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Thesis overview and structure 

Low back pain (LBP) is a common symptom experienced throughout the lifespan (Hartvigsen 

et al., 2003; Kamper et al., 2016). The condition is defined by the location of pain, usually 

occurring between the lower ribs and buttock creases (Dionne et al., 2008). Some serious 

specific causes of LBP exist, including cauda equina syndrome, infection, aortic aneurysm, 

vertebral fracture, inflammatory arthropathy and malignancy. However, on average, the 

estimated prevalence of serious causes of LBP is approximately 1.0% amongst patients 

presenting to primary care in Australia (Henschke et al., 2009). Consequently, for nearly all 

people presenting to primary care, the specific cause of their symptoms cannot be identified 

and those affected are classified as having non-specific LBP (Maher et al., 2017). 

In 2015 it was estimated that approximately 540 million people worldwide experienced 

activity limiting LBP at any one time (Vos et al., 2017). While most of these individuals 

experienced relatively low levels of disability and recovered, 28% (151 million) experienced 

severe symptoms, accounting for 46.5 million years lived with disability (Vos et al., 2017). 

Despite extensive research efforts, it remains difficult to identify who is at greatest risk of 

developing chronic LBP (Karran et al., 2017a). Furthermore, causal mechanisms 

underpinning the transition from acute to chronic LBP remain largely elusive and this has 

hampered the development of effective treatments (Lee et al., 2016).  

In 1987, LBP was first termed a bio-psycho-social condition for diagnosis and treatment by 

Gordon Waddell (Waddell, 1987). Since this time, research investigating prognostic factors 

of LBP outcome has predominantly focussed on demographic, psychological, and social risk 

factors (Hayden et al., 2009; Kent & Keating, 2008). However, the total variance in outcome 

that can explained by demographic, psychological and social risk factors is approximately 

40% (Kent & Keating, 2008), suggesting most of the variation in LBP outcome is due to 



 

xx 

 

factors that have not yet been identified (Hartvigsen et al., 2018; Kent & Keating, 2008).  

Leading experts in the field of LBP research have suggested that biological risk factors have 

been overlooked (Hancock et al., 2011). Indeed, in most health conditions, the most 

commonly investigated prognostic factors are biological in nature (e.g. genomic, 

transcriptomic, proteomic, metabolomic, pathological, physiological) (Riley et al., 2013). 

With this consideration in mind, an emerging body of evidence is beginning to highlight 

biological processes across multiple bodily systems involved in pain processing and the 

transition to chronic LBP (Hodges et al., 2019). Promising biological risk factors that are 

thought to contribute to pain persistence include maladaptive cortical reorganisation, an 

individuals capacity for neuroplasticity, and the neuro-immune interface (Grace et al., 2014; 

Moseley & Flor, 2012), however, these risk factors have received limited investigation within 

the field of LBP.  

Thus, the overarching aim of this thesis was to enhance our understanding of the 

neurobiological risk factors associated with the transition from acute to chronic LBP. To 

achieve this aim, the Understanding persistent Pain Where it ResiDes (UPWaRD) study was 

conducted. In this thesis, six chapters describe the background, methods, and results of the 

UPWaRD study. Chapter 2 describes the protocol, published ‘a priori’ for developing a 

multivariable prediction model, including candidate predictors selected from the 

neurobiological (e.g. sensorimotor cortical excitability assessed by sensory and motor evoked 

potentials, Brain Derived Neurotrophic Factor [BDNF] genotype), psychological (e.g. 

depression and anxiety), symptom-related (e.g. LBP history) and demographic domains. 

Chapter 3 builds on the study protocol in the form of a cohort profile, describing baseline 

characteristics of 120 people experiencing an acute LBP episode and 57 pain-free control 

participants that form the UPWaRD cohort. Baseline demographic, psychological, social, and 

behavioural characteristics are compared between LBP and pain-free participants and LBP 
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participants that did or did not complete follow up at three- and six-months. These findings 

are important for accurate and transparent reporting of the longitudinal analyses from this 

cohort. 

Chapter 4 reports the results of the multivariable prediction model developed in 120 people 

experiencing acute LBP. When the neurobiological risk factors of lower corticomotor 

excitability and lower primary sensory cortex excitability were added to a multivariable linear 

model, a further 15% of the variance in six-month pain intensity was explained. Further, a 

multivariable logistic regression model including sensory cortex and corticomotor 

excitability, BDNF genotype, depression and anxiety, LBP history and baseline pain 

intensity, discriminated between those who did and did not report LBP at six months (c-

statistic 0.91). This study demonstrated for the first time, that lower sensory cortex 

excitability and lower corticomotor excitability assessed during an acute LBP episode are 

prognostic factors associated with six-month LBP outcome.  

To further understand the importance of these prognostic factors we developed a causal 

model of chronic LBP using directed acyclic graphs. The methodology and statistical analysis 

plan for drawing causal inferences, thus transparently reporting our causal assumptions, are 

reported in Chapter 5. Chapter 6 then provides the first evidence that low sensory cortex 

excitability during an acute LBP episode is a causal mechanism underpinning the 

development of chronic LBP. This finding was robust to confounder adjustment, false 

discovery rate corrections and sensitivity analysis exploring the effect of unknown 

confounding.  

Finally, in Chapter 7, we report the results of a proteomic analysis, using hydrophobic 

interaction chromatography and electrospray ionization tandem mass spectrometry. In 59 

participants experiencing an acute episode of LBP, recruited as part of the UPWaRD cohort, 

we identified 216 proteins confidently, and multivariable data analysis highlighted clear sex 
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differences in the serum proteomic profile during acute LBP. Differentially expressed serum 

proteins during an acute episode of LBP correctly classified three-month LBP outcome in 

93% of males and 90% of females. Bioinformatics analysis of protein networks suggested 

that differentially expressed proteins during acute LBP were frequently involved in immune-

mediated inflammatory responses. This work provides an early foundation for future research 

exploring strategies targeting distinct immune system processes in male and female that may 

interfere with the transition from acute to chronic LBP. 

