractor states to support 

human movement (i.e., the motor control system will use the best solution given the constraints 

on the system and the functional movement task) [17].  Traditional kinematic analysis cannot 

provide information on how human movement or motor control develops over time. Thus, 

using a dynamical systems approach could allow us to investigate if and how the motor control 

system of CLBP populations differ from healthy populations with respect to time. 

 

Further, changes in motor control occur through transition from one stable attractor state to 

another [20]. These changes can be initiated by alterations in a control parameter (e.g., lifting 

with a load). Therefore, alterations in a control parameter can produce significantly different 

movement outcomes when using dynamical systems analyses.  

 

1.1.2 Local dynamic stability 

One measure within the dynamical systems theory paradigm that can explore how attractor 

states evolve with time is local dynamic stability (LDS). Quantified by the maximum finite-

time Lyapunov exponent, LDS measures the sensitivity of a dynamic system to infinitesimally 

small perturbations that occur naturally, such as mechanical disturbances and neuromuscular 

control errors [22]. To explain this further, consider the trunk displacement (or its derivatives) 

during consecutive repetitions of a lifting task. During repetitive lifting, internal perturbations 
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such as variability in neuromuscular control and pain affect movement when performing a 

functional task. In ideal conditions without fatigue or injury, repetition by repetition variability 

is negligible. However, because of multiple sources of internal perturbation, such as 

neuromuscular control errors or pain, the trunk movement after each consecutive repetition is 

slightly different from that of the preceding one. In the presence of low LDS (indicated by a 

large positive maximum Lyapunov exponent), this difference increases exponentially with 

each subsequent repetition [19]. The maximum Lyapunov exponent estimates how fast a 

dynamic system (e.g., angular rotation of the trunk during lifting.) diverges after an 

infinitesimal internal perturbation [19]. Therefore, when applied to a repetitive lifting task, 

LDS can quantify the ability of the person to attenuate and recover from small perturbations 

arising from internal factors. As a more robust measure of stability during movement tasks, 

and due to it’s potential to be introduced into clinical practice, there is growing interest and 

measurement of LDS amongst researchers [19].  

 

1.1.3 Intersegment coordination 

Another method of assessing attractor state stability is to assess intersegment coordination 

variability. Intersegment coordination (IC), quantified by the continuous relative phase (CRP), 

can provide a comprehensive description of a movement as it describes the interactions of 

segments that move a person through complex repetitive movements, including lifting tasks 

[15]. The mean absolute relative phase (MARP) is an average of a CRP curve over the duration 

of a movement [16, 17]. Lower values are interpreted as representing more in-phase 

associations while higher values are interpreted as indicating more anti-phase relationships. 

The deviation phase (DP), given by the mean standard deviation of the CRP, quantifies 

coordination variability. The DP provides information on the stability of an executed 

coordination pattern, as dynamical systems theory suggests that transitions between states of 



 

8 
 

stable coordination patterns are preceded by increased variability [16]. When using the relative 

phase approach, stable attractor state behaviour during repetitive lifting would be characterized 

by a low deviation phase of the thigh-shank, lumbar-thigh, or sternum-lumbar coupling [16].  

 

Together, LDS and IC can be used as supplementary measures. While evaluating the attractor 

state’s stability through the use of MARP and DP provides analysis of the spatial aspects of the 

data, LDS explores the temporal dynamics of an attractor state. By combining IC analyses with 

LDS assessment, data can be gathered on both the average coordination pattern (spatial) and 

how the coordination pattern changes with time (temporal).  

 

1.2 Significance of the study 

To date, LDS and IC have been used to successfully differentiate between biomechanically 

different lifting techniques, movement paces and directions, fatigued versus non-fatigued 

conditions, lifting heavy versus light loads, and experimentally induced-low back pain [18, 20-

25]. While these studies have demonstrated that dynamical systems analyses are effective in 

explaining the behaviour of the human motor control system during repetitive lifting, the 

effectiveness of dynamical systems analysis to differentiate between healthy and CLBP 

populations remains to be observed. Therefore, the application of dynamical systems analysis 

to objectively explore and quantify any differences in movement in CLBP populations is 

warranted.  

 

Knowledge obtained from this thesis has the potential to direct future research by determining 

the ability of dynamical systems analyses to discriminate between CLBP and healthy 

populations during repetitive lifting tasks. The results of this research may also translate to 
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clinical practice whereby dynamical systems analyses can be implemented to assess patient 

function and monitor the efficacy of treatment strategies.  

 

1.2.1 Research Aims 

The primary aim of this research was to assess whether LDS and IC can differentiate between 

CLBP populations and healthy populations when performing repeated lifting. A secondary aim 

was to examine the effect of increasing the load lifted during repeated lifting on LDS and IC 

in both CLBP and healthy populations. It was hypothesized that chronic LBP patients would 

demonstrate altered movement and control (lower IC and higher LDS) during lifting compared 

to healthy people. 

 

1.3 Research hypotheses 

1.3.1 Primary null hypotheses 

(i) No difference in LDS and IC between people with and without CLBP would be observed 

during repetitive deadlifts. 

(ii) No change in LDS and IC when increasing the load lifted for the CLBP and Control 

groups would be observed during repetitive deadlifts. 
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Chapter 2: A review of local dynamic 

stability of the trunk and spine 

2.1 Introduction 

Abnormal trunk and spine motor function is considered a risk factor for CLBP and injury [26]. 

Motor functioning can also be influenced by repetitive lifting through altered muscle 

recruitment and co-contraction patterns [27]. As such, an objective method of assessing motor 

function in CLBP populations during repetitive lifting is important for improving our 

knowledge and understanding of movement control in CLBP populations.  One such method 

capable of assessing motor function in CLBP is local dynamic stability (LDS). Through the 

use of LDS, the time-dependant behaviour of the human motor control system can be measured. 

Therefore, the use of LDS to identify potential alterations in the motor function of CLBP 

populations due to internal perturbations appears appropriate [28].   

 

To date, LDS has been used in gait research to predict fall risk in elderly people, and 

differentiate between people with osteoarthritis, multiple sclerosis, and fall-prone adults [29-

33]. While LDS has shown to be an effective tool to monitor the aforementioned neurological 

pathologies, there is limited research on its use in CLBP populations.  
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2.2 Method 

2.2.1 Rationale 

To date, the mechanism of pain and its interaction with motor function of the spine and trunk 

in CLBP has not been well established [10]. It has been suggested that the altered motor 

functioning exhibited by CLBP populations is mediated by increased motor variability to 

reduce the effects of pain [34, 35]. Motor variability alters the strategies of movement 

organization in response to perturbation [34]. Local dynamic stability assessment enables the 

quantitative analysis of the time-dependant characteristics of the human motor control system 

due to the inherent motor variability associated with repetitive movement [34]. Therefore, LDS 

may have utility for assessment of stability in CLBP populations as it may provide a more 

accurate evaluation of motor variability and neuromuscular adaptation under 

perturbation. Thus, the purpose of this review was to explore the effectiveness and applicability 

of using LDS analysis in CLBP. 

 

2.2.2 Search strategy 

For this review, an electronic search of the Western Sydney University Library and PubMed 

databases were conducted (Jan 2022). The search terms used were combined and resulted in 

the following string: back OR hip OR spin* OR trunk OR torso AND dynamic stability AND 

repetitive. The purpose of the search was to find all articles in which LDS was used to measure 

stability in repetitive trunk flexion/extension tasks and repetitive lifting tasks. 

 

2.2.3 Study selection 

Studies were considered relevant for this review if: (1) the assessment of dynamic stability 

parameters was based on a repetitive task which included flexion/extension of the trunk; and 
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(2) LDS analysis was applied to the trunk and/or hip. Only full-texts in English indexed from 

1970 to 2022 were included in the search. Based on the inclusion criteria, the selection process 

resulted in collation of 18 relevant articles. A manual search for relevant articles was also 

performed based on the reference lists of the retrieved articles. The manual search resulted in 

one additional study being added. Thus, a total of 19 experimental studies were included for 

review. 

 

2.3 Discussion 

2.3.1 Local dynamic stability methodology and methodological issues 

Local dynamic stability, as quantified by the maximum finite-time Lyapunov exponent, 

measures the ability of an individual to attenuate local perturbations during repetitive 

movement [23]. These local perturbations may be attributed to neuromuscular noise, pain, or 

non-uniform kinematics from movement cycle to cycle [14]. The maximum finite-time 

Lyapunov exponent quantifies the rate of divergence of a cyclic kinematic trajectory such as 

trunk flexion or trunk rotation [36].  

 

Previous research has suggested that increased LDS is typically associated with a lower risk of 

injury due to an increased ability of the motor control system to attenuate perturbations during 

repetitive movement [29-33]. Although LDS has gained popularity as method of biomechanical 

analysis in gait, there is limited research that focusses on the use of LDS in CLBP research [29-

33]. This may be due to several methodological issues that need to be considered before LDS 

analysis can be used in CLBP populations.  
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It has been demonstrated that a higher number of repetitions during repetitive flexion/extension 

tasks increases the precision of LDS measurement [36]. However, a higher number of 

repetitions may cause muscle fatigue and an exacerbation of pain in CLBP populations, which 

would affect the LDS outcome as a confounding variable. While early research in repetitive 

lifting tasks used an arbitrary number of repetitions to calculate LDS [37], Dupeyron et al. [38] 

investigated the minimum amount of repetitions needed to obtain precise estimates of LDS 

during repetitive trunk flexion/extension. Participants performed 100 repetitions of a freestyle 

rhythmic trunk flexion/extension task [38]. Starting in an upright posture, participants were 

required to touch a target positioned at knee and shoulder height. Intra class correlations (ICC) 

and coefficient of variation (COV) analyses were used to quantify precision as a function of 

the number of repetitions analysed [38]. The authors determined that a minimum of 30 

repetitions are needed to obtain precise estimates of LDS during repetitive flexion/extension 

tasks. This brings forth another methodological consideration when applying LDS analysis to 

CLBP populations – whether CLBP populations are able to perform 30 repetitive flexion-

extension cycles of the trunk without fatigue and an exacerbation of pain.  Therefore, when 

applying LDS analysis to CLBP populations, fatigue, pain, and load may act as confounding 

variables to the LDS measurement and should be considered during research study design.  

 

2.3.2 Fatigue and local dynamic stability of the trunk 

Muscle fatigue is defined as a progressive phenomenon which results in a decrease in maximal 

force or muscle power output in response to contractile activity [39]. Thus, muscle fatigue is 

the inability of recruited motor units to generate maximal force output [40, 41]. Mechanisms 

of muscle fatigue come from peripheral factors associated with maintaining muscle contraction 

(e.g., blood flow, oxygen delivery, contraction efficiency), and factors associated with 

maintaining central motor output to the muscle from the nervous system (e.g. cortical and 
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motoneuron output) [42]. Fatigue is a critical factor in CLBP patients as it can directly impact 

the rate of sensorimotor control of movement [44]. This can cause decreased proprioception, 

decreased kinesthesia, altered reflexes, increased muscle response time, and increased central 

processing [42]. During repetitive lifting, fatigue results in changes in force output and muscle 

recruitment patterns, which may lead to alterations in movement kinematics [41]. Therefore, 

continuous or prolonged execution of a dynamic task may result in the impairment of LDS. If 

fatigue impairs LDS, then small kinematic disturbances or neuromuscular control errors may 

cause brief uncontrolled intervertebral movement and subsequently increase the risk of tissue 

strain injury in CLBP populations [28-31]. Additionally, because current trends in occupational 

life include repetitive movement over long periods of time, muscle fatigue is an unavoidable 

short-term outcome of such activity [43]. This demonstrates the importance of investigating 

the effects of fatigue on LDS in CLBP populations.  

 

A study by Asgari et al. [40] investigated the effect of fatigue on LDS in a CLBP population. 

They required 14 healthy participants and 14 participants with CLBP to perform repeated 

dumbbell lifting using a squatting technique with a dumbbell in each hand [40]. The dumbbells 

were loaded with a weight equivalent to 15% of the participants’ body weight and were lifted 

from the floor with straight arms until the participant’s hips were fully extended before being 

lowered to the floor [40]. The lifting task was repeated until the participant reported a score of 

17 (very difficult) on the Borg rating scale of perceived exertion [40]. This was considered the 

highest safe level of fatigue and the task stopping point to reduce the risk of possible injury to 

the CLBP participants [40]. The results demonstrated that in the presence of self-reported 

muscle fatigue, as indicated by a high rate of perceive exertion, a significant decline in the LDS 

of the trunk and hip were observed for both groups [40]. This finding suggests that following 

substantial fatigue, both groups adopted an alternate movement strategy in which the nearest 
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trajectories of the trunk and hip increasingly moved apart, resulting in increased instability 

[40]. The authors propose that the decreased LDS caused by increasing fatigue may be the 

result of increased trunk flexion and leg extension or changes in hip velocity [44-46]. 

 

While the findings of Asgari et al. [40] showed that performing a repetitive lifting task to near 

exhaustion has a significant effect on LDS, the findings are limited in that the reduction in the 

force-producing capacity of the back muscles was not measured.  Because of this, it is not 

possible to determine whether the findings were largely or entirely the result of muscle fatigue 

[40].  Therefore, due to methodological issues in their study, it is not possible to ascertain 

whether the decline in stability was caused by muscle fatigue. It is likely that objective 

measures of fatigue in which force output is measured are more appropriate for evaluating the 

effect of muscle fatigue on LDS. 

 

Granata and Gottipati [47] examined the effect of trunk extensor fatigue on LDS of the trunk. 

Participants performed a repetitive dynamic trunk extension movement on a 45° Roman chair 

with a load cell attachment. Local dynamic stability was assessed after performing a maximal 

voluntary contraction (MVC) and when the participant could only sustain 60% of their MVC. 

They found fatigue significantly reduced trunk LDS. The observed decrease in LDS at 60% 

MVC suggests that the trunk was less stable in the presence of fatigue compared to the non-

fatigued MVC condition. The protocol used within this study was more appropriate for 

assessing the effect of muscle fatigue than the aforementioned study because muscle fatigue 

was assessed as a function of MVC. These results demonstrate that the ability of the 

neuromuscular system to attenuate local perturbations is impaired by fatigue of the trunk 

extensor muscles during dynamic trunk movement [47]. 
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Using a similar fatigue and movement protocol to Granata and Gottipatti [47], Larson et al. 

[48] examined the effect of muscle fatigue on trunk stability. In this study, dynamic stability 

trials were separated by 24 hours [48]. In contrast to the findings of Granata and Gottipatti [47], 

Larson et al. [48] found no significant difference in trunk LDS following the fatigue protocol 

[48]. The researchers performed further analysis on the data on a person-by-person basis. This 

post-hoc grouping revealed three distinct responses amongst the population in which the 

participant either stabilized (stability increases), destabilized (stability decreases) or no 

changers (stability is maintained) following the fatiguing protocol. Therefore, the researchers 

proposed that despite showing non-significant findings, the mean response of the sample 

population did not represent the true meaningful response of the individuals within the 

population because each group responded differently to the fatiguing protocol.  Between these 

groups, there were no significant differences in pain (measured by Visual Analog Scale [VAS] 

scores), catastrophic thinking related to pain (measured by Pain Catastrophizing Scale [PCS] 

scores), or fear of movement (measured by Tampa Scale of Kinesiophobia [TSK] scores). The 

authors suggest that this finding demonstrates that the differing responses to fatigue were more 

likely dependent on differences in motor control strategies than the perception or presence of 

pain. Furthermore, the authors conclude that it appears that the perceived pain (measured by 

VAS) associated with muscle fatigue and its recovery could play an important role in 

determining how people control the motion of their backs. 

 

The contrasting results between these two studies may have occurred due to different times in 

which the stability assessment was implemented. In the study by Granata and Gottipati [47], 

LDS was assessed before and immediately following a fatigue protocol (16 minutes apart), 

whereas in the latter study, the LDS assessments took place 24 hours apart [48]. In addition, 

the contrasting results between these studies may be due to improvements in the methodologies 
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used to compute LDS. Dupeyron et al. [38] previously determined that a minimum of 30 

repeated trunk flexion/extension cycles were needed to calculate precise estimates of dynamic 

trunk stability. In the study by Granata and Gottipatti [47], only 20 cycles were analyzed as 

opposed to the 30 cycles in the study by Larson et al. [48].  

 

Graham et al. [49] assessed the changes in trunk LDS resulting from 1.5 hours of repetitive 

automotive industry work. Assembly line tasks frequently involve forward trunk flexion. To 

assess LDS, directly before and after completing 1.5 hours of manufacturing work, workers 

performed 30 continuous trunk flexion/extension movements with a constrained pelvis. No 

significant difference in trunk LDS was observed before and after the work shift. Thus, 90 min 

of repetitive work involving static trunk flexion did not impair responses to local perturbations 

that occur naturally during movement. While hours spent on repetitive tasks during work shifts 

has been associated with the prevalence and development of CLBP, the authors propose that 

trunk instability is likely not a mechanism by which long-term repetitive industry work 

contributes to risk of developing CLBP [49, 50].  