Taken together this thesis makes an extensive and original contribution to our understanding 

of neurobiological risk factors involved in the transition from acute to chronic LBP. Not only 

is the inclusion of neurobiological prognostic factors in multivariable clinical prediction 

models a promising direction for future research that aims to identify people at high risk of 

poor outcome, but low sensory cortex excitability during acute LBP may be a promising 

causal mechanism that future treatments could target during acute LBP in the hope of 

expediting recovery and preventing the development of chronic LBP. Further, this thesis 

provides some of the earliest evidence to suggest sex-specific differential expression of 

proteins, measured from human serum, contributes to recovery status at three-month follow-

up. This work provides foundational evidence for future research exploring strategies 

targeting distinct immune system processes in males and females that may interfere with the 

transition from acute to chronic LBP.  

This thesis is comprised of nine chapters beginning with a literature review (Chapter 1) 

related to the research and methodology reported in Chapters 2-7. Four of the chapters 

described in this thesis have been published. Each of these chapters is written in a format that 

can be read independently and presented in their published format. These manuscripts 

therefore have page, table, and figure numbering independent from the rest of the thesis. 

Ethical approval for the research presented in Chapters 2-7 was obtained from the Human 
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Research Ethics Committees of Western Sydney University (H10465) and Neuroscience 

Research Australia (SSA: 16/002). Chapter 8 presents a discussion of the findings and 

limitations of this thesis as a whole and makes recommendations for future research. Finally, 

Chapter 9 provides a reference list acknowledging all work cited throughout the thesis. 
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Chapter 1  Literature review 

Chapter 2  The methodology and analysis plan for 

predicting low back pain outcome 

Chapter 3  Characterising the Understanding persistent 

Pain Where it Resides cohort 
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low back pain after an acute episode 

Chapter 5  Developing a causal model of low back pain 

outcome 

Chapter 6  Low somatosensory cortex excitability in the 

acute stage of low back pain causes chronic 
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Chapter 1: Literature review 

The studies in this thesis aim to enhance our understanding of neurobiological risk factors 

underpinning the transition from acute to chronic non-specific LBP. The following chapter 

reviews the literature relevant to this topic. Section 1 describes the historical and 

contemporary understanding of pain processing and describes the condition, and associated 

societal burden, of LBP. 

Section 2 details contemporary methodology for predicting a health outcome of interest. The 

first step in the development of accurate prognostic models is the identification of important 

prognostic factors. This section summarises the substantial literature in LBP investigating 

various prognostic factors and reviews the performance of current prognostic models used in 

clinical practice. The limitations of these prognostic models and the need for further 

consideration of biological risk factors within LBP prognostic models is highlighted.  

Section 3 first provides a review of important concepts underpinning the science of causal 

inference. With this understanding, the reader is introduced to some of the potential causes of 

non-specific LBP. Limitations of existing research and the need for further research 

identifying causal mechanisms underpinning chronic LBP is discussed.     

Section 4 introduces the reader to promising neurobiological risk factors requiring further 

investigation and the current research supporting their involvement in LBP development or 

maintenance. The interaction between known psychological risk factors and pain 

neurobiology is briefly explored.  

Finally, the last section of this chapter (Section 5) provides an overview of the aims addressed 

in each of the subsequent chapters. 
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Section 1: Low back pain prevalence and burden 

The following section defines pain and provides the historical context underpinning 

contemporary understanding of the human pain experience. The reader is then introduced to a 

definition of non-specific LBP followed by a review of the current understanding of LBP 

prognosis and burden.  

1.1 Pain: Historical context and definition 

Acute pain warns of actual or potential danger in an environment, the presence of injury, or 

disease. It is unpleasant, demanding attention, action, or adaptive learning. To be effective, 

acute pain must be of sufficient intensity that it cannot be ignored (Woolf & Ma, 2007).  Over 

one hundred years ago Charles Sherrington (1903) first concluded: 

‘‘There is considerable evidence that the skin is provided with a set of nerve endings whose 

specific office it is to be amenable to stimuli that do the skin injury, stimuli that in continuing 

to act would injure it still further’’ (Sherrington, 1903, p.40).   

Following Sherrington’s early work, two theories of pain prevailed: (i) pain resulted from 

central summation in response to excessive sensory stimuli (Sweet, 1959), or (ii) that all 

nerve endings are similar and that certain patterns of activity  produced  by  intense  

stimulation  evoke pain (Sinclair, 1955). Ronald Melzack and Patrick D Wall (1965) later 

proposed a further theory of pain suggesting that the substantia gelatinosa, extending the 

length of the spinal cord, acts as a gate control system, modulating synaptic transmission of 

nerve impulses from the periphery. The authors suggested three cardinal features of afferent 

input were necessary for pain generation: (i) ongoing activity preceding stimulus, (ii) 

stimulus-evoked activity, and (iii) balance of activity in large and small fibres (Melzack & 

Wall, 1965).  

These early studies, whilst pivotal in developing our understanding of human pain, were 
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unable to investigate the brain and brainstem and were limited to animal and 

electrophysiological methodologies. In 1991, a group of researchers at the Massachusetts 

General Hospital demonstrated for the first time, magnetic resonance imaging (MRI) that 

could functionally map the human brain (Belliveau et al., 1991). In the thirty years following 

this discovery, human brain imaging technologies have identified the role of cortical and sub-

cortical areas during pain processing and modulation (Apkarian et al., 2005). Traditionally, 

discrete brain regions termed the “pain-matrix” were considered responsible for processing 

nociceptive afferents. The pain-matrix included the primary (SII) and secondary (SII) 

somatosensory, and anterior cingulate cortices (ACC), medial and lateral thalamus, and 

posterior and mid insular cortices (Apkarian et al., 2005; Dum et al., 2009; Jensen et al., 

2016). More recently, brain mediators of pain have also been identified beyond the regions of 

the traditional pain-matrix. Specifically, brain activity within prefrontal and midbrain regions 

during acute experimental pain predicts subjective pain intensity ratings in humans (Geuter et 

al., 2020). It is now widely accepted that the human brain is central to pain, transforming 

sensory input into a complex and individual experience comprised of sensory, affective, 

motivational, and cognitive components (Geuter et al., 2020). 