 

The findings by Graham et al. [49] are contrary to the findings by Granata and Gottipati [47]. 

One reason for this may be the method in which fatigue was induced. In the study by Granata 

and Gottipati [47], a very high level of muscle fatigue was induced in a localized muscle group, 

the trunk extensors. Conversely, due to the nature of the automotive assembly work in the study 

by Graham et al. [49], lower levels of non-localized global muscle fatigue were likely induced 

over longer periods of time. Further, the findings in the study by Graham et al. [49] are 

confounded as the authors were unable to directly measure the amount of muscle fatigue 

developed during the 90 min of work due to the manufacturing company-imposed 10-min for 

testing time constraint. Due to the limited amount of research on the effect fatigue on LDS, and 
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the conflicting nature of the findings in the existing literature, it is unknown if fatigue 

influences LDS during repetitive flexion/extension tasks. 

 

2.3.3 External Load – Heavy versus light loads and local dynamic stability of the trunk 

To facilitate stable trunk movement during lifting, humans must generate the appropriate motor 

patterns to control muscle force and to effectively respond to biomechanical perturbations and 

neuromuscular control errors [51]. One such factor that can influence trunk stability during 

lifting is the load being lifted [51]. Thus, it is important to understand how external loads affect 

the production of stable spine and trunk movements. 

 

Graham et al. [23] assessed how altering the load lifted over 30 consecutive repetitions affected 

LDS of the trunk. Thirty healthy participants (15 male, 15 female) performed two trials of 30 

continuous box lifts from a target positioned at half their standing height to a target on the floor. 

In the loaded trial, the box was filled with a weight equivalent to 10% of the participant’s 

maximum back strength. There was no load inside the box for the un-loaded trial. The results 

showed a significant increase in trunk LDS when lifting a load compared to the un-loaded 

condition.  

 

A follow-up study by Graham and Brown [24] also assessed the effect of load variation on 

LDS of the trunk. They required healthy participants (12 male) to perform repetitive box lifts 

between shoulder and knee height for 30 repetitions across 3 load conditions (0%, 5%, and 

10% of the participant’s maximum back strength). The box was placed on a platform located 

at knee height and lifted to a platform at shoulder height. This study differed to the earlier study 

by Graham et al. [23] in that the movement protocol was performed at a different range of 

motion. In the study by Graham and Brown [24], the repetitive box lifts were performed 
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between shoulder and knee height. Whereas in the study by Graham et al. [23], the box lifts 

were performed at half their standing height to a target on the floor. Muscle activity of the spine 

were also recorded during the trials via EMG. Despite the variance in lifting task range of 

motion, Graham et al. [23] and Graham and Brown [24] both found significant increases in 

trunk LDS when lifting with a load. 

 

The results of both studies showed that the neuromuscular control of trunk stability was 

significantly affected by load, with an increase in LDS demonstrated when lifting a load 

equivalent to 10% of the participants maximum strength. This finding is supported by previous 

mechanical stability models which show that during movement with loads, mechanical spinal 

stability increased due to augmented muscular and moment demands and joint compression 

force [23]. Due to the increase in moment demands when lifting with heavier loads, there is a 

concordant increase in muscular activation. This causes a consequential increase in muscle 

stiffness due to the increase in number of activated cross-bridges [23], which translates into 

greater trunk stiffness [23]. Therefore, because the trunk is in a more mechanically stable state 

when lifting with a load, there would also be a decreased need for feedback-induced muscular 

contraction following a perturbation [23]. Further, the kinematic response of the trunk to a 

perturbation is determined through both the mechanical stability of the trunk prior to loading, 

as well as the reflex response of the muscles after loading [30]. Therefore, when lifting with a 

load, the increased mechanical stability prior to an internal perturbation decreases the 

divergence of the lifting cycle trajectory (i.e., greater LDS) immediately after that perturbation. 

This demonstrates that these findings are justified by previous static and quasi-static 

mechanical stability models that suggest the trunk may be more stable when lifting with heavier 

loads. 
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In a subsequent study, Graham and Brown [51] re-analysed the EMG data collected from their 

earlier study [24]. In this study, they attempted to apply LDS analysis to the spine EMG muscle 

activity. However, it is unknown whether applying the methods used to characterize the 

dynamic stability of kinematics to EMG signals is a valid measure of stability. They found that 

an increase in load lifted was found to have no significant effect on LDS of spine muscle 

activations during repetitive lifting [51].  An explanation for the contradictory findings between 

these two studies is that the measurement of the LDS from spine muscle activation data is not 

the same as LDS measured from kinematic data. More research is needed before LDS of muscle 

activations can be used to quantify neuromuscular control of stability. Additionally, within 

these studies, LDS was computed from a relatively low number of cycles (n=25), which is 

lower than the reported minimum number of repetitions required to achieve acceptable levels 

of precision for LDS analysis (n=30) [38]. The first 5 repetitions were not analysed in these 

studies to ensure steady-state movement behaviour. The authors state that use of a low number 

of cycles was implemented to limit the effects of fatigue. However, as suggested earlier in this 

review, more research is needed to determine whether fatigue has a statistically significant 

effect on LDS. 

 

2.3.4 External Load - Unstable Loading and local dynamic stability of the trunk 

Goal directed occupational tasks often require the movement or lifting of unstable loads (e.g., 

a pail of water), or the movement of stable loads under unstable support conditions (e.g., lifting 

on ice). Therefore, humans must generate the appropriate motor patterns to control joints in the 

presence of these unstable external conditions. 

 

Within the scope of this review, only one study was found that investigated LDS during the 

lifting of an unstable load. Beaudette et al. [52] examined the effect of lifting a stable load (box 
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loaded with 8 kg) in comparison to an unstable load (3.25 kg of the 8kg box was replaced with 

water). Each lifting scenario consisted of a total of 23 consecutive lifts and involved raising 

and lowering a box from shelf heights based on anatomical landmarks (lower shelf at the level 

of tibial tuberosity, and upper shelf at the level of the anterior superior iliac spine (ASIS). 

Relative to the stable control lifting trial, the unstable load had no significant effect on trunk 

LDS [52]. When adding an unstable surface (performing the task while standing on a Bosu 

ball) in addition to the unstable load, there was still no significant effect on LDS [52]. The use 

of EMG within the study allowed the authors to determine that when the external level of 

instability is increased, individuals contracted their muscles to stiffen the lumbar spine and to 

therefore maintain a consistent level of trunk LDS [52]. Due to the stiffening effects during the 

unstable support condition, there was no observable trend towards a decrease in LDS between 

the stable and unstable load conditions. 

 

The non-significant main effect when lifting with an unstable load suggests that the LDS of the 

trunk is conserved by trunk muscle stiffening effects. Thus, the authors propose that it is 

possible LDS is monitored by the central nervous system during a lifting task to facilitate 

completion of the task and that external instability-induced perturbations are managed by the 

central nervous system. Because only one study was found for the effect of unstable loading 

on trunk LDS, a reliable conclusion cannot be drawn. 

 

2.3.5 Speed of movement and local dynamic stability of the trunk 

The pace at which a task is performed at is a relevant occupational factor and a control 

parameter which has been shown to influence temporal movement strategies during repetitive 

tasks [53]. More specifically, higher pace has been associated with more variability and errors 

during repetitive assembly work [54]. 
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Granata and England [55] investigated the effect of movement speed on trunk LDS. In this 

study, 20 healthy participants (8 male, 12 female) were required to touch two targets with their 

hands held together under two different speed conditions. The slow condition consisted of 20 

repetitions per minute for 90 seconds, and the fast condition consisted of 40 repetitions per 

minute for 45 seconds, for a total of 30 repetitions in both conditions [55]. Targets were located 

at two pre-specified locations. One target was placed at shoulder height in the anterior midline 

so that it could be reached when standing upright with the arms horizontally extended and the 

second target was placed 50 cm anterior to the knee. Participants were required to touch the 

upper target followed by the lower target repeatedly for the duration of each trial. The results 

showed that the participants had significantly lower LDS when they performed the repetitive 

trunk flexion/extension task at 40 repetitions per minute in comparison to when they performed 

the task at 20 repetitions per minute. The authors proposed several mechanisms for the decrease 

in LDS with an increase in speed. First, torso muscle activity and co-contraction increased with 

trunk velocity and acceleration [55]. Henneman’s size principle dictates that modulation of 

muscles when muscle activity is high requires the recruitment of large motor units, thereby 

limiting fine motor control during fast paced movements. Second, momentum increases with 

velocity. Therefore, more neuromuscular effort was required to control and attenuate kinematic 

disturbances. Third, fast dynamic movements reduce the allowable time for neuromuscular 

corrections, which suggested increased delay in the active recruitment and neural feedback 

relative to movement trajectory [55]. 

 

Asgari et al. [56] replicated the study by Granata and England [55] with the inclusion of a third 

speed condition in which participants were allowed to perform the lifting task at a self-selected 

speed. Similarly, they found a significant decrease in LDS when performing a repetitive trunk 

flexion/extension task at progressively increasing speed [55, 56].  
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In contrast to the studies listed above, Graham and Brown [24] found that increasing speed did 

not affect trunk LDS. In their study, three experimental trials were performed in which 

participants performed 30 continuous freestyle box lifts (lifting 5% of their maximum back 

strength) at three different rates (6, 12, and 18 repetitions per minute). The box was lifted from 

knee height to shoulder level. A possible explanation for the contrasting findings may be due 

to the lower number of repetitions performed per minute (6, 12, and 18/min), and thus, the 

slower the speed of movement [24]. Granata and England [55], Asgari et al. [56], and Graham 

and Brown [24], all used 30 repetitions for their movement protocol, however, the time to 

complete the 30 repetitions varied. It is possible that the effect of movement speed on LDS 

may only become significant at faster cadences as demonstrated by Asgari et al. [56] and 

Granata and England [55]. However, it is important to note that the findings by Graham and 

Brown [24] may be better extrapolated to activities of daily living that have repetition akin with 

lower frequencies and movement speeds. 

 

In a subsequent study, Graham and Brown [51] reanalysed their data and applied LDS analysis 

to spine muscle activations. They found that with an increase in lifting rate with a constant load 

there was a significant decrease in the LDS of muscle spine activations. These results contrast 

those from their previous study, where the increase in lifting rate with a constant load did not 

change the LDS of trunk kinematics [24]. The authors concluded that this showed that under 

the changing rate condition, participants were less able to maintain stable spine muscle activity 

[24]. However, as previously stated in this review, it is unknown whether calculation of LDS 

of spine muscle activations is a valid measure of stability. 
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The literature identified in this review suggests that there may be a linear relationship between 

LDS of the trunk and movement speed, with increases in movement speed resulting in 

decreases in LDS. At lower movement speeds, which are comparable to those of natural 

movements that would occur during daily living activities, the decline in LDS with movement 

speed is not significant. 

 

2.3.6 Task asymmetry and local dynamic stability of the trunk 

Asymmetrical movement and loading patterns have been proposed as contributing factors to 

the onset of CLBP symptoms [57, 58]. Spinal movement asymmetries during walking have 

also been hypothesised as possibly contributing to CLBP [59]. Additionally, workers involved 

in repetitive lifting, bending, asymmetrical postures, and manual handling are considered at 

high-risk of developing CLBP [60]. Occupational tasks and activities of daily living often 

involve asymmetrical lifting (i.e., movements that include components in both the sagittal and 

transverse planes).  

 

Granata and England [37] examined the effect of asymmetric lifting on trunk LDS. They 

compared an asymmetric lifting task (each movement included rotation from left twist to right 

twist as well as flexion-extension) with a symmetric lifting task (flexion-extension). In the 

symmetric condition, participants were required to touch targets at shoulder and knee height in 

the anterior midline. Whereas in the asymmetric condition, the shoulder target was moved to 

the right and the knee target was moved to the left to induce a 45° axial rotation of the torso at 

the upper and lower targets. A lower-limb constraint was imposed in all experimental 

conditions by strapping the subject’s legs and pelvis to a rigid structure to restrict movement 

of the lower limbs. Each movement cycle consisted of both the eccentric and concentric phase 

of the movement. Participants performed 30 movement cycles per trial. The results 
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demonstrated that the symmetric movements in the mid-sagittal plane were associated with 

significantly lower LDS than asymmetric trials [37]. 

 

Granata and Gottipati [47] investigated the effect of task asymmetry and fatigue on LDS of the 

trunk. Participants performed a repeated flexion/extension task in which they touched a target 

placed near knee level with their hands then returned to an upright posture at 30 

flexion/extension cycles per minute until the participant had fatigued to 60% of their MVC. 

During the symmetric condition, the participants touched the target with both hands. Whereas 

during the asymmetric trials, they touched the target with their dominant hand only. There was 

no significant main effect of asymmetry on LDS of the trunk. It is possible that no main effect 

was observed for asymmetry in this study because the movement cycles predominantly 

remained in the sagittal plane, hence the dependant variable of task asymmetry was not 

appropriately assessed. Specifically, the asymmetric movement protocol used by Granata and 

Gottipati [47] required each participant to touch a target in the mid-sagittal plane using only 

their dominant hand, whereas in the study by Granata and England [37], the target was placed 

to the left or right of the mid-sagittal plane. Additionally, a lower limb constraint was not used 

in the study by Granata and Gottipati [47] which would result in additional movement of the 

hips and knees when performing the trunk flexion/extension task as opposed to the study by 

Granata and England [37] where a lower limb constraint was used. 

 

When movement of the lower limbs was appropriately asymmetrical, there was a trend wherein 

asymmetric tasks resulted in greater trunk dynamic stability than symmetric tasks. The authors 

propose that this may be mediated by increased recruitment and coactivation of the internal 

and external oblique muscle groups during asymmetric lifting [37, 47]. The recruitment of these 

muscles is critical to control asymmetric tasks, whereas activation of these muscles is less 
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important when lifting in the mid-sagittal plane. No effect of asymmetry was observed when 

subjects were free standing in the latter study [47]. The authors propose that this interaction 

may indicate that dynamic coupling between the legs and torso contributes to the control of 

stability in asymmetric movements [47]. 

 

Dupeyron et al. [38] investigated the effect of a symmetric lifting task compared to an 

asymmetric lifting task. Participants performed 100 repetitions of trunk movements in flexion, 

trunk rotation, and in a combination of flexion and trunk rotation. Participants were required 

to perform a freestyle rhythmic trunk flexion task between an upright standing position into a 

flexed position in which both index fingers touched horizontal targets positioned at knee and 

shoulder height. For the trunk rotation task, participants performed a rhythmic pointing task 

alternating with the right and left hand in upright stance moving between vertical targets 

positioned bilaterally at shoulder height and one arm length laterally. For the combined task, 

participants were asked to successfully touch four targets in the following consecutive order: 

knee height on the left, shoulder height on the right, shoulder height on the left, and knee height 

on the right. There was a main effect of task and a significant interaction with the segment 

analysed. Movements in the sagittal plane were significantly less stable than combined 

movements in the sagittal and horizontal plane and in the horizontal plane only [38]. Results 

from this study align with the previous findings by Granata et al. [37, 47]. Dupeyron et al. [38] 

proposed that the effect observed in their study may be due to greater trunk muscle co-

contraction in tasks involving twisting moments. Similarly, Granata and England [37] had 

previously emphasized the stabilizing effect of the activity of the oblique muscles in 

asymmetrical tasks. 
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Graham et al. [61] investigated the effect of task asymmetry in varsity athletes with and without 

CLBP. To match previous studies, the movement protocol used within this study was the same 

as the one used by Granata and England [37]. Participants performed 30 repetitions at a rate of 

15 repetitions per minute. They found no significant difference in LDS between the healthy 

and CLBP groups in both symmetric and asymmetric lifting tasks. In agreement with previous 

studies, trunk LDS was significantly greater when moving asymmetrically. The use of EMG 

within this study confirmed the previous hypothesis posed by Dupeyron et al. [38] and Granata 

and England [37], that the increased stability during asymmetric tasks is due to increased trunk 

muscle co-contraction in tasks involving twisting and lateral bending movements due to 

oblique muscle activation. Trunk twisting coincided with higher levels of trunk muscle co-

contraction, due to the lateral effects that the oblique abdominal muscles had in other planes 

[38]. The findings by Graham et al. [61] demonstrated that co-contraction was significantly 

increased during the asymmetrical tasks, corresponding to increased dynamic stability of 

kinematics in both healthy and CLBP participants. 