Chronic pain is vastly different from acute nociceptive pain. Chronic pain is often defined 

clinically as pain persisting beyond normal tissue healing times, usually persisting for greater 

than three months (Merskey & Bogduk, 1994). Pain that persists is no longer protective, and 

has been considered a biopsychosocial phenomenon since John D Loeser’s adaption (1982) of 

George Engel’s biopsychosocial model of medical management (Engel, 1977). In 1979, the 

International Association for the Study of Pain formally defined pain as: 

“An unpleasant sensory and emotional experience associated with actual or potential tissue 

damage, or described in terms of such damage” (Merskey, 1979, p.249).   

Whilst the aetiology of chronic pain remains unknown, current understanding considers 
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underlying pain mechanisms and awareness of plasticity across diverse human biological 

systems (Hodges et al., 2019). Chapters 2-7 of this thesis provide further original evidence in 

support of this theory.  

1.2 Defining low back pain 

Low back pain (LBP) is the most common and disabling pain syndrome affecting all age 

groups from childhood to the elderly  (Buchbinder et al., 2020). It is defined by the location 

of pain, typically between the lower rib margins and the buttock creases as displayed in 

Figure 1 (Dionne et al., 2008). Many people who experience an episode of LBP recover 

quickly; however, recurrence is common and for some people, LBP becomes persistent and 

disabling (Hartvigsen et al., 2018).  

 

Figure 1. Spatial location of low back pain. Typically described as pain located between the lower rib margins 

and the buttock creases. Modified from “Low back pain in schoolchildren: the role of mechanical and 

psychosocial factors” by Watson, Kath D., et al, 2003, Archives of disease in childhood, 88 (1), p. 13. 

Diagnostic triage classifies patients presenting to primary care with LBP into three broad 

categories subsequently directing management options (Bardin et al., 2017). Based on clinical 

assessment patients are classified as having a specific spinal pathology (e.g. 

spondyloarthropathy, fracture, malignancy, infection, cauda equina syndrome; < 1%), 
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radicular syndrome (i.e. pathology of the nerve root including canal stenosis; ~ 5-10%) or 

non-specific LBP (i.e. presumed lumbar musculoskeletal origin of pain; 90-95%) (Bardin et 

al., 2017).  

The International Association for the Study of Pain have recently highlighted problems with 

this diagnostic classification system for patients with chronic pain. In particular, the term 

“non-specific” is an ambiguous and exclusionary term used to define chronic LBP by what is 

absent (Nicholas et al., 2019). Instead the terminology “chronic primary LBP” has been 

proposed (Nicholas et al., 2019). This updated terminology is yet to be routinely used in 

clinical practice (Schmidt et al., 2022), however, the classification of chronic primary LBP is 

hoped to reflect a more positive and observable concept (Treede et al., 2015), facilitating 

assessment and management that considers the complex interplay between biological, 

psychological and social contributors to an individuals pain experience (Fillingim et al., 

2014). Using this updated terminology, patients presenting with chronic LBP due to a known 

underlying disease would be classified as having chronic secondary musculoskeletal pain. For 

example, a patient with chronic pain due to vertebral fracture would be classified as having 

chronic secondary musculoskeletal pain associated with vertebral fracture. 

The focus of this thesis is on “non-specific” LBP and this terminology has been consistently 

used in all original work presented within this thesis. The updated terminology “chronic 

primary LBP” will not be used for several reasons. First, we recruit participants experiencing 

an acute episode of LBP and this updated terminology is dedicated exclusively to chronic 

pain syndromes (Treede et al., 2019). Second, this body of research began before the 

publication of the updated classification system, and finally, this updated terminology is yet 

to be routinely used in clinical practice at the time this thesis was written.  
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1.3. Low back pain prevalence 

Global point prevalence of activity-limiting low back pain was 7% in 2015, implying that 540 

million people were affected at any one time (Hartvigsen et al., 2018). In the first decade of 

life LBP is rarely reported, however, prevalence increases steeply amongst teenagers with 

around 40% of 9 – 18 year olds in high, medium, and low-income countries reporting a LBP 

episode (Calvo-Muñoz et al., 2013; Louw et al., 2007). LBP is most prevalent amongst 

females and persons aged between 40 – 80 years (Hoy et al., 2012). Prevalence is greater in 

high-income countries (median 30%) than middle income (21%) or low-income (18%) 

countries (Hoy et al., 2012). 

Few studies have investigated LBP prevalence in Australia. A self-report survey study, sent 

to 3000 Australian adults estimated point prevalence of 26%, indicating higher rates of LBP 

in Australia compared with the global mean (Walker et al., 2004). One week prevalence of 

LBP amongst Australian adolescents has been estimated at 8% (Grimmer et al., 2006).  

1.4. The burden of low back pain 

The Disability-Adjusted Life Year is used to quantify the burden of health conditions (Vos et 

al., 2017), calculated by combining years of life lost due to premature mortality, and years 

lived with disability (Buchbinder et al., 2013). Estimates obtained from the 2015 Global 

Burden of Disease Study suggest LBP was responsible for around 60 million years lived with 

disability, an increase of 54% since 1990 making LBP the leading cause of disability globally 

(Buchbinder et al., 2013; Vos et al., 2017). Most people who develop chronic LBP have 

relatively low levels of disability. However, the extremely high prevalence of LBP combined 

with significant disability in a minority of individuals, results in an enormous and growing 

societal burden (Hartvigsen et al., 2018).  Global increase in LBP burden is mostly due to a 

growing and aging global population, as opposed to increasing LBP prevalence (Hoy et al., 



 

8 

 

2012; Hoy et al., 2010).  