 

Lee and Nussbaum [62] investigated the effect of task asymmetry on trunk LDS between 

experienced manual handling workers (minimum of 3 years recent experience in frequent 

lifting tasks) and novice workers. Participants completed a set of flexion/extension tasks in two 

conditions (0° symmetric and 60° asymmetric) [62]. A box was lifted and lowered (loaded with 

10% of the participant’s body weight) 20 times in each set [62]. The lifting origin and 

destination heights were adjusted to individual knee and elbow heights [62]. Experienced 

workers had significantly greater LDS than non-experienced workers during the symmetric 

trial [62]. This finding suggests that LDS in symmetric repetitive lifting tasks can be ‘trained’ 

or improved over time. There were no differences between experienced workers and novices 

during the asymmetric trial [62]. Therefore, the balance maintenance and torso movement 
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stability among novice workers may be dependent on the task conditions (asymmetry versus 

symmetry). The authors proposed that the explanation for this difference between task 

conditions was that experienced workers seemed to adjust torso kinematics/kinetics to maintain 

stable balance and torso movement, whereas novices may have de-emphasized balance and 

stability to obtain relatively consistent torso kinematic exposures [62].   

 

2.3.7 Low back pain and local dynamic stability of the trunk 

The above studies and findings demonstrate that the assessment of LDS has utility for 

evaluating the effects of load, speed, and fatigue in individuals without pathology during 

lifting. However, there is limited research that has applied this approach on patients with CLBP. 

As indicated above, Graham et al. [61] compared varsity athletes with and without CLBP 

during a repetitive flexion/extension task. No significant difference was observed in trunk LDS 

between the healthy and CLBP groups. However, this finding cannot be extrapolated to the 

general population with CLBP pathology because the sample comprised young varsity athletes. 

Despite meeting criteria for having CLBP, the authors report that these athletes were reportedly 

not challenged by activities of daily living or the repetitive movement protocol within the study. 

Additionally, the results cannot be extrapolated to occupational settings or daily living 

activities which involve lifting because no load was used in the trunk flexion/extension task. 

 

Asgari et al. [40] also examined the effect of CLBP on LDS of the trunk, hip, and knee.  This 

study required 28 participants (14 with CLBP, and 14 healthy participants) to hold two-

dumbbells in their hands (loaded with 15% of their bodyweight) and lift the dumbbells from 

the floor with straight arms until the participant’s hips were fully extended before being 

lowered to the floor. Lift cycles were repeated until participants reached and reported a score 

of 17 on the Borg scale. As stated earlier in this review, it is possible that confounding factors, 
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such as fatigue, affected trunk stability and coordination in this study [19]. The results showed 

that the CLBP group had significantly more stable hip movement in the frontal and transverse 

planes in comparison to healthy controls. There were no significant differences in trunk, knee, 

or ankle dynamic stability between groups. It is possible that when performing repetitive lifts 

until a score of 17 on the Borg scale is reached, a reduction in the force-producing capabilities 

of the trunk extensors may have affected both groups. Thus, there is a scarcity of research that 

has been performed on CLBP groups which use LDS as a criterion measure [40, 61]. 

 

2.3.8 Section Conclusion 

 

This review aimed to provide an analysis of the application of LDS assessment in the trunk and 

hip regions. The review findings have shown that LDS is affected by movement speed, loads, 

fatigue, and task asymmetry during repetitive lifting. This review also provided methodological 

considerations for future studies on CLBP populations including: the total number of 

repetitions and its influence on the accuracy of the LDS measurement, the effect of load lifted 

during lifting tasks and the ability of CLBP populations to perform the lift, the effect the speed 

at which participants perform repetitive lifting, and the effect of task asymmetry during 

repetitive lifting movements. From this review, it is evident that LDS research in the context 

of the trunk and hip is limited, and more research needs to be directed towards investigating 

the differences in LDS between healthy and CLBP populations.  
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Chapter 3: A review of intersegment 

coordination of the trunk and lower limbs 

3.1 Introduction 

Functional movements, such as repetitive lifting, are complex activities that require the 

coordination of the trunk as well as the upper and lower limbs. Because repetitive lifting 

involves multiple body segments, intersegment coordination (IC) analysis can provide useful 

information about movement and motor variability, which reflects the consistency of the 

intersegmental relationship between segments during lifting [16, 17, 63]. Previously, the 

variability of trunk motion kinematics during lifting in CLBP populations has been studied as 

one segment acting in isolation [63, 64]. These studies have quantified the kinematics of CLBP 

populations by measuring lumbar and hip range of motion and angular velocity. However, these 

studies report inconsistent findings including increased, decreased and no difference in ROM 

between CLBP and healthy people [13, 63, 64]. Thus, an alternate method of analysis of lifting 

in CLBP populations may be needed to determine potential deficits in motor control.  

 

Considering that repetitive lifting tasks involve multiple segment coordination throughout 

movement, the application of IC analysis could provide more accurate assessment of trunk and 

lower limb lifting deficits in CLBP populations. In the past, IC analysis has been utilized to 

incorporate angular position and angular velocity information over an entire motion cycle to 

compliment kinematic analyses [14-16]. While some investigators have examined the IC 

between the trunk and lower limbs during active movement of the trunk, there is limited 

research applying this analysis to examine the aberrant patterns of coordination in CLBP 
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populations [65, 66]. While discrete kinematic analysis provides insight into peak postures, IC 

aids in understanding how these postures change with time, and how segments move in 

relationship to one another over time [16, 17]. 

 

The aim of the review in this section was to examine the IC literature and establish the 

effectiveness and applicability of using IC analysis in CLBP populations. 

 

3.2 Method 

3.2.1 Rationale 

Motor variability is fundamental to human movement and is essential to musculoskeletal health 

in CLBP populations [10]. While it has been suggested that people with CLBP alter their motor 

variability to reduce the effect of pain, the evidence to date has been inconclusive [13, 63, 64].  

Additionally, the mechanism of pain and its interaction with motor variability in CLBP has not 

been established [10]. While traditional kinematic analyses of CLBP movement have 

considered the trunk as one segment, most functional movements and daily living activities 

involve multiple segment movement and coordination [66]. Intersegment coordination, 

quantified by continuous relative phase (CRP), can provide important information on how 

segments interact relative to each other, as well as the consistency of the intersegmental 

relationship. It has been proposed by previous authors that IC may be useful in determining 

impairments in movement coordination and pattern stability in CLBP populations [66].  

Therefore, IC analysis could be useful for showing aberrant coordination patterns in CLBP 

populations and may provide better evaluation of motor variability than traditional kinematic 

analyses. 



 

32 
 

3.2.2 Search strategy 

In this review, an electronic search was conducted in the Western Sydney University Library 

database, and PubMed databases (Jan 2022). The search terms were combined and resulted in 

the following string: back OR hip OR spin* OR trunk OR torso OR pelv* AND intersegment 

coordination OR relative phase OR segment* coordination OR inter* coordination OR phase 

angle AND repetitive. The purpose of the search was to find all articles in which IC was used 

to measure stability in repetitive trunk flexion/extension tasks. 

 

3.2.3 Study selection 

Studies were considered relevant for inclusion in this review if: (1) the assessment of IC was 

based on a task which included repetitive flexion/extension of the trunk; and (2) continuous 

relative phase analysis was applied to the trunk and/or hip. Only full-texts in English indexed 

from 1970 to 2022 were included in the search. A manual search for relevant articles was also 

performed based on the reference lists of the retrieved articles. The manual search resulted in 

3 additional studies being added, resulting in a total of 13 experimental studies. 

 

3.3 Discussion 

3.3.1 Intersegment coordination methodology and methodological considerations 

Intersegment coordination, as measured by continuous relative phase, quantifies the 

coordination pattern and the variability of the coordination pattern [23]. This approach provides 

continuous spatial measurement throughout the entire movement cycle and are derived from 

segment rotation and velocity [23]. Continuous relative phase shows the phase relationship 

between two segments [16]. During in-phase or rigid movements, bilateral homologous muscle 

groups contract synchronously, resulting in the segments moving in synchronization with one 
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another [67]. Whereas in anti-phase movements, the muscles will contract and relax at opposite 

times [67]. For example, a distal to proximal thigh and trunk coordination pattern during 

repetitive lifting would indicate that the distal segment (thigh) is leading the proximal segment 

(trunk) throughout the movement. 

 

Previous research has demonstrated aberrant coordination patterns and variability in CLBP 

populations during repetitive movement such as walking, running, forward reaching, and axial 

rotation [68-71]. Although IC analysis has gained popularity as method of biomechanical 

analysis in gait, there is limited research that focusses on the use of IC in CLBP research [15, 

16, 68]. This may be due to several methodological limitations that need to be considered 

before applying IC analysis to a repetitive lifting task. 

 

During repetitive lifting, movement variability could be viewed as healthy and essential for 

optimal flexibility and stability [8]. However, significantly increased variability could result 

from an individual’s inability to use a stable motor patterning to execute the repetitive task and 

therefore represent functional deficits in motor control [68, 69]. Similarly, significantly 

decreased variability could also represent a pathological state with limited movement options 

[68, 69]. Therefore, it would be difficult to determine whether the changes in IC are beneficial 

or representative of a deficit in motor control. 

 

Another methodological consideration for using IC analyses during lifting is the effect of lifting 

with a load. It has been established that repetitive lifting with a load can result in increased 

movement variability due to muscle fatigue [72]. Several papers have shown that as the load 

lifted is increased, lumbar spine motion tends to lag further behind the lower limb joints [72-
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74]. However, in CLBP populations, repetitive lifting with a load may cause an exacerbation 

of pain, which may also affect IC [40]. Therefore, load and muscle fatigue may act as 

confounding variables and make it difficult to determine whether observed differences in IC 

are caused by pain. 

 

Intersegment coordination patterns also appear to vary between sexes during repetitive lifting 

[75, 76]. It has been demonstrated that males produce higher spine loads than females when 

performing identical lifting tasks [75]. To date, CLBP motor control research has mostly 

included both sexes and have not adjusted loads relative to the participant’s strength [75]. 

While repetitive lifting with absolute loads produces greater external validity regarding 

occupational settings and activities of daily living (i.e., males and females are required to lift 

the same loads in the work setting and during daily living activities), adjusting the load lifted 

for the participant’s relative strength results in greater internal validity regarding controlling 

for the biological strength differences between sexes.  

 

Therefore, when applying IC analysis to CLBP populations, load, sex, and fatigue may act as 

confounding variables to the measurement of IC and should be carefully considered during 

research study design. This review will now explore the literature surrounding the effect of 

load, sex, and fatigue on IC during repetitive trunk flexion/extension tasks in greater detail. 

 

3.3.2 External load, lifting origin/destination and intersegment coordination 

Current literature has shown conflicting findings on the effect of load on IC. Burgess-Limerick 

et al. [74] investigated the effect of increasing load on IC in healthy populations. Thirty-nine 

healthy participants were required to lift a load on to a shelf 25 times [74]. Five different loads, 
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starting from 2.5 kg with increasing increments of 2 kg up to 10.5 kg, were examined. The 

variability of IC was found to significantly increase with each progressive increase in load. The 

authors concluded that the observed changes in coordination are a functional adaptation to 

reduce the muscular effort required to complete the lifting task [74].  

 

Hu et al. [77] investigated the influence of load on lumbar-pelvis coordination during repetitive 

box lifts in a healthy population. Twelve male subjects performed repetitive box lifts from the 

floor under 2 load conditions: with 20 lb inside the box, and no load inside the box. The results 

showed that lifting the 20 lb load resulted in more in-phase lumbar-pelvic coordination 

compared to lifting with no load. The authors proposed that when lifting with a load, healthy 

individuals adopt a more in-phase and guarded lumbar-pelvis motion patterns to protect 

themselves from injury [77]. As previous studies have shown CLBP populations tend to 

demonstrate more protective motions to reduce the risk of injury [8-12], the findings from Hu 

et al. [77] suggest that when lifting with a load, altered lumbar-pelvic coordination could be 

expected to be more pronounced in CLBP populations. 

 

Mokhtarinia et al. [65] investigated the effect of load variation on IC of the lumbar-pelvis and 

pelvis-thigh. Fifteen participants with CLBP, and 18 healthy participants performed a repetitive 

trunk flexion-extension task from a standing position and touched a target at knee height with 

and without wearing an 8 kg uniformly loaded vest. Further demonstrating the inconsistency 

in the current literature, the authors found no difference in lumbar-pelvis coordination when 

lifting with a load compared to a no-load condition [65]. The non-significant difference in 

lumbar-pelvis coordination opposes the findings by Hu et al. [77] and Burgess-Limerick et al. 

[74]. This may be explained by the varying experimental design for trunk loading. In the studies 

by Hu et al. [77] and Burgess-Limerick et al. [74], a load was held in the participants hand 
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rather than wearing a weighted vest. Despite no difference in lumbar-pelvis coordination when 

lifting with a load, there was a significant reduction in in-phase movement of the thigh and 

pelvis when lifting with a load.  

 

The conflicting nature of the existing literature investigating the effect of load lifted on IC may 

also be explained by the different relative loads used between studies. Scholz [73] examined 

the effect of lifting loads, prescribed as a percentage of the participant’s MVC, on IC of the 

knee, hip and lumbar during repetitive flexion/extension lifting [73]. MVC was assessed 

through a maximum-effort isometric squat lift [73]. During experimental trials participants 

lifted a weighted box starting with an initial load of 15% of their maximum lifting capacity. 

Progressive trials were performed with the load increasing by 15% increments up to 75%. They 

found continuous significant decreases in knee-lumbar and knee-hip IC as the load increased 

from 15% to 75% of MVC. As relative load increased, movement of the knee-lumbar IC was 

less in-phase, and knee extension led back extension at a faster rate.   

 

A later study by the same author demonstrated similar findings [78]. When maximum lifting 

capacity was determined by maximum-effort lifting against a load cell, an increase in relative 

load from 15% to 75% resulted in more distal to proximal lower-limb and trunk coordination 

patterns, despite no significant changes in peak displacement angles of the trunk and hip during 

the lifts [78].  These findings suggest that individualising load based on the individual capacity 

of each participant may be needed to elicit an effect on IC. 

 

Considering that there is limited research on the effect of load on IC of the trunk, another 

possible explanation for the conflicting research is the variance in lifting origin between 

studies. Intersegment coordination patterns during repetitive lifting are shown to vary 
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depending on the origin that the object is lifted from, and the height that the objected is lifted. 

Splittstoesser et al. [79] investigated the effect of altering the lifting origin and destination on 

IC of the trunk. Lower lifting origins were found to be associated with more in-phase lifting 

patterns between the trunk and hip [79]. During repetitive lifting, as the height lifted from the 

floor increased (at 0 cm, 19 cm, 38 cm, 57 cm, and 76 cm from the floor), IC was shown to 

significantly decrease [79]. The significantly more in-phase lifting pattern at lower lifting 

heights may serve as a protective mechanism, due to the increased peak L5/S1 resultant 

moments at lower origin lifting heights [79]. Previous literature has supported the idea that 

increased peak L5/S1 moments are a significant risk factor for the development of CLBP [7-

12]. Consequently, future studies that apply IC analysis to CLBP populations should control 

for lifting origin if there are multiple task conditions or trials. Additionally, when applying IC 

analysis to a repetitive lifting task, a lifting origin closer to the floor will result in the most in-

phase coordination pattern and will reduce the confounding effect of the origin height of the 

load.  

 

3.3.3 Fatigue and intersegment coordination 

Fatigue is another factor that has been shown to influence IC [44, 80]. Sparto et al. [44] 

investigated the effect of fatigue on IC of the trunk, hip, and knee.  Twelve healthy participants 

performed a repetitive box lift from the floor to full extension of the hips. Prior to performing 

the lifting task, each participant’s maximum lifting capacity was tested. Experimental lifting 

trials were then performed at 25% of their maximum lifting capacity at a self-selected pace 

until the participant could no longer continue [44]. Results demonstrated a decrease in hip and 

knee ROM, an increase in spine peak flexion angle, and a decrease in hip-lumbar inter-joint 

coordination with increasing fatigue. This change in coordination may be a functional 

adaptation towards a more physiologically demanding movement pattern. As the participant’s 
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fatigue, they may adopt a less efficient movement pattern and place less emphasis on the 

muscles of the lower limbs and increase back extensor demand to allow for continuation of the 

task.  

 

Van Dieën et al. [80] also examined the effect of fatigue on IC during repetitive lifting. Five 

healthy men performed 75 repetitions of the deadlift with an 8 kg barbell (15 repetitions/minute 

for 5 minutes). IC was measured at the lumbosacral joint, hip, knee, and ankle. The participants 

performed the deadlift using two different types of techniques. The first was a squat-style 

deadlift which minimized trunk flexion, and the second was stoop-lift that minimized flexion 

of the knee joint. The findings demonstrated that the IC did not change across the repetitive 

lifts, except between the knee and hip in the squat-style deadlift. The nonsignificant findings 

may be explained by a lack of fatigue induced by the movement protocol. While the authors 

relied on the subjective reports of the participants to confirm fatigue was present, muscle 

fatigue was not objectively measured. Additionally, due to the small sample size (n = 5), it is 

likely that the study was statistically underpowered. If muscle fatigue was induced across all 

participants, these findings suggest that the inter-joint coordination pattern is adaptable and can 

change to maintain a consistent performance level to meet the demands of the task [80]. 