It is important to acknowledge that the quantitative measurement of societal disability within 

the Burden of Disease studies cannot measure the individual experience of living with LBP. 

Froud et al. (2014) systematically reviewed forty-two qualitative studies exploring the 

individual burden of LBP. Participants frequently reported loss of function due to LBP that 

would impact their ability to complete domestic chores and engage in valued recreational 

activities. Participants also reported damage to personal relationships, often with people 

closest to them, and difficulties with delegitimisation of their pain by family, friends, 

employers, and health care providers (Froud et al., 2014). Similarly, MacNeela et al. (2015) 

reviewed thirty-eight separate qualitative studies, identifying similar themes such as worry 

and fear about the social consequences of chronic LBP, hopelessness, family strain, social 

withdrawal, financial difficulties and disappointment with healthcare encounters (in particular 

with general practitioners).  

1.5. Economic cost of low back pain 

Costs associated with LBP are enormous and generally reported as direct medical (health 

care) costs, and indirect (work absenteeism or productivity loss) costs (Kent & Keating, 2005; 

Thelin et al., 2008). In 2016, $135 billion was spent on low back and neck pain in the USA, 

representing an increase of 7% since 1996 (Dieleman et al., 2020). In the UK, LBP accounted 

for £11 billion in direct and indirect expenditure in the year 2000 (Maniadakis & Gray, 2000), 

whilst in Australia LBP is one of the most costly of all diseases, with combined direct and 

indirect costs in 2001 estimated to be $9.17 billion (Walker et al., 2003). LBP also 

contributes to significant personal economic cost. Schofield et al. (2012) estimated that 

106,100 workers, aged between 45 to 64 retired early due to spinal disorders, including LBP, 

with an associated $2.9 billion loss in gross domestic product. At an individual level, females 

who retire early due to a low back disorder can expect an accumulated median wealth of only 
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$3708, whilst males will accumulate just $5038, with which to fund their retirement 

(Schofield et al., 2012). 

1.6. Summary 

This section introduced the reader to what LBP is and highlights the burden LBP places on 

the individual and society. Indeed, LBP is now the leading cause of disability worldwide, and 

with exponential growth of disabling LBP predicted over the next two decades, an 

unsustainable burden will be placed on our healthcare systems (Blyth et al., 2019). There is 

an ever-growing need for rapid change in management or prevention of LBP in clinical 

practice and this underpins the need for research conducted as part of this thesis and reported 

in Chapters 2-7.  
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Section 2: Prognostic research in low back pain 

Prognostic research investigates the relationship between a baseline health state (startpoint) 

and a future outcome of interest (endpoint) usually with the aim of improving health. Given 

the expected and unsustainable rise in disabling LBP, prognostic research has never been 

more important (Hemingway et al., 2013; Mathers & Loncar, 2006). Four distinct but 

connected prognostic research themes have been proposed, including: fundamental prognosis 

research, prognostic factor research, prognostic model research and stratified medicine 

research (Hemingway et al., 2013). Section 2 of this thesis reviews the literature, including its 

limitations, across these four key areas of prognostic research. 

2.1. Fundamental prognosis research in low back pain  

Before conducting research investigating prognostic factors, prediction rules, or risk 

stratification it is necessary to understand and describe future outcomes in people with LBP in 

relation to current diagnostic and treatment practices. Substantial research efforts have been 

directed towards understanding prognosis following an acute episode of LBP. In clinical 

practice it is typical for patients to be reassured that most people recover quickly, usually 

within six weeks (Costa et al., 2012). However, some large, well-designed cohort studies 

suggest prognosis may not be so favourable. Schiøttz-Christensen et al. (1999), enrolled 524 

patients presenting to primary care with an acute LBP episode and found that recovery was 

slow and incomplete, with only 41% of participants recovered by four weeks and 54% of 

participants completely recovered at 12 months. Similar findings were reported in a large 

Australian cohort study (Henschke et al., 2008). In this study, 39% of participants were 

recovered at six weeks and 72% of participants completely recovered at 12 months.  

This has led researchers to follow recovery trajectories of people experiencing LBP more 

carefully. Dunn et al. (2006) for the first time, proposed that people with LBP typically 
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follow one of four recovery trajectories, termed recovering, persistent-mild, fluctuating, or 

severe-chronic LBP. As a result, many authors now acknowledge that complete recovery, 

defined as being pain-free for a sustained period, does not occur for many people with LBP 

(Axén & Leboeuf-Yde, 2013; Kongsted et al., 2015). Instead, it may be more appropriate to 

consider LBP as an ongoing fluctuating condition, with varying trajectories, often 

characterised by “flares” interspersed by periods of no or reduced pain, as displayed in 

Figure 2 (Costa et al., 2019; Costa et al., 2021; Dunn et al., 2006; Kongsted et al., 2015). 

Ideally, to fully understand LBP prognosis, lifelong studies with frequent measurement 

timepoints (e.g. weekly), starting from the onset of a person’s first ever episode of LBP are 

required. This is challenging to achieve given the recurrent nature of LBP, thus most studies 

of LBP prognosis attempt to capture participants experiencing an acute LBP episode 

following a pain-free period (De Vet et al., 2002). 
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Figure 2. Two individual patient examples of LBP trajectory patterns over one year showing the 

recurrent nature of LBP. Modified from “What have we learned from ten years of trajectory research in low 

back pain?” by Kongsted, A., et al, 2016, BMC musculoskeletal disorders, 17 (1), p.10. 

2.2. Prognostic factor research 

The second prognostic research theme, prognostic factor research, aims to identify variables 

(e.g. depression) associated with a clinical endpoint (e.g. disability) in people with a 

particular disease or health condition (e.g. LBP) (Riley et al., 2013).  Substantial research has 
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been conducted in the field of LBP investigating prognostic factors. For example, Kent and 

Keating (2008) systematically reviewed the literature and identified 1501 prognostic factors 

from 51 included studies. The risk factors most consistently linked to worse LBP outcome 

were higher pain intensity, higher level of functional disability, presence of sciatica, older 

age, poorer general health or presence of comorbidities, increased psychological or 

psychosocial stress, negative cognitive characteristics, poor relations with colleagues, heavy 

physical work demands and the presence of compensation (Crook et al., 2002; Kent & 

Keating, 2008; Linton, 2000; Shaw et al., 2009). Unfortunately, the research investigating 

prognostic factors of poor LBP outcome is frequently contradictory, inconsistent, and 

incomplete, and there remains no consensus surrounding the most important factors (Hayden 

et al., 2009; Kent & Keating, 2008). Multivariable prediction models that combine risk 

factors for poor recovery in recent onset non-specific LBP such as pain intensity, 

psychological distress and multi-site pain explain approximately 40% of the variance in the 

risk of developing disabling LBP (Kent & Keating, 2008).  

One limitation of prognostic factor research in LBP is the neglect of biological risk factors. A 

growing body of evidence attempts to predict LBP outcome using brain imaging techniques. 

For example, Baliki and colleagues (2012) have suggested that higher functional connectivity 

between medial prefrontal cortex and nucleus accumbens during sub-acute LBP can 

accurately predict the transition to chronic LBP one year later.  Using the same cohort of 

people with sub-acute LBP, white matter fractional anisotropy differences predicted 

development of chronic LBP with perfect discrimination in a development cohort (Mansour 

et al., 2013). Whilst these findings are promising, care should be taken interpreting these 

results due to high rates of attrition (62% loss to follow-up). Further data obtained from this 

cohort has also suggested that structural connections within the corticolimbic brain circuity 

account for up to 60% of the variation in LBP outcome at three year follow-up (Vachon-
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Presseau et al., 2016). More recently, a neuroimaging-based signature developed with the aim 

of predicting human pain intensity in response to tonic experimental pain, has also displayed 

accuracy when classifying people with chronic LBP or their pain-free counterparts (Lee et al., 

2021). In Chapters 2, 3, 4 and 7 of this thesis promising biological prognostic factors are used 

to predict future LBP outcome.  

2.3. Prognostic model research 

Prognostic model research includes development, validation, and impact assessment of 

statistical models that aim to predict an individuals risk of developing a future outcome of 

interest (Steyerberg et al., 2013). Prognostic factors are often used as buildings blocks for 

these prognostic models (Riley et al., 2013). A clinically useful prognostic model is easy to 

use, predicts outcome with acceptable accuracy and has been validated in external samples 

(Herbert, 2014; Steyerberg, 2008). When interpreting the overall performance of a prognostic 

model, measures of calibration and discrimination should be considered (Steyerberg & 

Vergouwe, 2014). Model calibration refers to the agreement between observed and predicted 

risk scores and is best assessed graphically (Steyerberg et al., 2010) (Figure 3). The observed 

values are usually displayed on the y-axis and equal to 0 or 1 (e.g. recovered LBP/chronic 

LBP). Predictions are then plotted on the x-axis ranging between 0 to 100%. Smoothing 

techniques are often used to visualise the association between observed and predicted risk. 

Perfect predictions will be on the ideal dashed line representing an intercept alpha, or 

“calibration-in-the-large” value of 0, whilst the beta calibration slope value will equal 1. 

Imperfect calibration is always expected and characterized by the deviation from these 

values.  Discrimination of a prognostic model is typically quantified with the concordance 

statistic (c-statistic). For a binary outcome, the c-statistic is equal to the area under the 

receiver operating characteristic (ROC) curve (Steyerberg & Vergouwe, 2014). C-statistic 

values range from 0.5 to 1.0 and can be interpreted as the probability of correctly classifying 
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a pair of subjects with and without the endpoint. A c-statistic of <0.6 indicates the prognostic 

model should be regarded as ‘uninformative’; 0.6 – 0.7 indicates  ‘poor’ discrimination; 0.7 – 

0.8 ‘acceptable’; 0.8 – 0.9 ‘excellent’; and over 0.9 ‘outstanding’ (Hosmer Jr et al., 2013; 

Traeger et al., 2015). An informative c-statistic does not guarantee a well calibrated model 

(Steyerberg & Vergouwe, 2014; Van Calster et al., 2019).  

 

Figure 3. Fictional validation plot for illustrative purposes. Dashed black line represents perfect calibration. 

Dashed red line represents observed smoothed calibration. Modified from “Towards better clinical prediction 

models: seven steps for development and an ABCD for validation.” by Steyerberg, E. W., & Vergouwe, Y, 

2014, European heart journal, 35(29), p.1924e. 

Prognostic models that are used by clinicians in an attempt to predict LBP outcome include 

the STarT Back Tool (SBT: c-statistic = 0.81, outcome = disability) (Hill et al., 2008); Orebro 

Musculoskeletal Pain Screening Questionnaire (OMPSQ: c-statistic = 0.81, outcome = 

functional status) (Linton & Boersma, 2003); Vermont Disability Prediction Questionnaire 
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(c-statistic = 0.92, outcome = return to work) (Hazard et al., 1996); Back Disability Risk 

Questionnaire (c-statistic = 0.66, outcome = disability) (Shaw et al., 2009); Absenteeism 

screening questionnaire (c-statistic = 0.73, outcome = absenteeism) (Truchon et al., 2012); 

Chronic Pain Risk Score (c-statistic = 0.67, outcome =  moderate or severe pain-related 

activity interference) (Turner et al., 2013), Hancock Clinical Prediction Rule (c-statistic = 

0.60, sustained recovery) (Hancock et al., 2008) and the Predicting the Inception of Chronic 

Pain model (PICKUP: c-statistic = 0.66, outcome = chronic LBP) (Traeger, Henschke, et al., 

2016). Each of these screening instruments are self-reported questionnaires assessing pain or 

psychosocial patient characteristics and have undergone external validation. For example, the 

SBT includes 9-items related to radiating leg pain, pain elsewhere, disability (2 items), fear, 

anxiety, pessimistic patient expectations, low mood and how much the patient is bothered by 

their pain (Hill et al., 2008). Patients answer each item using a response format of ‘agree’ or 

‘disagree’, with exception to the bothersomeness item, which uses a Likert scale (Hill et al., 

2008). Clinicians should be aware of the setting each tool was originally developed within 

and the specific outcome each tool attempts to predict. For example, the SBT was not 

originally developed to be used as a robust screening tool, rather it was used to guide 

stratified LBP care (Hill et al., 2008). 