 

A possible explanation for the varying results between the study by van Dieën et al. [80] and 

Sparto et al. [44], may be due to the different loads used to induce fatigue. Sparto et al. [44] 

used a heavier load, equivalent to 25% of each participant’s maximum lifting capacity, whereas 

in the van Dieën et al. [80], a standard load of 8 kg was used across all participants [49, 50]. It 

is plausible that fatigue produced by heavier load (high intensity) short-duration motor tasks 

will result in a reduction IC. Whereas, in less strenuous tasks, the neuromuscular system can 

adapt to the demands of the task which would result in no change in IC.  



 

39 
 

 

The current literature suggests that fatigue is likely to result in modified IC during repetitive 

lifting [44]. High intensity fatiguing lifting protocols are shown to result in declines in force 

output, and results in an increase in perceived effort, which can then lead to an increase in 

movement complexity [44]. It is possible that the changes in IC due to muscle fatigue may 

follow a pattern like that observed when individuals learn new motor tasks as people begin to 

organize multiple degrees of freedom in a new fatigued state [81]. Since high-intensity 

fatiguing protocols may be a confounding variable in IC, and to reduce the risk of injury to the 

CLBP group, the study in this thesis will limit the effect of fatigue by using a task with a lighter 

load comparable to those of past literature. 

 

3.3.4 Sex and intersegment coordination 

Differences in body size and physical capacity between males and females has the potential to 

influence lifting strategies and performance during repetitive lifting. Sex-related differences in 

IC patterns have been observed during lifting tasks [82]. Lindbeck and Kjellberg [82] 

investigated the difference in IC patterns between males and females in a lifting task. When 

compared to males, female IC was more synchronous and had less variability when lifting 12.8 

kg and 8.7 kg boxes from the floor to 61% of stature, or chest height [82]. The more in-phase 

coordination pattern exhibited by females may be caused by inherent biological differences in 

strength compared to males. It is possible that the lifting task was not physically demanding 

enough for the males to use a rigid coordination pattern in the study by Lindbeck and Kjellberg 

[82]. While the findings by Lindbeck and Kjellberg [82] suggest that females adopted a more 

efficient coordination pattern for this specific task, the biological differences in strength 

between males and females were not controlled for in this study. Therefore, it is possible that 

the confounding effect of strength affected their findings. 
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In contrast to Lindbeck and Kjellberg [82], Plamondon et al. [75] showed that experienced 

female manual workers displayed significantly decreased IC of the hip and trunk during lifting 

than experienced males and novices in a repetitive manual handling task. The task consisted of 

lifting 24 boxes weighing 15 kg from one pallet to another at a self-determined pace and then 

at a pace of 9 lifts per minute. Due to a lack of comparison to novice females, it is unknown if 

women tend to adopt a distal-proximal coordination pattern in general, or if this was a learned 

adaptation to manual handling experience. Using the same protocol, a follow-up study by 

Plamondon et al. [76], controlled for the biological differences in strength to investigate the 

differences in IC using relative loads (10 kg for females, 15 kg for males). Significantly reduced 

IC exhibited by the females was again observed compared to males, According to Plamondon 

et al. [76], this finding supports an influence of factors intrinsically linked to sex, such as the 

biological differences in strength and the anatomical differences in the pelvis. They concluded 

that it is possible that the sex difference in the strength ratio of the hip extensors/back extensors 

between men and women may explain the reduced IC exhibited by females. 

 

To date, most motor control research on CLBP populations has included males and females. 

However, the IC literature suggests that there may be intrinsic differences between males and 

females that affect their lifting performance and kinematics. Therefore, when assessing 

intersegment coordination during repetitive lifting tasks, controlling for biological differences 

between males and females to reduce the confounding effects of sex on IC appears prudent. 

This can be achieved by adjusting the load lifted based on sex or by each participant’s 

individual capacity.  
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3.3.5 Low back pain and intersegment coordination  

The severity of self-reported disability due to CLBP has been shown to affect IC of the trunk 

and lower limbs during lifting. Pranata et al. [66] compared patients with lower disability and 

patients with high-disability CLBP while lifting an 8 kg kettlebell. Participant disability was 

measured through self-reported Oswestry Disability Index (ODI) scores. Patients with higher 

disability demonstrated significantly decreased lumbar, hip and knee inter-joint coordination 

in comparison to people with lower disability and healthy controls. This indicates less 

synchronous coordination patterns by the higher disability group. These findings suggest that 

it is possible that CLBP patients with high disability have a neuromuscular system that is 

adaptable to task/environmental demands and load and can alter IC in order to perform 

functional movement with less pain [66]. Alternatively, the findings could also reflect more 

inflexible motor behaviour that is less adaptable to task/environmental demands and load [66]. 

Due to the standardized load (8 kg) used across all patients, it is likely that the confounding 

effect of load may have affected the findings in this study.  

 

Similarly, Silfies et al. [70] found that lumbo-pelvic IC was less synchronous in CLBP patients 

than healthy controls during a repetitive flexion/extension task. Thirty CLBP patients and 35 

healthy people performed repeated flexion-extension trials in which they were to touch a 

stationary target at their shoulder height followed by a return to a standing position. The target 

was placed anterior to their body at a distance equivalent to 50% of their maximum functional 

reach to allow for trunk flexion and extension to occur. Trunk flexion and extension motion 

was standardized to 6 seconds (3 seconds of flexion, and 3 seconds of extension). The authors 

proposed that a plausible explanation for the pattern change is an adapted motor plan of co-

contraction that attempts to restrict motion at the lumbar spine. Additionally, they found that 

CLBP patients exhibited significantly greater trial-to-trial pattern variability (indicated by 
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deviation phase) during the eccentric portion of the movement. The authors state that the 

increased trial-to-trial pattern variability may have been caused by trunk extensor muscle 

dysfunction. The reduced pattern repeatability exhibited by CLBP populations is consistent 

with previous research findings that have shown reduced cross-sectional area, strength, and 

endurance of trunk extensors in CLBP populations (7-12). Additionally, the findings of this 

study are limited in that the movement protocol lacked external validity. This is because 

movement during occupational settings and daily living activities are not performed at the 

cadences used within this study (3 seconds of flexion, 3 seconds of extension). 

 

Mokhtarinia et al. [65] reported no significant difference in lumbar-pelvis, or pelvis-thigh IC 

during repetitive flexion-extension tasks in CLBP patients in comparison to healthy controls 

over 30 cycles of a repetitive trunk flexion/extension task. This finding contradicts the earlier 

findings by Silfies et al. [70] and Pranata et al. [66]. The non-significant findings may be 

explained by the differences in flexion/extension task between the studies. In the studies by 

Silfies et al. [70], and Pranata et al. [66], the load was held in the participant’s hands, whereas 

in the latter study, a weight vest was worn which affixed the load closer to the participant’s 

centre of mass [65].  When performing a repetitive lifting task with a load in the hands, there 

is a larger moment arm between the object that is being lifted and the participant’s centre of 

mass, which would change the dynamics of the exercise. Therefore, direct comparison of 

findings between these studies is limited.  During occupational tasks and daily living activities, 

objects are usually held in a person’s hands, therefore the movement protocol used by 

Mokhtarinia et al. [65] limits generalisation of the findings to occupational settings and daily 

living activities. 
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Seay et al. [83] investigated the variability in IC during lifting between a group with a history 

of low back pain and a group with no history of CLBP. The participants lifted an 11 kg box 

from ankle height in front to a shelf at waist height for 10 minutes at 12 cycles per minute. 

They found no significant difference in trunk-pelvis IC between groups. However, the validity 

of these findings is limited as the group with a history of low back pain were pain free for > 6 

months prior to data collection.  

 

In summary, the literature in this review suggests that CLBP populations exhibit decreased IC 

during repetitive lifting tasks [66, 70]. Despite confounding variables affecting outcomes in the 

present literature, IC appears to be sensitive enough to differentiate between CLBP and healthy 

populations [66, 70]. These findings also suggest that the degree of CLBP-related disability, as 

measured by the Oswestry Disability Index (ODI), can affect IC of the trunk and lower limbs 

[66]. As such, when applying IC analysis to a CLBP population, the level of disability within 

the CLBP population may act as confounding variable and should be considered during study 

design.  

 

3.3.6 Section Conclusion 

This review aimed to provide an analysis of the current literature investigating IC in the context 

of the back and hip regions. The findings of this review have demonstrated that IC can detect 

subtle neuromuscular control impairments in CLBP patients. Additionally, this review has 

provided methodological considerations for future studies which apply IC analysis to a CLBP 

population including: the confounding effect of sex, load, fatigue, and disability. It is concluded 

that IC analysis is a valuable method of movement analysis during lifting in CLBP populations. 

Further, its utility could aid in the methods of clinical assessment and improve the prescription 

and assessment of rehabilitation programs for CLBP patients. However, the current literature 
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investigating IC in CLBP populations demonstrates poor methodological design and lacks 

external validity. Therefore, more research investigating the utility of IC analysis in CLBP is 

warranted.   
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Chapter 4: Methods 

4.1 Aims 

The primary aim of this study was to compare measures of LDS and IC during repeated lifting 

between people with and without CLBP. A secondary aim was to examine the effect the load 

lifted has on LDS and IC. It was hypothesized that CLBP patients would demonstrate less in-

phase movement, greater IC variability, and greater LDS (indicated by lower maximum finite-

time Lyapunov exponent values) during lifting compared to healthy people. It was also 

hypothesized that both CLBP patients and healthy people would demonstrate increased LDS, 

increased IC, and decreased coordination variability when lifting with a load. 

 

4.2 Methods 

4.2.1 Study design 

This was an observational case-control study which included participants with and without 

CLBP. Participants with CLBP were matched for sex to a healthy participant without CLBP. 

Insufficient research examining differences in LDS and IC between people with CLBP and 

healthy controls meant that it was not possible to perform a priori statistical power analyses for 

this study [40, 61]. Therefore, a convenience sample was used. This sample size was 

determined by matching previous literature which has investigated differences in kinematics 

between people with CLBP and healthy controls during a repetitive lifting task [7-13]. 
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4.2.2 Ethical considerations 

Ethical approval was granted by the Western Sydney University Human Research Ethics 

Committee (HREC Number: H14357 [Appendix A]).  All participants provided informed 

written consent prior to data collection (Appendix B) and were free to withdraw participation 

at any time without reason or consequence. 

 

4.2.3 Participant recruitment 

A variety of strategies were used to recruit potential participants. These included advertisement 

via social media (Facebook, Twitter, Instagram), word of mouth, university campus 

noticeboards and university course vUWS sites. A participant recruitment flyer was posted to 

social media sites, university noticeboards and course vUWS sites (Appendix C). The word-

of-mouth approach was also used by the research team in a similar way by identifying potential 

participants via their extended network connections. Existing connections with potential 

participants were also individually contacted by the primary researcher via email or phone. 

 

Once an individual had registered their interest in participating, the primary investigator 

provided the participant with an information sheet, which further explained the aims and 

methods of the study (Appendix D).  Additionally, prospective participants were allocated with 

sufficient time (at least 24-48 hours) to consider the information before deciding to participate 

or not. Once an individual had registered their interest in participating, screening was 

performed prior to consent to ensure that participant met the eligibility criteria.  

 

4.2.4 Inclusion and exclusion criteria 

Twelve healthy adults (6 males and 6 females), and 12 adults with chronic low-back pain (6 

males and 6 females) were recruited to participate in this study. Participants were matched 
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based on their sex. All included participants were between 18 and 55 years of age with the 

CLBP group reporting pain symptoms between T12 to the gluteal folds that was not from a 

specific origin (as confirmed from previous back surgical history, spondylolisthesis, spinal 

stenosis, persistent referred pain symptoms into the lower leg).  Participants with a history of 

spinal surgery, spinal column abnormality, daily symptoms of pain that go down into their leg, 

a diagnosis of a mental health condition or any neuromuscular or metabolic disease were 

excluded.  

 

4.2.5 Laboratory set up and instrumentation 

Experimental testing was conducted in a Sport and Exercise Science Laboratory at the 

Campbelltown Campus of Western Sydney University. Each participant attended the 

laboratory on three separate occasions. This consisted of one familiarisation session of 30 

minutes duration, and two testing sessions of approximately one hour duration. All sessions 

were separated by a minimum of 24 hours. The order in which the two testing sessions took 

place was pseudo-randomized based on each participants preference at session one. Of the 24 

participants, 10 out of 12 from the CLBP group, and 9 out of 12 from the Control group opted 

to perform the un-loaded testing session first. 

 

To measure spatiotemporal parameters, Ambulatory Parkinson’s Disease Monitoring (APDM, 

Portland, OR, United States) Opal IMU (inertial measurement unit) sensors, consisting of tri-

axial linear accelerometers, gyroscopic, and magnetometers were used. A Lumbar IMU was 

firmly attached using straps with a quick-release buckle clip to the participant on the superior 

aspect of the posterior sacral surface, positioned 1 cm below the L5 spinous process (Figure 1).  

An IMU was also placed on the sternum, centred over the manubrium (Figure 1). Additional 

IMUs were placed on the lateral side of the upper right thigh (centrally and halfway between 
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the greater trochanter and lateral epicondyle of the knee) using a Velcro strap, and the right 

lower leg (anterior to the medial surface of the tibia so that the Velcro strap wrapped around 

the widest part of the gastrocnemius) (Figure 1). IMU signal outputs were wirelessly 

transmitted to a Lenovo laptop (ThinkPad E14, Hong Kong) to be automatically processed and 

calculated via the corresponding Moveo Explorer software. Data were collected from the IMU 

sensors at 128 Hz.   

 

 

 

Figure 1. A visual representation of IMU sensor placement over the four segments including: 

Sternum, Lumbar, Right Thigh, and Right Shank. 
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4.2.6 Procedures 

Prior to the commencement of data collection, all participants were familiarised with the 

experimental procedure. During the familiarisation session, participants completed the 

participant consent form and their age (years), sex, height (m), weight (kg), and duration of 

symptoms (years) were recorded. Participants also completed the Fear-Avoidance Beliefs 

Questionnaire (FABQ) (Appendix E), and the Oswestry Disability Index (ODI) (rated from 0 

to 100% disability) during the familiarisation session (Appendix F). The ODI is a 10-item 

questionnaire examining how a patient’s low back pain affects different activities during their 

life (0-100% scoring; 0% no disability).  Participants were fitted with the IMU sensors to allow 

them to get accustomed to movement whilst the IMU sensors were attached. The repetitive 

lifting task was demonstrated to the participant, and they were given an opportunity to practice 

the repetitive lifting task whilst the IMU sensors were attached. Motion data were not recorded 

during the familiarisation session.  

 

Following the completion of a familiarisation session, two testing sessions separated by a 

minimum of 24 hours were conducted by each participant. Upon arrival, participants were 

given the option to choose between performing the loaded or un-loaded condition.  

Experimental data collection commenced with participants being fitted with the IMU sensors. 

Once the wireless IMU sensors were detected by the computer, the participant was asked to 

stand still until baseline position in space data was established. During the loaded testing 

session, participants performed a repetitive lifting task (the deadlift) for 35 repetitions using a 

barbell that was weighed equivalent to 15% of the participant's bodyweight. The lifting task 

was performed at 20-25 repetitions/minute to match the speed at which work-related lifting 

tasks are performed [84, 85]. Lifting performance was monitored visually by the primary 

researcher with verbal feedback given to speed up or slow down if necessary. One complete 
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lift cycle was defined as movement from a standing position, in which the hips were fully 

extended, and into a flexed position until the barbell touched the participant’s toes, and back to 

an extended position. The barbell/s that were used did not have weight plates on the sleeves, 

and therefore allowed the participant to touch their toes. Participants were required to adopt a 

natural rhythm during lifting, without any abrupt motions. If participants did not touch their 

toes during any of the repetitions in the trial, or the lifting trial was performed at a cadence 

faster than 20-25 repetitions/minute, verbal feedback was given. Following the verbal 

feedback, if there was no correction in cadence or if there were ≥ 5 repetitions in the trial in 

which the participant did not touch their toes, the lifting trial was to be repeated. To simulate 

the natural lifting movement used in some occupational tasks, a metronome was not used in 

this study to strictly confine cadence. This was done to increase the external validity of the 

study and allow for extrapolation of the findings to work-related lifting [84, 85]. Participants 

also rated their pain levels on a 10-cm VAS pain scale before and after the two lifting trials 

(Appendix G). During the un-loaded testing session, participants performed the same repetitive 

lifting task (the deadlift) for 35 repetitions under the same control conditions, except they used 

an un-weighted dowel rod.  

 

4.2.7 Data analysis 

Motion data from the IMU’s were collected using Moveo Explorer (APDM Inc., Portland, OR, 

United States) from which angular acceleration, angular velocity and orientation quaternion 

data of each IMU sensor (sternum, lumbar, right upper leg, right lower leg) were computed. 