Karran et al. (2017b) synthesised this body of evidence and suggests based on high quality 

prognostic data, that a model administered within the first 3 months of an episode of LBP will 

correctly classify a patient at high or low risk of developing chronic pain between 60% and 

70% of the time (poor discrimination). Prognostic models perform better when discriminating 

between patients who will or will not develop chronic disability, correctly classifying patients 

70-80% of the time (acceptable discrimination) and appear most successful (> 80% 

probability) at discriminating between patients who will or will not return to work (excellent 

discrimination). Evidence exists to suggest the SBT and OMPSQ are poorly calibrated, 



 

17 

 

underestimating risk in populations outside those they were developed in (Karran et al., 

2017a). On average, the variance explained by prognostic models attempting to predict LBP 

outcome is less than 50% (Kent & Keating, 2008), leading some authors to suggest a large 

proportion of LBP outcome is due to unknown or unmeasured prognostic factors (Hartvigsen 

et al., 2018).  

No clinically utilised prognostic model in LBP attempts to integrate assessment of the diverse 

biological systems thought to be involved in the transition from acute to chronic pain 

(Barroso et al., 2021; Hodges et al., 2019; Tracey et al., 2019). This is despite a growing body 

of evidence supporting the notion that biological risk factors can predict LBP outcome. 

2.4. Stratified medicine research 

The final prognostic research theme, stratified medicine, involves tailoring management 

decisions to an individual, or group of individuals with similar characteristics, based on 

different methods of stratification (Hingorani et al., 2013). Stratified medicine uses clinical 

information obtained at baseline (e.g. acute LBP episode), to inform a patients likely response 

to a tailored treatment (Hingorani et al., 2013). The outcomes for patients with LBP have 

been improved with a stratified approach to primary care management and stratified care is 

recommended in clinical guidelines, largely due to its cost effectiveness (Oliveira et al., 

2018). For example, in a study conducted in the United Kingdom individuals were stratified 

as low, medium or high risk of developing disabling LBP based on their SBT score (Hill et 

al., 2008). Those classified as low risk for developing chronic disability received a single 

education session including advice on maintaining appropriate levels of physical activity, 

returning to work and a pamphlet about local exercise venues and self-help groups. Those at 

medium risk received standardised physiotherapy to address symptoms and function, whilst 

patients at high risk received psychologically informed physiotherapy to address relevant 

psychosocial barriers to recovery (Hill et al., 2011). This approach led to significantly 
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improved back-related disability compared to a control group receiving usual physiotherapy 

care (Hill et al., 2011). When this stratified approach was implemented in everyday family 

practice, modest improvements in pain and function and reduced sick leave amongst patients 

were observed (Foster et al., 2014). These improvements in healthcare did not result in 

increased health care costs, another proposed benefit of stratifying LBP care (Foster et al., 

2018).  

Other examples of stratification have been tested in people with LBP. For example, 

prognostic models have been developed to provide stratified care based on treatment 

responsiveness. Patients with non-specific LBP were stratified based on their likely response 

to manipulative therapy (Childs et al., 2004), or lumbar stabilization exercise (Rabin et al., 

2014). O'Sullivan (2000) stratified patients based on proposed mechanisms of LBP 

persistence, suggesting sub-groups of motor control impairment (i.e. flexion, extension, 

lateral shift or  multi-directional lumbar segmental stability patterns). More recently, Ford et 

al. (2016) stratified participants with LBP into five distinct categories based on their proposed 

lumbar musculoskeletal diagnosis (i.e. disc herniation with associated radiculopathy, 

reducible discogenic pain, non-reducible discogenic pain, zygapophyseal joint pain or 

multifactorial persistent pain), facilitating physiotherapy targeted to the specific features of 

each subgroup (Ford & Hahne, 2013). Stratified approaches for the management of LBP are 

considered a research priority (Bouter et al., 2003; Costa et al., 2013; Foster et al., 2009) and 

stratified care usually demonstrates a tendency towards improved clinical outcomes for 

people with LBP (Moffett et al., 2004; Riipinen et al., 2005; Vibe Fersum et al., 2013; 

Vollenbroek-Hutten et al., 2004).  

2.5. Summary 

This section summarised the substantial body of prognostic research conducted within the 

field of LBP. Whilst significant improvements in our understanding of LBP are a result of 
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these findings, to date, this has done little to slow rates of chronic LBP. An important gap in 

current prognostic research is the relative lack of attention to neuro-biological risk factors. 

Identifying novel neuro-biological prognostic factors associated with worse LBP outcome 

may be of particular importance for preventing the transition to chronicity, however, to date 

these risk factors have rarely, or never, been investigated longitudinally. This thesis reports 

longitudinal data suggesting neurobiological prognostic factors can predict future LBP 

outcome (Chapter 4 and 7).  
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Section 3: Causes of low back pain 

Understanding and acknowledging the difference between causation and association is critical 

for a complex, multi-dimensional health condition such as LBP (Hernán MA, 2020; Pearl & 

Mackenzie, 2018). A cause of a disease event is considered an event, condition, or 

characteristic preceding the disease event and without which the disease event either would 

not have occurred or would have occurred at a later time (Rothman & Greenland, 2005). The 

following section reviews important methodological considerations underpinning the science 

of causal inference, linking to examples of LBP research that has attempted to draw causal 

inferences. Evidence for potential causes underpinning the development of chronic, disabling 

LBP is provided and common limitations of the data discussed.  

3.1. Draw causal assumptions before conclusions 

Ideal randomized experiments (i.e. no loss to follow up, full adherence to the assigned 

treatment over the duration of the study, a single version of treatment, and double blind 

assignment) can identify and quantify average causal effects because randomization leads to 

exchangeability, meaning, both groups in the experiment would have the same risk of 

developing the outcome of interest, had the same treatment been given (Hernán MA, 2020). 

When ideal randomized experiments are analysed using appropriate statistical methods such 

as standardization and inverse probability weighting, the average causal effect can be 

estimated (Hernán MA, 2020; Horvitz & Thompson, 1952). However, randomized trial 

designs are often infeasible, untimely, or unethical (Hernán, 2015).  

While acknowledging that randomized trials have intrinsic advantages for causal inference, 

sometimes observational studies must be used to answer causal questions (Hernán MA, 

2020). Drawing causal inferences from observational data requires a clearly articulated 

hypothesis, an attempt to emulate the clinical trial that could answer the causal question of 
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interest, careful attention to minimizing selection and information bias, and a deliberate and 

rigorous plan to control for confounding (Hernán MA, 2020; Hernán & Robins, 2016; 

Lederer et al., 2019).  

Causal assumption can be drawn graphically using causal diagrams (directed acyclic graphs, 

or DAGs) (Pearl, 2000). Causal diagrams make researcher’s assumptions about the 

underlying causal structure between an exposure and outcome explicit (Greenland, 2003; 

Hernán et al., 2004; Pearl, 2000; Pearl & Mackenzie, 2018). Whilst there can be no guarantee 

variables specified within a causal diagram fully eliminate confounding, drawing causal 

assumptions guide investigators in the design of their data analysis and make the causal 

assumptions of the researchers’ explicit (Hernán MA, 2020). Figure 4 below displays a 

simple causal diagram demonstrating confounding bias. 

 

Figure 4. Directed acyclic graph (DAG) displaying confounding bias. Within a DAG a “path” is a set of 

arrows connecting any two variables (regardless of arrow direction). The graphs are “Directed” as the edges 

imply a direction: for example, the arrow from A (exposure) to Y (outcome) is into Y, A may cause Y, but not 

the other way around. The graphs are “acyclic” because there are no cycles: a variable cannot cause itself, either 

directly or through another variable (Hernán MA, 2020). C represents a relevant covariate confounding the 

relationship between A and Y.  Modified from “Hernán MA, Robins JM (2020). Causal Inference: What If. 

Boca Raton: Chapman & Hall/CRC, p.84. 

The causal path of interest is the hypothesized association between exposure and outcome, 

whilst a “back-door path” is an alternate path between exposure and outcome. Confounding 
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exists when at least one back-door path remains open in a causal diagram.  When confounders 

are adjusted for statistically, a back-door path is closed. The available methods to adjust for 

confounding include stratification, matching, standardization, inverse probability weighting, 

and g-estimation (Hernán MA, 2020). In practice, these adjustment methods are implemented 

using statistical models, such as conventional multivariable regression techniques for 

adjustment via stratification (Glass et al., 2013). For the above methods to provide a true 

estimate of causal effect, all confounders must have been identified and appropriately 

measured, a condition that can only be assumed (Hernán, 2018). Chapter 5 of this thesis 

describes the development of a causal model of LBP.   

3.2. Confounding bias in low back pain research  

LBP is thought to originate from several spinal structures including ligaments, facet joints, 

the vertebral periosteum, the paravertebral musculature and fascia, blood vessels, the anulus 

fibrosus, and spinal nerve roots (Deyo & Weinstein, 2001). Within a biomedical model of 

LBP, a person’s pain is viewed as a physical sensation and linked to specific tissue damage 

(Mardian et al., 2020). For example, facet joint arthritis identified using diagnostic imaging is 

considered the cause of a person’s chronic LBP. Biomedical treatments that seek to numb, 

destroy, or remove tissue thought to be the source of the pain are then offered to patients. 

These treatment options have displayed some efficacy. Injecting facet joints with local 

anaesthetic can cause temporary relief of pain  (Hancock et al., 2007), and radiofrequency 

denervation of the facet joint can be an effective treatment option for some people (Maas et 

al., 2015). However, a growing body of evidence suggests sham invasive procedures explain 

most of the benefit obtained from invasive, biomedical interventions in LBP (Jonas et al., 

2019).  

Considering causes of LBP from a biomedical model of care is further complicated by a 

growing body of evidence that suggests poor correlation between anatomic abnormalities 
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seen on imaging and pain (Bedson & Croft, 2008; Brinjikji et al., 2015; Deyo, 2009). Multi-

detector computed tomographic imaging of the lumbar spine has identified a very high 

prevalence of facet joint osteoarthritis (59.6% of males and 66.7% of females) that increases 

with age for pain free, community-dwelling adults (Kalichman et al., 2008). Boden et al. 

(1990) examined magnetic resonance imaging (MRI) findings in adults younger than 60 years 

with no history of back or radicular pain and found that approximately half had bulging discs 

and degenerative discs and nearly a quarter had herniated discs. Conversely, at least in people 

younger than 50 years of age, a systematic review (14 case-control studies; 3097 participants) 

found several MRI findings associated with LBP, including Modic type 1 changes, disc 

bulge, disc extrusion, and spondylolysis. A subsequent study utilising MRI, including 1142 

people, found that Modic type 2 changes were associated with LBP related disability, but not 

pain. Cross-sectional study designs and the conflicting nature of research findings, in part due 

to inadequate control of confounding, has resulted in uncertainty surrounding whether 

structural abnormalities of the spine observed using diagnostic imaging cause LBP.  