Joint angles of the back, hip, and knee were extracted automatically with APDM proprietary 

software. Segment angles of the sternum, lumbar, thigh, and shank were determined via a 

custom MATLAB algorithm (MATLAB 2022b, Mathworks, Massachusetts, United States) 

(Appendix H). The dependant variable of LDS was computed through a custom R algorithm 
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(RStudio, Posit, Massachusetts, United States) (Appendix I). Intersegment coordination was 

calculated via a custom MATLAB algorithm (Appendix H). 

 

4.2.8 Local dynamic stability 

Local dynamic stability was quantified by estimating the maximum finite-time Lyapunov 

exponent using Kantz’s algorithm [89]. First, 3D Euler angles were exported from Moveo 

Explorer. The Moveo Explorer software output timestamped tuples of the 3D Euler angles of 

the back, hip, and knee, in comma separated values (CSV) format (Figure 2.A). Next, the 

Euclidian norm of the 3D Euler angles of the back, hip, and knee were calculated according to 

Equation 1 (Figure 2.B).  

 

Equation 1: Euclidean norm: |x| = √𝜃𝑠𝑎𝑔𝑔𝑖𝑡𝑎𝑙
2 + 𝜃𝑓𝑟𝑜𝑛𝑡𝑎𝑙

2 + 𝜃𝑡𝑟𝑎𝑛𝑠𝑣𝑒𝑟𝑠𝑒
2  

 

To match previous LDS literature, kinematic data from the first five cycles of the lifting task 

were removed from the trial signal to ensure steady state motion [23, 24, 40, 61]. The remaining 

30 cycles were analysed, which has been shown to be appropriate for data reliability and to 

obtain precise estimates of LDS [38]. To avoid sampling artifacts, other types of interference 

and accommodate different signal lengths, the remaining trial signal was time-normalized to 

8000 samples (Figure 2.C) [23, 24, 40]. This was done to reduce the confounding effect of 

movement speed on LDS [37]. Using an algorithm developed in R, a 6D state space for the 

time series was reconstructed from the three-dimensional joint displacements using a time-

delay of 2.6 samples (Appendix I). The exponential rate of divergence between nearest 

neighbour trajectories in the reconstructed state space was determined by estimating a line of 
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best-fit across the first 1.6 seconds of the average logarithmic divergence curve (Figure 2.D) 

[89].  The LDS measure was given by the slope of the line of best-fit. 
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Figure 2. Steps of LDS calculation. Data represent a single participant trial. (A) Original 3-D 

Angular Time Series data. (B) The Euclidean norm of the three angles. (C) The Euclidian 

norm time-normalized to 8000 points. (D) Average logarithmic rate of divergence of all 

nearest neighbour pairs over 1.6 s. Where: Ln(Divergence)  = Logarithmic Divergence; θ(t) = 

Angular rotation of joint; λmax = Maximum finite-time Lyapunov Exponent.  
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4.2.9 Intersegment coordination 

Intersegment coordination was calculated using CRP curves on flexion-extension data. Raw 

IMU orientation quaternion data from the lifting trials were imported into MATLAB. A custom 

algorithm developed in MATLAB was used to convert the sternum, lumbar, thigh, and shank 

IMU quaternion data to Euler angles (Appendix H). Based on previous literature, Euler data 

were then filtered using a 6 Hz Butterworth filter [86-88]. The MATLAB program then 

resampled the Euler data into individual lift cycles (Appendix H).  

Segment angular velocity was then calculated by taking the derivative of the IMU angular 

positions using the three-point central finite-differences method as expressed in Equation 2. 

Equation 2: 𝜔𝑖 =  
(𝜃𝑖+1)−(𝜃𝑖−1)

2∆𝑡
 

Where: 𝜃 = segment angle;  𝑖 = data point; ∆𝑡 = difference in time between points (
1

128
) 

 

All segment angles and velocities were then divided into individual flexion-extension cycles, 

as defined by successive maximum flexion angle, and interpolated to 101 data points 

corresponding to 0 - 100% of the flexion-extension cycle.  

Using the following equations (Equations 3a and 3b), segment angular positions (Figure 3.A) 

and velocity (Figure 3.B) were then phase-normalized from -1 to 1 to minimize effects of signal 

amplitude and frequency on the calculation of the segment phase angle: 

Equation 3a: Horizontal axis (angle): 𝜃𝑖 = 2 ×
[ 𝜃𝑖−min(𝜃𝑖)]

[max(𝜃𝑖)−min(𝜃𝑖)]
− 1 

Where: 𝜃 = segment angle;  𝑖 = data point 
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Equation 3b: Vertical axis (angular velocity): 𝜔𝑖 =
𝜔𝑖

max  (|𝜔𝑖|)
 

Where: 𝜔 = segment angular velocity; 𝑖 = data point 

 

Phase angles were then calculated at each time point of the flexion-extension cycle using a 

four-quadrant inverse tangent function (atan2) and defined as the angle from the right 

horizontal axis (Equation 4).  

Equation 4: 𝜑 = tan−1(angular velocity/angular rotation) 

 

The CRP curve was obtained by subtracting the phase angle of the distal segment from the 

proximal segment for each data point through the entire cycle. The Sternum-Lumbar CRP 

curve was obtained by subtracting the sternum value from the corresponding lumbar value for 

each data point throughout the CRP curve (Equation 5a). The Lumbar-Thigh CRP curve was 

obtained by subtracting the thigh value from the corresponding lumbar value for each data 

point throughout the CRP curve (Equation 5b). The Thigh-Shank CRP curve was obtained by 

subtracting the shank value from the corresponding thigh value for each data point throughout 

the CRP curve (Equation 5c). To avoid discontinues, phase angles were unwrapped using a 

two-quadrant tangent inverse according to the following equation (Equations 5a, 5b and 5c) 

(Figure 3.C).  

Equation 5a: Sternum − Lumbar Coupling: 𝜑𝑙𝑢𝑚𝑏𝑎𝑟 − 𝜑𝑠𝑡𝑒𝑟𝑛𝑢𝑚 

Equation 5b: Lumbar − Thigh Coupling: 𝜑𝑙𝑢𝑚𝑏𝑎𝑟 − 𝜑𝑡ℎ𝑖𝑔ℎ 

Equation 5c: Thigh − Shank Coupling: 𝜑𝑡ℎ𝑖𝑔ℎ − 𝜑𝑠ℎ𝑎𝑛𝑘 
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Mean Absolute Relative Phase (MARP) and Deviation Phase (DP) were calculated over three 

time-bands: (1) 0 - 100% of the cycle, to evaluate IC throughout the entire lifting cycle 

(Equations 6a and 7a); (2) 0 - 50% of the cycle, to evaluate IC during flexion of the trunk and 

eccentric loading of the trunk extensors (Equations 6b and 7b); and (3) 50 - 100% of the cycle, 

to evaluate IC during extension of the trunk and concentric loading of the trunk extensors 

(Equations 6c and 7c).  

 

Mean Absolute Relative Phase was calculated by taking the average of the CRP curve. Values 

closer to 0° indicate a more ‘‘in phase” coupling between the segments while values closer to 

180° signify an ‘‘out of phase” coupling.  

 

Equation 6a: MARP (0 - 100%) =  ∑ |𝜑𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒|𝑖/101101
𝑖=1  

Equation 6b: Flexion MARP (0 - 50%) =  ∑ |𝜑𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒|𝑖/5050
𝑖=1  

Equation 6c: Extension MARP (50 - 100%) = ∑ |𝜑𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑝ℎ𝑎𝑠𝑒|𝑖/50101
𝑖=51  

 

Deviation Phase was calculated by taking the average of the mean standard deviation (SD) 

ensemble curve. DP values closer to 0° indicate less coordination variability or more 

coordination stability.  

 

Equation 7a: DP (0-100%) = ∑ 𝑆𝐷𝑖/101101
𝑖=1  

Equation 7b: Flexion DP (0-50%) = ∑ 𝑆𝐷𝑖/5050
𝑖=1  

Equation 7c: Extension DP (50-100%) = ∑ 𝑆𝐷𝑖/50101
𝑖=51  
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Figure 3. Calculation of CRP angle from a single participant trial. (A) Normalized sagittal 

plane Lumbar and Sternum IMU angular rotation. (B) Normalized sagittal plane Lumbar and 

Sternum angular velocity. (C) The CRP angle between the Sternum and Lumbar IMUs. 

Where: θ(t) = Angular rotation; ω(t) = Angular velocity. 
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4.2.10 Statistical analysis 

All statistical analyses were performed using Statistical Package for Social Sciences (SPSS) 

(IBM SPSS Statistics 28, International Business Machines Corporation, NY, United States). 

Independent t-tests were performed to determine baseline differences in age (years), sex, height 

(cm), and weight (kg) between participants with CLBP and healthy participants. Statistical 

significance was accepted at p < 0.05. 

 

A 2-factor repeated measures analysis of variance (ANOVA) with between (2 levels – CLBP 

and healthy controls) and within (2 levels – load and no load) group factors were used to 

examine differences in the dependant variables.  Mean differences were expressed with 95% 

confidence intervals (CI). The significance level for this study was set at p ≤ 0.05 and 

Bonferroni corrections were performed to reduce the risk of type 1 error.  Data is presented as 

mean ± SD. The independent within subject variables for load were dowel and 15% 

bodyweight, and the between subject variables for condition were CLBP and Healthy. The 

dependent variables were LDS, MARP, and DP.  

 

Separate one-way ANOVAs were performed on both the CLBP group and the Control group 

to examine for differences in pain before and after completing the lifting trial. The dependant 

variable was self-reported pain, as indicated by the VAS score, and the independent variable 

was time (pre and immediately post-trial). 

 

Data were assessed for normality using the Shapiro-Wilk test, and Mauchly’s test of sphericity 

was performed and if significant, a Greenhouse-Geisser correction procedure was used. If there 

was a statistically significant a main effect observed, post hoc independent t-tests were 

performed to determine the differences for each main effect. If statistically significant within 
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group differences were observed, post hoc 1-way ANOVA were performed for both the CLBP 

and healthy participant groups to determine at which loading condition within each group there 

were statistically significant differences for the dependant variables. Where significant F values 

were observed for group, post hoc tests with Bonferroni’s correction were used to determine 

the differences. 

  



 

60 
 

Chapter 5: Results 

5.1 Participant characteristics 

Participant characteristics are outlined in Table 1. No significant differences were observed 

between people with and without CLBP for any variable. 

Table 1. Descriptive data (mean ± SD) pertaining to participant characteristics of CLBP and 

control groups. 

Variable (units) 
CLBP  

(n = 12) 

Control  

(n = 12) 
t Value p Value 

Age (years) 21 ± 1.8 24 ± 6.7 1.9 0.146 

Sex (female, %) 6 (50%) 6 (50%) 0 1.0 

Height (cm) 173 ± 9.7 169.8 ± 9.3 -0.84 0.411 

Mass (kg) 76.8 ± 12.4 70.4 ± 11 -1.34 0.195 

BMI m/kg² 26 ± 5 24 ± 2 -0.93 0.361 

CLBP duration (years) 3.08 ± 1.8 - - - 

ODI (%) 15.9 ± 5.8 - - - 

FABQ - Physical Activity 11.8 ± 7.4 - - - 

FABQ - Work 5.8 ± 8.4 - - - 

n = number of participants, BMI = Body Mass Index, ODI = Oswestry Disability Index, FABQ = Fear Avoidance 

Beliefs Questionnaire.  
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5.2 Effect of chronic low back pain on local dynamic stability 

Lower maximum finite-time Lyapunov exponent values indicate greater LDS. The maximum 

finite-time Lyapunov exponent of the hip was significantly lower in our CLBP group in both 

the un-loaded (mean difference = - 0.41, standard error = 0.16, p = 0.018, CI - 0.74 to - 0.08), 

and loaded condition (mean difference = - 0.47, standard error = 0.2, p = 0.03, CI = - 0.88 to - 

0.05). The maximum finite-time Lyapunov exponent of the knee was significantly lower in the 

CLBP group in both the un-loaded (mean difference = - 0.39, standard error = 0.16, p = 0.02, 

CI = 0.73 to 0.06), and loaded condition (mean difference = - 0.41, standard error = 0.18, p = 

0.04, CI = - 0.79 to - 0.03) (Table 2). These findings demonstrate that the CLBP group had 

significantly greater LDS in the hip and knee under both load conditions. There were no 

significant between group differences in LDS of the back in both lifting conditions (Table 2). 

All computed maximum finite-time Lyapunov exponents were positive, suggesting exponential 

divergence for reconstructed trajectories.  

Table 2. Independent post-hoc analyses of short-term maximum finite-time Lyapunov 

exponents (λmax). 

Loading  

condition 
Joint 

CLBP 

(Mean ± SD) 

Control  

(Mean ± SD) 
F ratio p Value 

No Load Back 0.75 ± 0.32 0.81 ± 0.53 0.091 0.765 

 Hip 1.73 ± 0.26 2.14 ± 0.47 6.551 0.018* 

 Knee 1.08 ± 0.41 1.48 ± 0.46 4.938 0.037* 

Load Back 0.78 ± 0.37 0.77 ± 0.36 0.001 0.974 

 Hip 1.69 ± 0.34 2.16 ± 0.58 5.400 0.03* 

 Knee 1.03 ± 0.35 1.42 ± 0.41 6.103 0.022* 

Units are in λmax. Values indicate mean ± standard deviation. * Indicates significant differences between CLBP 

and Control groups (p < 0.05). Note: Lower values indicate higher LDS. 
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5.3 Effect of chronic low back pain on intersegment coordination 

There were no statistically significant between group differences in IC for MARP of the 

Sternum-Lumbar (F(1,22) = 0.05, p = 0.82, 1-β = 0.06), Lumbar-Thigh (F(1,22) = 1.26, p = 0.27, 

1-β = 0.19), and Thigh-Shank (F(1,22) = 0.15, p = 0.7, 1-β = 0.07). 

There were no statistically significant between group differences for MARP during flexion (50 

- 100% of the lifting cycle) for the Sternum-Lumbar (F(1,22) = 0.08, p = 0.93, 1-β = 0.05), 

Lumbar-Thigh (F(1,22) = 1.82, p = 0.19, 1-β = 0.25), and Thigh-Shank (F(1,22) = 0.05, p = 0.82, 

1-β = 0.06). 

There were no statistically significant between group differences for MARP during extension 

(50 - 100% of the lifting cycle) for the Sternum-Lumbar (F(1,22) = 0.03, p = 0.87, 1-β = 0.05), 

Lumbar-Thigh (F(1,22) = 0.84, p = 0.37, 1-β = 0.14), and Thigh-Shank (F(1,22) = 0.54, p = 0.47, 

1-β = 0.11). 

There were no statistically significant between group differences in IC for DP of the Sternum-

Lumbar (F(1,22) = 1.82, p = 0.19, 1-β = 0.25), Lumbar-Thigh (F(1,22) = 0.67, p = 0.42, 1-β = 0.12), 

and Thigh-Shank (F(1,22) = 0.41, p = 0.53, 1-β = 0.09). 

There were no statistically significant between group differences for DP during flexion (0 - 

50% of the lifting cycle) for the Sternum-Lumbar (F(1,22) = 1.79, p = 0.2, 1-β = 0.25), Lumbar-

Thigh (F(1,22) = 0.15, p = 0.7, 1-β = 0.07), and Thigh-Shank (F(1,22) = 1.25, p = 0.28, 1-β = 0.19).  

There were no statistically between group differences for DP during extension (50 - 100% of 

the lifting cycle) for the Sternum-Lumbar (F(1,22) = 1.88, p = 0.18, 1-β = 0.19), Lumbar-Thigh 

(F(1,22) = 1.25, p = 0.28, 1-β = 0.14), and Thigh-Shank (F(1,22) = 0.11, p = 0.75, 1-β = 0.06). 
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5.5 Effect of load on intersegment coordination 

There were no statistically significant within-group differences for MARP of the Sternum-

Lumbar (F(1,22) = 0.014, p = 0.91, 1-β = 0.05), Lumbar-Thigh (F(1,22) = 0.56, p = 0.46, 1-β = 

0.11), and, Thigh-Shank (F(1,22) = 0.34, p = 0.86, 1-β = 0.05) for load.  

There were no statistically significant within-group differences for the Sternum-Lumbar (F(1,22) 

= 3.96, p = 0.06, 1-β = 0.48), Lumbar-Thigh (F(1,22) = 0.43, p = 0.52, 1-β = 0.97), and Thigh-

Shank (F(1,22) = 0.15, p = 0.7, 1-β = 0.07) for load during flexion of the trunk MARP (0 - 50% 

of the lifting cycle). 

There were no statistically significant within-group differences for MARP of the Sternum-

Lumbar (F(1,22) = 2.84, p = 0.1, 1-β = 0.36), Lumbar-Thigh (F(1,22) = 0.61, p = 0.44, 1-β = 0.12), 

and, Thigh-Shank (F(1,22) = 0.01, p = 0.98, 1-β = 0.05) for load during extension of the trunk 

(50 - 100% of the lifting cycle).  

There were no significant load by group interaction, with no difference in MARP of the 

Sternum-Lumbar (F(1,22) = 0.63, p = 0.44, 1-β = 0.12), Lumbar-Thigh (F(1,22) = 0.19, p = 0.67, 

1-β = 0.07), and Thigh-Shank (F(1,22) = 0.02, p = 0.91, 1-β = 0.05) when lifting with a load. 

There were no statistically significant within-group differences for DP of the Sternum-Lumbar 

(F(1,22) = 0.57, p = 0.46, 1-β = 0.11), Lumbar-Thigh (F(1,22) = 0.05, p = 0.83, 1-β = 0.05), and 

Thigh-Shank (F(1,22) = 2.38, p = 0.14, 1-β = 0.14) when lifting with a load.  

There were no statistically significant within-group differences for DP of the Sternum-Lumbar 

(F(1,22) = 0.31, p = 0.58, 1-β = 0.08), Lumbar-Thigh (F(1,22) = 2.24, p = 0.15, 1-β = 0.3), and 

Thigh-Shank (F(1,22) = 2.45, 0.13, 1-β = 0.06) for load during flexion of the trunk. 
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There were no statistically significant within-group differences for DP of the Sternum-Lumbar 

(F(1,22) = 2.24, p = 0.15, 1-β = 0.29), Lumbar-Thigh (F(1,22) = 0.02, p = 0.88, 1-β = 0.05), and 

Thigh-Shank (F(1,22) = 1.97, p = 0.174, 1-β = 0.26) for load during extension of the trunk. 

There were no significant load by group interaction, with no difference in DP of the Sternum-

Lumbar (F(1,22) = 0.71, p = 0.1, 1-β = 0.13), Lumbar-Thigh (F(1,22) = 2.02, p = 0.17, 1-β = 0.28), 

and Thigh-Shank (F(1,22) = 0.21, p = 0.21, 1-β = 0.23) when lifting with a load. 
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5.6 Pain provocation from performing the repetitive lifting task 

Pain, as measured by VAS significantly increased after performing the lifting trial in the CLBP 

group in both the un-loaded (F(1,22) = 4.62, p = 0.04) and load condition (F(1,22) = 7.62, p = 0.01). 

There were no significant differences in VAS scores in the Control group in both the un-loaded 

(F(1,22) = 2.01, p = 0.171) and load condition (F(1,22) = 1.18, p = 0.29).  

 

Figure 5. VAS pain rating scores before, and immediately after completing the lifting trials.  

Error bars represent 95% confidence intervals (* indicates p < 0.05). Data are Mean + SD. 
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Chapter 6: Discussion 

The current study aimed to compare the measures of LDS and IC during repeated lifting 

between people with and without CLBP. A secondary aim was to examine the effect the load 

lifted has on LDS and IC. We hypothesized that the CLBP group would demonstrate higher 

LDS (indicated by a lower λmax), less in-phase movement (indicated by a higher MARP), and 

greater IC variability (indicated by a higher DP) than the healthy group. We also hypothesized 

that both CLBP patients and healthy people would demonstrate increased LDS, increased IC, 

and decreased coordination variability when lifting with a load.  

 

Local dynamic stability was significantly higher in the CLBP group at the hip and knee in both 

the loaded and un-loaded conditions. Contrary to our hypothesis, no difference was observed 

in IC variability and IC between the CLBP and healthy groups. There were also no differences 

in IC or LDS for both the CLBP group and healthy group when lifting with a dowel in 

comparison to lifting with a barbell. Only the CLBP group reported a significant increase in 

pain immediately after completing each lifting trial. 

 

6.1 Effect of chronic low back pain on local dynamic stability 

Our study showed that only hip and knee LDS were affected by CLBP. This may be the result 

of the neuromuscular system of the CLBP group imposing greater spatiotemporal constraints 

as increased spasticity of the hamstrings and hip flexors have been reported as symptoms of 

CLBP [90]. These muscles play a major role in controlling trunk movement at the hip during 

repetitive lifting tasks. Additionally, previous literature has shown increased trunk antagonist 
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coactivation in people with CLBP when lifting loads [11-13, 91]. Because individuals with 

CLBP often have tight hamstrings and hip flexors [92], and have increased trunk antagonist 

coactivation during lifting, this may create an increase in muscle stiffness that could directly 

translate into greater trunk rotational stiffness [25]. Therefore, because people with CLBP may 

be in a more mechanically stable state at the hip and knee during repetitive lifting tasks, there 

may be a decreased need for feedback-induced muscular contraction following a perturbation.  

 

Previous literature suggests the kinematic response of the trunk to a perturbation is partially 

determined through the mechanical stability of the trunk prior to lifting [25]. Therefore, 

because CLBP exhibit tighter muscles than healthy individuals [92], the increased mechanical 

stability prior to a perturbation could decrease the divergence of trajectories immediately after 

that perturbation, resulting in higher LDS [24]. The increased activation of these muscles might 

be due to a deficiency of the neuromuscular system in stabilising hip movement; subsequently 

restraining movement of the trunk in people with CLBP.  

 

During repetitive lifting, the trunk will follow an intended trajectory that represents the desired 

kinematic path of the vertebrae [61]. A stable attractor would be characterised by a motor 

control system that is better able to maintain movement within its intended trajectory [17]. The 

motor control system attenuates internal perturbations by manipulating actuators and effectors 

(tendons and muscles) to allow movement to return to their intended trajectories [17]. The 

greater LDS of the hip and knee exhibited by our CLBP group suggests that the neuromuscular 

system manipulates muscle activation in the CLBP group to direct their joint movement to a 

more stable attractor [17]. The increased stability of the attractor may be achieved by an 

adapted motor plan of co-contraction that increases activation of the muscles surrounding the 

hip and knee. This notion is supported by previous literature which has shown LDS of the 
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lumbar spine to be modulated by the rotational stiffness of the muscles surrounding it [24, 25].  

Our findings, alongside previously reported findings of reduced strength, endurance, and cross-

sectional area of the trunk extensors in people with CLBP, demonstrates the importance of the 

trunk extensors in CLBP treatment strategies [94-96]. 

 

6.2 Effect of chronic low back pain on intersegment coordination 

In this study IC was used to complement LDS assessment and help explain any observed 

differences. Contrary to our hypothesis, we observed no difference in any IC measures (MARP 

or DP) between both groups, and in both lifting trials. Our results may be explained by several 

reasons. First, during a repetitive lifting trial with load, the physical demand of completing the 

lifting task increases with time [40]. These changes are mediated by increases in fatigue or pain 

over the duration of performing a repetitive lifting trial [40]. Decreased IC over time would 

suggest that people with CLBP have a less predictable neuromuscular system (i.e., more 

flexible motor behaviour) that is less adaptable to increasing task demands and load [66]. 

Whereas a greater IC over time would indicate that people with CLBP are executing the task 

with a more rigid lifting strategy and more predictable neuromuscular system [66]. Previous 

authors have proposed that due to musculoskeletal dysfunction and poor proprioception in 

people with CLBP, they would have a reduction in their ability to monitor and incorporate 

timely sensory feedback into their movement adjustments during increasing task demands [70, 

97, 98]. It was also suggested that these musculoskeletal changes may cause an adaptation of 

the neuromuscular system into altered intersegmental dynamics, in an attempt to optimize LDS 

[70]. Contrary to this, our CLBP group were able to produce adequate IC to perform the lifting 

task, despite significantly greater LDS of the hip and knee.  Because we observed no difference 

in IC between groups, it is possible that the significantly greater LDS of the hip and knee that 
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we observed in the CLBP group was an adaptive mechanism of the neuromuscular system to 

maintain sufficient coordination patterns to execute the lifting task. It is also possible that 

deterministic properties of the motor control system may provide the neuromuscular and 

musculoskeletal system with the necessary mechanisms to adapt to these changing task 

conditions (i.e., increasing task demands) [99-103]. These deterministic behavioural properties 

may allow for the generation of effective movement patterns that reduce variability in their 

coordination patterns [99-103]. Therefore, our findings may show that during repetitive lifting, 

as the task conditions change, neuromuscular adaptation may allow for coordination and 

movement patterns to be maintained. 

 

An alternative explanation for our non-significant findings may be due to the varying motor 

control strategies demonstrated by people with CLBP in previous literature. The effect of 

CLBP on IC and inter-joint coordination has been conflicting to-date. Several studies have 

shown that people with CLBP demonstrate decreased inter-joint and IC during repetitive 

lifting, while other studies have shown an increase [65, 66, 70, 83]. Assuming our control group 

demonstrated the ideal and average IC during lifting, our lack of significant findings may be 

explained by our CLBP group exhibiting a range of either increased or decreased IC. This is 

supported by previous literature that has shown people with CLBP demonstrate significantly 

increased IC of the trunk-hip, mediated by a pain avoidance lifting strategy during a repetitive 

lifting task [65, 83]. In contrast, other studies have shown that people with CLBP demonstrate 

significantly decreased IC of the trunk-hip during repetitive lifting, mediated by muscle 

dysfunction in people with CLBP [66, 70].  In our study, it is also possible that elements of the 

lifting task such as load, speed, number of trials, fatigue were not sufficient to produce a 

difference in IC between the groups. That is, the lifting task did not challenge the CLBP group 

enough to elicit alterations in IC. 
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6.3 Effect of loading condition on local dynamic stability and intersegment 

coordination 

In contrast to our hypothesis and a majority of the previous literature, repetitive lifting in our 

study with a load compared to no load had no effect on LDS [23, 24]. In many previous studies, 

the load lifted was based on 10% of the participant’s maximum strength [23, 24]. In the present 

study, participants lifted a weight equivalent to 15% of their bodyweight. This normalised load 

was chosen to ensure completion of the lifting trial by the CLBP group. However, as this 

approach did not control for each participant’s individual strength levels, it is likely that the 

prescribed load task demand was not high enough to sufficiently challenge participants and 

cause altered LDS and IC.  

 

Considering increased co-contraction levels during repetitive flexion-extension movements 

[24, 59, 104-106], we hypothesized that there exists a more in-phase and less variable 

coordination pattern during our loaded trials. The confounding effect of participant strength 

variability may also explain of our lack of significant findings for IC measures. Previous 

research has found that when lifting with a load, the coordination variability, indicated by DP, 

would be significantly lower during repetitive lifting tasks [65]. This is reportedly due to the 

increased demands of the task when lifting with a load, which would require participants to 

execute the task with a more rigid lifting strategy [65]. However, our findings suggest that both 

the coordination pattern, and the stability of the coordination pattern remained unaffected by 

load. This may indicate that the load increase between lifting trials was not sufficient for 

participants to use a rigid lifting strategy. 
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Another possible reason for the difference in findings between our study and previous literature 

is the difference in lifting tasks. In previous investigations, loads were lifted in boxes from 

knee-height to shoulder-height [23, 24]. These lifts likely forced a more “stoop-like” lifting 

movement, whereby the load is held anterior to the body. Supporting the load anterior to the 

body generates a moment arm between the individuals centre of gravity and the load, thus 

resulting in greater dynamic spine movement throughout the trial. In contrast, participants in 

our study performed full range deadlifts. During this movement, the load can be maintained 

closer to the centre of gravity, thus allowing participants to lift with greater lower limb 

contribution and reduced spine flexion. The notable differences in joint and segment excursions 

between the lifting techniques limits the ability to directly compare findings between this and 

previous studies.  

 

6.4 Effect of pain provocation on motor control in people with CLBP 

Previous literature suggests there is a causal relationship between CLBP and altered motor 

control [107]. In response to pain, people with CLBP may alter motor control strategies as a 

guarding mechanism whereby they modify their joint control strategies to protect themselves 

from a biomechanical perturbation that can intensify pain [108]. Additionally, to avoid or 

minimise pain and fatigue, increased motor variability (cycle-to-cycle variation) due to changes 

in muscle activation have been observed people with CLBP [109]. For example, an observed 

increase in LDS of the hip has been attributed in people with CLBP as a possible a pain-

avoidance function [40]. The CLBP group in the present study reported a significant increase 

in pain immediately after both lifting trials. Therefore, it is possible that pain avoidance 

contributed to the significantly greater LDS of the hip and knee in the CLBP group.  
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The significant increase in pain immediately after both lifting trials in the CLBP group may be 

explained by their lower level of disability (15.9% ± 5.8% ODI) relative to the broader CLBP 

population. It is plausible that in people with CLBP who have low-moderate disability, the 

neuromuscular system will increase LDS during a repetitive flexion-extension task to maintain 

a consistent coordination pattern, rather than to avoid pain. Conversely, we could expect in 

CLBP with higher levels of disability to exhibit reductions in LDS during repetitive lifting as 

the neuromuscular system prioritises a pain-protective lifting strategy. Consequently, the use 

of a pain-protective lifting strategy will likely result in increases in coordination variability as 

the neuromuscular system has reduced the importance of maintaining a consistent coordination 

pattern. This hypothesis suggests individuals with CLBP may allow for an exacerbation of pain 

when performing functional tasks until a critical pain threshold is reached and may explain 

why we observed no difference in IC measures between groups. This theory is supported by 

previous literature whereby high-disability CLBP patients demonstrated significantly 

decreased lumbar-hip inter-joint coordination compared to CLBP patients with lower disability 

when performing a repetitive flexion/extension task [66]. Similar to our study, Pranata et al. 

[66] showed no difference in lumbar-hip inter-joint coordination between healthy controls and 

the low-disability CLBP group. However, further studies are warranted to investigate and 

confirm this hypothesis.  

 

Additionally, pain avoidance may only in part explain the difference in hip and knee LDS 

between the CLBP group and healthy group. Our CLBP group had low levels of pain prior to 

completing the trials (2.92 ± 1.78 un-loaded; 3.33 ± 1.5 loaded). Hence, because our CLBP 

group had a lower level of disability and had relatively low levels of pain prior to completing 

the trial, it is possible that their pain had limited effect on LDS and IC. 
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6.5 Interpretation of findings 

The interaction between the neuromuscular and musculoskeletal systems may influence the 

stability and variability of human movement in the presence of different types of perturbations 

[99, 100]. In repetitive lifting tasks, perturbations can be external (i.e., happening in the 

environment) or internal (i.e., happening inside the body). A healthy neuromuscular system is 

characterized by the ability to adapt to internal and external perturbations [28]. In the human 

motor control system, constraints placed on the system would decrease variability by either 

reducing the degrees of freedom or by limiting the potential combination of movements that 

are needed to execute the lifting task [14]. During repetitive lifting, the trunk will follow an 

intended trajectory that represents the desired kinematic path of the vertebrae [61]. Internal 

perturbations, such as neuromuscular control errors, destabilize the human motor control 

system. These disturbances cause the attractor to deviate from the optimal kinematic path of 

the vertebrae and require a correction from the human motor control system to correct the 

movement back to the desired trajectory [61]. Local dynamic stability quantifies the ability of 

the motor control system to attenuate these perturbations. Therefore, our findings show that the 

CLBP group were better able to resist internal perturbations and disturbances to their motor 

control than the healthy group in their hip and knee.  

 

Interpretation of our findings is challenging because it is unknown whether the observed 

differences between groups reflect the adaptability of the neuromuscular system to enable task 

completion with minimal pain and should therefore be considered beneficial [110]. For 

example, the observed differences between groups could reflect the ability of the 

neuromuscular system to stabilize the trunk in a pain-protective manner [111]. Alternatively, 

the differences we observed may represent a motor control system that is overly rigid and is 
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associated with abnormal motor development [95].  For example, the greater LDS of the hip 

and knee exhibited in CLBP may be associated with increased trunk stiffness, which therefore 

could lead to increased spinal loading while lifting and consequently, an increased risk of 

injury.  

 

It has been previously suggested that variability and stability observe different aspects of motor 

control [66]. This is supported by our findings which showed no difference in IC between the 

CLBP group and healthy groups, despite significantly greater LDS of the hip and knee relative 

to the healthy group. While it can be expected that these variability indexes would not react in 

the same way under various conditions, utilizing IC to evaluate the variability of kinematic 

time-series data ignores the time-dependent attributes of variability by assuming that each 

repetition is independent and unrelated to previous repetitions and that repetition-to-repetition 

variations are random [99, 101-103]. Additionally, IC does not account for the presence of 

feedback loops in the motor control of repetitive lifting. During repetitive lifting, each 

repetition is connected, where each consecutive repetition in the lifting cycle is influenced by 

the previous repetition/s. While IC gives accurate measures of motor variability within the 

system, it may not be as useful for showing the underlying neural processes of human 

movement exhibited by people with CLBP. While IC analysis provides a general picture of the 

level of the motor variability, no information is apparent about how the variations evolve with 

time [99-103]. Thus, utilising IC can mask the true structure of motor variability within the 

neuromuscular system, since all repetitions are averaged to generate a mean of the participants 

lifting cycle [99-103]. In this averaging procedure, the temporal variations of neuromuscular 

control of stability are lost. In contrast, LDS illustrates both spatial and temporal aspects of the 

data [55, 99-103]. Hence, LDS overcomes the limitations of IC by considering the 

interdependence of repetitions and changes in kinematics over time, thus providing greater 
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insight into motor control. While IC was used to supplement LDS analysis in the present study, 

our findings suggest that analysis of both the spatial and temporal aspects of the kinematic 

time-series is important for revealing motor control alterations in people with CLBP. 

 

6.6 Limitations 

Because our CLBP group was controlled and matched on sex with strict inclusion criteria, we 

were limited in the number of available participants. Additionally, COVID-19 lockdown 

closures affected our laboratory testing opportunities and our ability to recruit participants 

Once capacity to test re-opened, participants were reluctant to volunteer due to ongoing 

concern about COVID-19 exposure and risk, thus limiting the recruitment of participants 

within the permitted period of candidature for this degree. Therefore, our sample population 

was not representative of the broader CLBP population and limits the ability to generalise the 

findings.  

 

Our CLBP participants had lower levels of pain and disability (15.9% ± 5.8% ODI) compared 

to patients found in clinics or workplaces [112]. Thus, our CLBP group were highly 

functioning, and therefore may not represent a majority of the broader CLBP population. 

Therefore, the findings of the present study cannot be generalised to all people with the 

pathology.  

 

This study was delimited to include both males and female participants. Previous literature has 

shown that females use different coordination strategies as opposed to males when performing 

repetitive lifting tasks [75, 82, 86]. However, collecting data from equal numbers of both males 
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and females was considered important to reduce an un-balanced sex effect on the measurement 

of IC.  

 

Another limitation to the current study was the possibility of a change in lifting technique. 

Previous literature has demonstrated that muscle fatigue results in alterations in trunk 

kinematics, and therefore alterations in lifting technique [113, 114]. To increase external 

validity, and to allow for extrapolation of our findings to work-related lifting, our experimental 

protocol allowed participants to use desired movement patterns. People with CLBP have 

increased trunk extensor fatigability in comparison to healthy people [96]. Because we did not 

measure the force producing capabilities of the trunk extensors before and after the lifting trial, 

we cannot rule out fatigue of the trunk muscles as a source of the differences in LDS between 

groups. Moreover, it is also possible that the premature trunk extensor fatigability exhibited by 

people with CLBP is reflected by alterations in motor control and detected by the changes in 

hip and knee LDS that we observed. 

 

Additionally, the order in which the participants performed the un-loaded and loaded lifting 

trials was pseudo-randomized. A majority of participants opted to perform the un-loaded 

condition first (10 in the CLBP group; 9 in the Control group). Therefore, a learning effect may 

have occurred after performing the un-loaded lifting trial which may have resulted in the loaded 

lifting trial being confounded by practice. This practice could have led to increased stability 

and coordination during the loaded lifting trial. 

 

Finally, we did not test individual participant functional lifting capacity relative to the deadlift. 

Thus, we were unable to individually prescribe loads commensurate with ability that were 
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challenging enough to elicit change to the motor control system and effect neuromuscular 

output adaptation.  Future studies need to assess and categorise lifting performance capacity 

and set challenging loads prior to IC and LDS assessment in a CLBP population, because 

changes in IC are more pronounced when lifting loads relative to a participant’s maximum 

voluntary strength [78]. It is possible that the lack of significant findings is due to the varying 

individual difficulty of the lifting task between both groups.  

 

This study showed that compared to a healthy group, the CLBP group demonstrated 

significantly greater LDS of the hip and knee during lifting in both the loaded and un-loaded 

conditions. Differences in movement between groups were identifiable when using LDS 

assessment, but not IC. Our results suggest that analyses which consider both spatial and 

temporal aspects of the data, such as LDS, may be needed to reveal differences is 

neuromuscular control between CLBP and healthy groups. Future research that addresses these 

limitations is needed to further observe the effect of CLBP on LDS and IC. 
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Chapter 7: Conclusion 

7.1 Summary 

This study compared the measures of LDS and IC of the lower extremities and trunk during a 

repetitive lifting task between people with and without CLBP. Results demonstrated that the 

CLBP group exhibited significantly greater LDS than the healthy group, which is reflective of 

alterations of lower limb motor control. We observed greater LDS in the hip and knee and a 

significant increase in pain provocation in the CLBP group following completion of the lifting 

trials. There were no differences in IC or coordination variability between groups. Lifting with 

a load versus no load had no effect on LDS and IC in both groups. 

 

7.2 Originality of Research 

This thesis work builds upon existing literature by examining the effect of CLBP on LDS and 

IC and provides important preliminary information to facilitate future research on the motor 

control impairments of people with CLBP. Previous studies have showed that LDS and IC can 

differentiate between biomechanically different lifting techniques, movement paces and 

directions, fatigued versus non-fatigued conditions, lifting heavy versus light loads, and 

experimentally induced-low back pain [22-24]. To our knowledge, this is the first study to 

show the measurement of LDS can differentiate between healthy and CLBP people during 

repetitive deadlifts with a load. Additionally, this is the first study to suggest that LDS may be 

more successful in differentiating the control stability strategies demonstrated by people with 

CLBP, compared to IC during repetitive lifting. The results of this thesis emphasize an 
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increased importance of examination of lower limb movements in people with CLBP for 

clinical assessment. Hence, the shift in knowledge from this thesis furthers our understanding 

of motor control and moves us closer to improved clinical assessment of the motor control in 

people with CLBP. 

 

7.3 Practical Implications/Recommendations 

Chronic low back pain is considered a complex condition with biological and psychosocial 

factors. While the findings of this dissertation support previous literature by showing altered 

motor control in people with CLBP, the mechanisms driving altered motor control remain to 

be elucidated. Our findings could be the direct effect of CLBP or be mediated by fear of 

movement, disabilities, or other potential consequences of CLBP. Future research should 

continue to explore the underlying mechanism of CLBP and their associated motor impairment 

to aid development of more effective rehabilitation programs and treatment methods. 

 

Our findings support the use of LDS assessment to identify motor control anomalies in CLBP 

patients.  Given that our results showed lower-limb joint control strategies are altered in people 

with CLBP, we recommend that clinicians assess trunk extensor muscle function with tests that 

challenge inter-joint movement control and include dynamic movement of the lower limbs. 

Exercise interventions may be improved by incorporating movements that involve a diverse 

range of trunk movement strategies which prioritise increasing flexibility of the lower limb 

muscles. Increasing lower limb muscle flexibility will allow the neuromuscular system of 

people with CLBP to regain greater flexibility in its response to perturbations within the 

system. 
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7.4 Concluding Statement 

A time and cost-effective screening method for directly assessing the neuromuscular system 

response to perturbations and control errors that occur naturally during movements would be 

beneficial for practitioners and allow better monitoring of improvements in movement over 

time. This thesis has shown quantitative measurement of LDS during repetitive lifting tasks is 

to be a useful method of assessing motor control alterations in people with CLBP. Thus, this 

study’s findings contribute to the goal of developing effective quantitative tools for motor 

control evaluation in people with CLBP that when applied, could enhance the clinical practice 

of assessing and treating CLBP.  



 

82 
 

References 

 

1. Dagenais S, Caro J, Haldeman S. A systematic review of low back pain cost of 

illness studies in the United States and internationally. The spine journal. 2008 Jan 

1;8(1):8-20.  

2. Arthritis and Osteoporosis Victoria. A Problem Worth Solving: The Rising Cost of 

Musculoskeletal Conditions in Australia: a Report. Arthritis and Osteoporosis 

Victoria; 2013. 

3. Schofield DJ, Callander EJ, Shrestha RN, Percival R, Kelly SJ, Passey ME. Labor 

force participation and the influence of having back problems on income poverty in 

Australia. Spine. 2012 Jun 1;37(13):1156-63. 

4. Deyo RA, Mirza SK, Turner JA, Martin BI. Overtreating chronic back pain: time to 

back off?. The Journal of the American Board of Family Medicine. 2009 Jan 

1;22(1):62-8. 

5. O'Sullivan P, Caneiro JP, O'Keeffe M, O'Sullivan K. Unraveling the complexity of 

low back pain. Journal of Orthopaedic & Sports Physical Therapy. 2016 

Nov;46(11):932-7. 

6. Knox MF, Chipchase LS, Schabrun SM, Romero RJ, Marshall PW. Anticipatory and 

compensatory postural adjustments in people with low back pain: a systematic 

review and meta-analysis. The Spine Journal. 2018 Oct 1;18(10):1934-49. 

7. Reeves NP, Cholewicki J, Van Dieën JH, Kawchuk G, Hodges PW. Are stability 

and instability relevant concepts for back pain?. J Orthop Sports Phys Ther. 2019 

Jun;49(6):415-24. 

8. Van Dieën JH, Reeves NP, Kawchuk G, Van Dillen LR, Hodges PW. Motor control 

changes in low back pain: divergence in presentations and mechanisms. J Orthop 

Sports Phys Ther. 2019 Jun;49(6):370-9. 

9. Courbalay A, Tétreau C, Lardon A, Deroche T, Cantin V, Descarreaux M. 

Contribution of load expectations to neuromechanical adaptations during a freestyle 

lifting task: a pilot study. Journal of Manipulative and Physiological Therapeutics. 

2017 Oct 1;40(8):547-57. 



 

83 
 

10. Hodges P, van den Hoorn W, Dawson A, Cholewicki J. Changes in the mechanical 

properties of the trunk in low back pain may be associated with recurrence. Journal 

of biomechanics. 2009 Jan 5;42(1):61-6. 

11. Marras WS, Ferguson SA, Burr D, Davis KG, Gupta P. Spine loading in patients 

with low back pain during asymmetric lifting exertions. The Spine Journal. 2004 Jan 

2;4(1):64-75. 

12. Mok NW, Brauer SG, Hodges PW. Changes in lumbar movement in people with 

low back pain are related to compromised balance. Spine. 2011 Jan 1;36(1):E45-52. 

13. Larivière C, Gagnon D, Loisel P. A biomechanical comparison of lifting techniques 

between participants with and without chronic low back pain during freestyle lifting 

and lowering tasks. Clinical Biomechanics. 2002 Feb 1;17(2):89-98. 

14. Colombo-Dougovito AM. The role of dynamic systems theory in motor 

development research: how does theory inform practice and what are the potential 

implications for autism spectrum disorder?. International Journal on Disability and 

Human Development. 2016 Aug 10;16(2):141-55. 

15. Kurz MJ, Stergiou N. Effect of normalization and phase angle calculations on 

continuous relative phase. Journal of biomechanics. 2002 Mar 1;35(3):369-74. 

16. Galgon AK, Shewokis PA. Using mean absolute relative phase, deviation phase and 

point-estimation relative phase to measure postural coordination in a serial reaching 

task. Journal of sports science & medicine. 2016 Mar;15(1):131. 

17. Yamamoto K, Shinya M, Kudo K. The influence of attractor stability of intrinsic 

coordination patterns on the adaptation to new constraints. Scientific Reports. 2020 

Feb 20;10(1):1-2. 

18. Raffalt PC, Kent JA, Wurdeman SR, Stergiou N. To walk or to run–a question of 

movement attractor stability. Journal of experimental biology. 2020 Jul 

1;223(13):jeb224113. 

19. Turvey MT. Coordination. American psychologist. 1990 Aug;45(8):938. 

20. Haken H, Kelso JS, Bunz H. A theoretical model of phase transitions in human hand 

movements. Biological cybernetics. 1985 Feb;51(5):347-56. 

21. Segal AD, Orendurff MS, Czerniecki JM, Shofer JB, Klute GK. Local dynamic 

stability in turning and straight-line gait. Journal of biomechanics. 2008 Jan 

1;41(7):1486-93. 

22. Granata KP, Lockhart TE. Dynamic stability differences in fall-prone and healthy 

adults. Journal of Electromyography and Kinesiology. 2008 Apr 1;18(2):172-8. 



 

84 
 

23. Graham RB, Sadler EM, Stevenson JM. Local dynamic stability of trunk movements 

during the repetitive lifting of loads. Hum Movement Sci [Internet]. 2012 Jun [cited 

2020 Jun 10];31(3):592-603. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0167945711001035?via%3D

ihub DOI: 10.1016/j.humov.2011.06.009 

24. Graham RB, Brown SH. A direct comparison of spine rotational stiffness and 

dynamic spine stability during repetitive lifting tasks. J Biomech [Internet]. 2012 Jun 

[cited 2020 Jun 12];45(9):1593-600. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S0021929012002254?via%3D

ihub DOI: 10.1016/j.jbiomech.2012.04.007 

25. Cholewicki J, McGill SM. Mechanical stability of the in vivo lumbar spine: 

implications for injury and chronic low back pain. Clin Biomech [Internet]. 1996 Jan 

[cited 2020 Jun 12];11(1):1-5. Available from: 

https://www.clinbiomech.com/article/0268-0033(95)00035-6/pdf DOI: 

10.1016/0268-0033(95)00035-6 

26. Wong TK, Lee RY. Effects of low back pain on the relationship between the 

movements of the lumbar spine and hip. Human movement science. 2004 Jun 

1;23(1):21-34. 

27. Potvin JR, O'brien PR. Trunk muscle co-contraction increases during fatiguing, 

isometric, lateral bend exertions: possible implications for spine stability. Spine. 

1998 Apr 1;23(7):774-80. 

28. Dingwell JB, Marin LC. Kinematic variability and local dynamic stability of upper 

body motions when walking at different speeds. Journal of biomechanics. 2006 Jan 

1;39(3):444-52. 

29. Lockhart TE, Liu J. Differentiating fall-prone and healthy adults using local 

dynamic stability. Ergonomics. 2008 Dec 1;51(12):1860-72. 

30. Toebes MJ, Hoozemans MJ, Furrer R, Dekker J, van Dieën JH. Local dynamic 

stability and variability of gait are associated with fall history in elderly subjects. 

Gait & posture. 2012 Jul 1;36(3):527-31. 

31. Bizovska L, Svoboda Z, Janura M, Bisi MC, Vuillerme N. Local dynamic stability 

during gait for predicting falls in elderly people: A one-year prospective study. PloS 

one. 2018 May 10;13(5):e0197091. 

32. Hilfiker R, Vaney C, Gattlen B, Meichtry A, Deriaz O, Lugon-Moulin V, Anchisi-

Bellwald AM, Palaci C, Foinant D, Terrier P. Local dynamic stability as a 



 

85 
 

responsive index for the evaluation of rehabilitation effect on fall risk in patients 

with multiple sclerosis: a longitudinal study. BMC research notes. 2013 Dec;6:1-9. 

33. Mahmoudian A, Bruijn SM, Yakhdani HR, Meijer OG, Verschueren SM, van Dieen 

JH. Phase-dependent changes in local dynamic stability during walking in elderly 

with and without knee osteoarthritis. Journal of biomechanics. 2016 Jan 4;49(1):80-

6. 

34. Hodges PW, Moseley GL, Gabrielsson A, Gandevia SC. Experimental muscle pain 

changes feedforward postural responses of the trunk muscles. Experimental brain 

research. 2003 Jul;151:262-71. 

35. Maetzel A, Li L. The economic burden of low back pain: a review of studies 

published between 1996 and 2001. Best Pract Res Cl Rh [Internet]. 2002 Jan [cited 

2020 Jun 10];16(1):23-30. Available from: 

https://www.sciencedirect.com/science/article/abs/pii/S1521694201902049 DOI: 

10.1053/berh.2001.0204 

36. Bruijn SM, van Dieën JH, Meijer OG, Beek PJ. Statistical precision and sensitivity 

of measures of dynamic gait stability. Journal of neuroscience methods. 2009 Apr 

15;178(2):327-33. 

37. Granata KP, England SA. Stability of dynamic trunk movement. Spine. 2006 May 

1;31(10):E271. 

38. Dupeyron A, Rispens SM, Demattei C, van Dieën JH. Precision of estimates of local 

stability of repetitive trunk movements. European Spine Journal. 2013 Dec 

1;22(12):2678-85. 

39. Wan JJ, Qin Z, Wang PY, Sun Y, Liu X. Muscle fatigue: general understanding and 

treatment. Experimental & molecular medicine. 2017 Oct;49(10):e384-. 

40. Asgari N, Sanjari MA, Esteki A. Local dynamic stability of the spine and its 

coordinated lower joints during repetitive Lifting: Effects of fatigue and chronic low 

back pain. Human Movement Science. 2017 Aug 1;54:339-46. 

41. Enoka RM, Duchateau J. Muscle fatigue: what, why and how it influences muscle 

function. The Journal of physiology. 2008 Jan 1;586(1):11-23. 

42. Gates DH, Dingwell JB. Muscle fatigue does not lead to increased instability of 

upper extremity repetitive movements. Journal of biomechanics. 2010 Mar 

22;43(5):913-9. 

43. Srinivasan D, Mathiassen SE. Motor variability in occupational health and 

performance. Clinical biomechanics. 2012 Dec 1;27(10):979-93. 



 

86 
 

44. Sparto PJ, Parnianpour M, Reinsel TE, Simon S. The effect of fatigue on multijoint 

kinematics and load sharing during a repetitive lifting test. Spine. 1997 Nov 

15;22(22):2647-54. 

45. van Dieën JH, van der Burg P, Raaijmakers TA, Toussaint HM. Effects of repetitive 

lifting on kinematics: inadequate anticipatory control or adaptive changes?. Journal 

of motor behavior. 1998 Mar 1;30(1):20-32. 

46. Van Dillen LR, Gombatto SP, Collins DR, Engsberg JR, Sahrmann SA. Symmetry 

of timing of hip and lumbopelvic rotation motion in 2 different subgroups of people 

with low back pain. Archives of physical medicine and rehabilitation. 2007 Mar 

1;88(3):351-60. 

47. Granata KP, Gottipati P. Fatigue influences the dynamic stability of the torso. 

Ergonomics. 2008 Aug 1;51(8):1258-71. 

48. Larson DJ, Pinto BL, Brown SH. Differential effects of muscle fatigue on dynamic 

spine stability: implications for injury risk. Journal of electromyography and 

kinesiology. 2018 Dec 1;43:209-16. 

49. Graham RB, Sheppard PS, Almosnino S, Stevenson JM. Dynamic spinal stability 

and kinematic variability across automotive manufacturing work shifts and days. 

International Journal of Industrial Ergonomics. 2012 Sep 1;42(5):428-34. 

50. Guo HR. Working hours spent on repeated activities and prevalence of back pain. 

Occupational and environmental medicine. 2002 Oct 1;59(10):680-8. 

51. Graham RB, Brown SH. Local dynamic stability of spine muscle activation and 

stiffness patterns during repetitive lifting. Journal of biomechanical engineering. 

2014 Dec 1;136(12). 

52. Beaudette SM, Graham RB, Brown SH. The effect of unstable loading versus 

unstable support conditions on spine rotational stiffness and spine stability during 

repetitive lifting. Journal of biomechanics. 2014 Jan 22;47(2):491-6. 

53. Dempsey PG, Mathiassen SE, Jackson JA, O'Brien NV. Influence of three principles 

of pacing on the temporal organisation of work during cyclic assembly and 

disassembly tasks. Ergonomics. 2010 Nov 1;53(11):1347-58. 

54. Bosch T, Mathiassen SE, Visser B, Looze MD, Dieën JV. The effect of work pace 

on workload, motor variability and fatigue during simulated light assembly work. 

Ergonomics. 2011 Feb 1;54(2):154-68. 

55. Granata KP, England SA. Stability of dynamic trunk movement. Spine. 2006 May 

1;31(10):E271. 



 

87 
 

56. Asgari M, Sanjari MA, Mokhtarinia HR, Sedeh SM, Khalaf K, Parnianpour M. The 

effects of movement speed on kinematic variability and dynamic stability of the 

trunk in healthy individuals and low back pain patients. Clinical Biomechanics. 2015 

Aug 1;30(7):682-8. 

57. Fathallah FA, Marras WS, Parnianpour M. An assessment of complex spinal loads 

during dynamic lifting tasks. Spine. 1998 Mar 15;23(6):706-16. 

58. Devan H, Hendrick P, Ribeiro DC, Hale LA, Carman A. Asymmetrical movements 

of the lumbopelvic region: is this a potential mechanism for low back pain in people 

with lower limb amputation?. Medical hypotheses. 2014 Jan 1;82(1):77-85. 

59. Morgenroth DC, Orendurff MS, Shakir A, Segal A, Shofer J, Czerniecki JM. The 

relationship between lumbar spine kinematics during gait and low-back pain in 

transfemoral amputees. American journal of physical medicine & rehabilitation. 

2010 Aug 1;89(8):635-43. 

60. Marras WS. Occupational low back disorder causation and control. Ergonomics. 

2000 Jul 1;43(7):880-902. 

61. Graham RB, Oikawa LY, Ross GB. Comparing the local dynamic stability of trunk 

movements between varsity athletes with and without non-specific low back pain. 

Journal of Biomechanics. 2014 Apr 11;47(6):1459-64. 

62. Lee J, Nussbaum MA. Experienced workers may sacrifice peak torso 

kinematics/kinetics for enhanced balance/stability during repetitive lifting. Journal 

of biomechanics. 2013 Apr 5;46(6):1211-5. 

63. Mirka GA, Baker A. An investigation of the variability in human performance 

during sagittally symmetric lifting tasks. IIE transactions. 1996 Sep 1;28(9):745-52. 

64. Sánchez-Zuriaga D, López-Pascual J, Garrido-Jaén D, de Moya MF, Prat-Pastor J. 

Reliability and validity of a new objective tool for low back pain functional 

assessment. Spine. 2011 Jul 15;36(16):1279-88. 

65. Mokhtarinia HR, Sanjari MA, Chehrehrazi M, Kahrizi S, Parnianpour M. Trunk 

coordination in healthy and chronic nonspecific low back pain participants during 

repetitive flexion–extension tasks: Effects of movement asymmetry, velocity and 

load. Human movement science. 2016 Feb 1;45:182-92.  

66. Pranata A, Perraton L, El-Ansary D, Clark R, Mentiplay B, Fortin K, Long B, 

Brandham R, Bryant AL. Trunk and lower limb coordination during lifting in people 

with and without chronic low back pain. Journal of biomechanics. 2018 Apr 

11;71:257-63. 



 

88 
 

67. Shih PC, Steele CJ, Nikulin V, Villringer A, Sehm B. Kinematic profiles suggest 

differential control processes involved in bilateral in-phase and anti-phase 

movements. Scientific Reports. 2019 Mar 1;9(1):3273. 

68. Lamoth CJ, Meijer OG, Daffertshofer A, Wuisman PI, Beek PJ. Effects of chronic 

low back pain on trunk coordination and back muscle activity during walking: 

changes in motor control. European Spine Journal. 2006 Feb;15:23-40. 

69. Seay JF, Van Emmerik RE, Hamill J. Low back pain status affects pelvis-trunk 

coordination and variability during walking and running. Clinical biomechanics. 

2011 Jul 1;26(6):572-8. 

70. Silfies SP, Bhattacharya A, Biely S, Smith SS, Giszter S. Trunk control during 

standing reach: a dynamical system analysis of movement strategies in patients with 

mechanical low back pain. Gait & Posture. 2009 Apr 1;29(3):370-6. 

71. Sung PS. A kinematic analysis for shoulder and pelvis coordination during axial 

trunk rotation in subjects with and without recurrent low back pain. Gait & posture. 

2014 Sep 1;40(4):493-8. 

72. Burgess-Limerick R. Squat, stoop, or something in between?. International Journal 

of Industrial Ergonomics. 2003 Mar 1;31(3):143-8. 

73. Scholz JP, Millford JP, McMillan AG. Neuromuscular coordination of squat lifting, 

I: effect of load magnitude. Physical therapy. 1995 Feb 1;75(2):119-32. 

74. Burgess-Limerick R, Abernethy B, Neal RJ, Kippers V. Self-selected manual lifting 

technique: functional consequences of the interjoint coordination. Human Factors. 

1995 Jun;37(2):395-411. 

75. Plamondon A, Lariviere C, Denis D, St-Vincent M, Delisle A, IRSST MMH 

Research Group. Sex differences in lifting strategies during a repetitive palletizing 

task. Applied ergonomics. 2014 Nov 1;45(6):1558-69. 

76. Plamondon A, Larivière C, Denis D, Mecheri H, Nastasia I, IRSST MMH research 

group. Difference between male and female workers lifting the same relative load 

when palletizing boxes. Applied ergonomics. 2017 Apr 1;60:93-102. 

77. Hu B, Ning X, Nussbaum MA. The influence of hand load on lumbar-pelvic 

coordination during lifting task. In Proceedings of the Human Factors and 

Ergonomics Society Annual Meeting 2014 Sep (Vol. 58, No. 1, pp. 1617-1621). 

Sage CA: Los Angeles, CA: SAGE Publications. 

78. Scholz JP, McMillan AG. Neuromuscular coordination of squat lifting, II: Individual 

differences. Physical Therapy. 1995 Feb 1;75(2):133-44. 



 

89 
 

79. Splittstoesser RE, Davis KG, Marras WS. Trade-Offs between trunk flexion, hip 

flexion, and knee angle in lifting below waist level. InProceedings of the Human 

Factors and Ergonomics Society Annual Meeting 2000 Jul (Vol. 44, No. 29, pp. 5-

9). Sage CA: Los Angeles, CA: SAGE Publications. 

80.  Van Dieën JH, Toussaint HM, Maurice C, Mientjes M. Fatigue-related changes in 

the coordination of lifting and their effect on low back load. Journal of motor 

behavior. 1996 Dec 30;28(4):304-14. 

81. Cowley JC, Gates DH. Inter-joint coordination changes during and after muscle 

fatigue. Human Movement Science. 2017 Dec 1;56:109-18. 

82. Lindbeck L, Kjellberg K. Gender differences in lifting technique. Ergonomics. 2001 

Feb 1;44(2):202-14. 

83. Seay JF, Sauer SG, Patel T, Roy TC. A history of low back pain affects pelvis and 

trunk coordination during a sustained manual materials handling task. Journal of 

Sport and Health Science. 2016 Mar 1;5(1):52-60. 

84. Lin CJ, Cheng CF. Lifting speed preferences and their effects on the maximal lifting 

capacity. Industrial health. 2017 Jan 31;55(1):27-34. 

85. Lin CJ, Bernard TM, Ayoub MM. A biomechanical evaluation of lifting speed using 

work-and moment-related measures. Ergonomics. 1999 Aug 1;42(8):1051-9. 

86. Wang Y, Qie S, Li Y, Yan S, Zeng J, Zhang K. Intersegmental coordination in 

patients with Total knee arthroplasty during walking. Frontiers in Bioengineering 

and Biotechnology. 2022;10. 

87. Akuzawa H, Oshikawa T, Nakamura K, Kubota R, Takaki N, Matsunaga N, 

Kaneoka K. Difference in the foot intersegmental coordination pattern between 

female lacrosse players with and without a history of medial Tibial stress syndrome; 

a cross-sectional study. Journal of Foot and Ankle Research. 2022 Jan 31;15(1):8. 

88. Blandford L, Cushion E, Mahaffey R. Segmental and Intersegmental Coordination 

Characteristics of a Cognitive Movement Control Test: Quantifying Loss of 

Movement Choices. Biomechanics. 2022 May 13;2(2):213-34. 

89. Kantz H. A robust method to estimate the maximal Lyapunov exponent of a time 

series. Physics letters A. 1994 Jan 31;185(1):77-87. 

90. Chaitow L, Crenshaw K. Muscle energy techniques. Elsevier Health Sciences; 2006. 

91. Stokes IA, Fox JR, Henry SM. Trunk muscular activation patterns and responses to 

transient force perturbation in persons with self-reported low back pain. European 

Spine Journal. 2006 May;15:658-67. 



 

90 
 

92. Reis FJ, Macedo AR. Influence of hamstring tightness in pelvic, lumbar and trunk 

range of motion in low back pain and asymptomatic volunteers during forward 

bending. Asian spine journal. 2015 Aug;9(4):535. 

93. Hides JA, Richardson CA, Jull GA. Multifidus muscle recovery is not automatic 

after resolution of acute, first-episode low back pain. Spine. 1996 Dec 

1;21(23):2763-9. 

94. Hides JA, Stokes MJ, Saide MJ, Jull GA, Cooper DH. Evidence of lumbar 

multifidus muscle wasting ipsilateral to symptoms in patients with acute/subacute 

low back pain. Spine. 1994 Jan 1;19(2):165-72. 

95. Stergiou N, Harbourne RT, Cavanaugh JT. Optimal movement variability: a new 

theoretical perspective for neurologic physical therapy. Journal of Neurologic 

Physical Therapy. 2006 Sep 1;30(3):120-9. 

96. Kankaanpää M, Taimela S, Laaksonen D, Hänninen O, Airaksinen O. Back and hip 

extensor fatigability in chronic low back pain patients and controls. Archives of 

physical medicine and rehabilitation. 1998 Apr 1;79(4):412-7. 

97. Brumagne S, Cordo P, Lysens R, Verschueren S, Swinnen S. The role of paraspinal 

muscle spindles in lumbosacral position sense in individuals with and without low 

back pain. Spine. 2000 Apr 15;25(8):989-94. 

98. Brumagne S, Cordo P, Verschueren S. Proprioceptive weighting changes in persons 

with low back pain and elderly persons during upright standing. Neuroscience 

letters. 2004 Aug 5;366(1):63-6. 

99. Terrier P, Dériaz O. Kinematic variability, fractal dynamics and local dynamic 

stability of treadmill walking. Journal of neuroengineering and rehabilitation. 2011 

Dec;8:1-4. 

100. Stergiou N, Decker LM. Human movement variability, nonlinear dynamics, and 

pathology: is there a connection?. Human movement science. 2011 Oct 1;30(5):869-

88. 

101. Dingwell JB, Cusumano JP, Cavanagh PR, Sternad D. Local dynamic stability 

versus kinematic variability of continuous overground and treadmill walking. J. 

Biomech. Eng.. 2001 Feb 1;123(1):27-32. 

102. Van Emmerik RE, Ducharme SW, Amado AC, Hamill J. Comparing dynamical 

systems concepts and techniques for biomechanical analysis. Journal of Sport and 

Health Science. 2016 Mar 1;5(1):3-13. 



 

91 
 

103. Josiński H, Świtoński A, Michalczuk A, Grabiec P, Pawlyta M, Wojciechowski K. 

Assessment of local dynamic stability in gait based on univariate and multivariate 

time series. Computational and Mathematical Methods in Medicine. 2019 Jul 

25;2019. 

104. Dolan P, Adams MA. The relationship between EMG activity and extensor moment 

generation in the erector spinae muscles during bending and lifting activities. Journal 

of biomechanics. 1993 Apr 1;26(4-5):513-22. 

105. Granata KP, Marras WS. An EMG-assisted model of loads on the lumbar spine 

during asymmetric trunk extensions. Journal of biomechanics. 1993 Dec 

1;26(12):1429-38. 

106. Lavender SA, Tsuang YH, Andersson GB, Hafezi A, Shin CC. Trunk muscle 

cocontraction: the effects of moment direction and moment magnitude. Journal of 

Orthopaedic Research. 1992 Sep;10(5):691-700. 

107. Hodges PW, Tucker K. Moving differently in pain: a new theory to explain the 

adaptation to pain. Pain. 2011 Mar 1;152(3):S90-8. 

108. Hodges PW, Moseley GL. Pain and motor control of the lumbopelvic region: effect 

and possible mechanisms. Journal of electromyography and kinesiology. 2003 Aug 

1;13(4):361-70. 

109. Hodges PW, Moseley GL, Gabrielsson A, Gandevia SC. Experimental muscle pain 

changes feedforward postural responses of the trunk muscles. Experimental brain 

research. 2003 Jul;151:262-71. 

110. Riley MA, Turvey MT. Variability and determinism in motor behavior. Journal of 

motor behavior. 2002 Jun 1;34(2):99-125. 

111. Hodges PW, Smeets RJ. Interaction between pain, movement, and physical activity: 

short-term benefits, long-term consequences, and targets for treatment. The Clinical 

journal of pain. 2015 Feb 1;31(2):97-107. 

112. Mroczek B, Lubkowska W, Jarno W, Jaraczewska E, Mierzecki A. Occurrence and 

impact of back pain on the quality of life of healthcare workers. Annals of 

Agricultural and Environmental Medicine. 2020;27(1). 

113. Sparto PJ, Parnianpour M, Reinsel TE, Simon S. The effect of fatigue on multijoint 

kinematics, coordination, and postural stability during a repetitive lifting test. 

Journal of Orthopaedic & Sports Physical Therapy. 1997 Jan;25(1):3-12. 



 

92 
 

114. Sparto PJ, Parnianpour M, Reinsel TE, Simon S. The effect of fatigue on multijoint 

kinematics and load sharing during a repetitive lifting test. Spine. 1997 Nov 

15;22(22):2647-54. 

 



 

93 
 

Appendices 

  





 

95 
 

Appendix B: Participant Consent Form 

 

 



 

96 
 

Appendix C: Participant Flyer 

 

  



 

97 
 

Appendix D: Participant Information Sheet 



 

98 
 

 



 

99 
 

 



 

100 
 

 



 

101 
 

Appendix E: Fear Avoidance Beliefs Questionnaire 

 

 
  



 

102 
 

Appendix F: Oswestry Disability Index 

 

 



 

103 
 

 

  



 

104 
 

Appendix G: VAS Pain Scale 

 

 

 

 
  



 

105 
 

Appendix H: MATLAB code for calculation of Intersegment Coordination 
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Appendix I: R code for computation of Local Dynamic Stability 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