Back muscle structure is another biomedical risk factor commonly considered a cause of 

LBP. Muscle atrophy (Danneels et al., 2000; Hides et al., 1994), fat infiltration (relative 

muscle fat index) within lean muscle tissue (Chan et al., 2012; Parkkola et al., 1993; Yanik et 

al., 2013) and muscle fibre differences (Crossman et al., 2004; Hodges et al., 2015) have all 

been reported in the literature. Hides et al. (1994) identified localised atrophy of the 

multifidus on the painful side of the lower back during acute LBP and this finding was 

replicated in an animal model (Hodges et al., 2006). During remission of LBP, MRI imaging 

displays fat infiltration within muscles such as the multifidus, erector spinae, and psoas 

correlated with the frequency of LBP episodes (D'hooge et al., 2012). Once LBP persists 

changes in back muscle structure appear to become more extensive (Hodges & Danneels, 

2019). Bilateral multifidus atrophy is frequently reported (Beneck & Kulig, 2012; Danneels et 
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al., 2000; Fortin & Macedo, 2013; Wallwork et al., 2009), fatty infiltration is observed in the 

multifidus and erector spinae (Goubert et al., 2017) and there is a greater proportion of type II 

and type IIc muscle fibres leading to greater muscle fatiguability (Mannion et al., 1997). 

Despite these findings, longitudinal human study data is not available, thus limiting any 

causal interpretation of this work (Goubert et al., 2016; Hodges & Danneels, 2019).  

Current consensus suggests altered back muscle structure is bi-directionally linked to back 

muscle function, whilst pain and inflammatory mechanisms exert an effect on structure and 

function (Hodges & Danneels, 2019), eventually contributing to a circular process of 

persistent or recurrent LBP (Ebenbichler et al., 2001; Freeman et al., 2010; Hodges & Tucker, 

2011). Back muscle function has also been extensively studied in people with chronic LBP, 

however the results are highly variable (Van Dieën et al., 2003). Generally, altered muscle 

function in LBP is reported as impaired control of the deep trunk muscles (Hodges & 

Richardson, 1997, 1998; Moseley et al., 2002) and/or overactivation of the superficial trunk 

muscles (Costa et al., 2009; Ferreira et al., 2007). Unfortunately, specific motor control 

training appears to be no more effective than general exercise in reducing pain and disability 

related to LBP thus raising questions around the relative importance of back muscle function 

as a mechanism driving LBP persistence (Hodges & Danneels, 2019; Saragiotto et al., 2016). 

Closely related to back muscle structure and function is the idea that spinal postures cause 

chronic LBP. Systematic reviews have failed to identify any consistent causal link between 

work postures including prolonged sitting, bending or twisting and LBP. Once again, most of 

the studies investigating these exposures fail to adequately control for confounding factors 

(Roffey et al., 2010; Swain et al., 2020). Further, there is a lack of evidence that ergonomic 

interventions reduce LBP risk (Driessen et al., 2010), neither is there evidence to suggest the 

way people bend alters LBP risk (Wai et al., 2010). 

One alternate method to eliminate confounding bias from an effect estimate is instrumental 
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variable estimation (Greenland, 2000; Hernán & Robins, 2006). An instrumental variable is a 

variable that has an effect on the exposure, but no association with the outcome, except 

through the exposure (Glass et al., 2013). Instrumental variable estimation therefore does not 

require confounder adjustment. For example, mendelian randomization uses genetic variants 

as instrumental variables to estimate the causal effects of a risk factor on an outcome (Davey 

Smith & Ebrahim, 2003; Davey Smith & Hemani, 2014; Evans et al., 2015; Smith & 

Ebrahim, 2005). Recently, Elgaeva et al. (2019) identified increased body mass index as a 

cause of both LBP onset and the development of chronic LBP using Mendelian 

randomization methodology, and this modifiable biophysical risk factor should be considered 

a cause of LBP. In a separate Mendelian randomization study, physical activity levels did not 

have a causal effect on LBP outcome (Gao et al., 2021).  

The biomedical and biophysical risk factors described above are not the only studies 

investigating biological causes of LBP impacted by confounding bias. For example, much of 

the literature investigating brain structure and function (Apkarian et al., 2005), nociceptive 

processing in the brainstem or spinal cord (Crawford et al., 2021; Henderson & Keay, 2018; 

Margerison et al., 2022) and emerging data implicating immunocompetent cells in the CNS 

(Grace et al., 2014) are rarely explored longitudinally with rigorous plans to address 

confounding. Section 3.5. in this chapter provides further clarification around the choice of 

biological variables studied for the first time in this thesis.  

3.3. Estimating causal effects through mediation   

In Figure 5 a different covariate is represented in the simple causal diagram. Here, C 

represents a mediator and lies on the causal path between A and Y. Mediators are of 

particular interest in studies of human disease as they represent causal mechanisms (Lee et 

al., 2016). In Figure 5, some of the causal effect of A on Y is mediated by the variable C, 

often termed an indirect effect (Lederer et al., 2019). Statistical control of a mediator will 
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close the indirect causal path and limit the ability to observe an association, should one exist, 

between exposure and outcome (Hernán MA, 2020). Both randomized controlled trials and 

observational cohort studies can be used to identify and quantify direct (A → Y), and indirect 

(A → C → Y) effects using mediation analysis. Importantly, as mediation analyses aim to 

quantify causal effects, consideration for relevant confounding is required (MacKinnon et al., 

2007).  

 

Figure 5. Directed acyclic graph (DAG) displaying a mediator variable. Adjusting for C blocks the path A 

→ C → Y but not the path A → Y. Therefore, the association of A → Y adjusted for C is a biased estimate of 

the total effect. A is the exposure, Y is the outcome and C is a covariate acting as a mediator. Modified from 

“Hernán MA, Robins JM (2020). Causal Inference: What If. Boca Raton: Chapman & Hall/CRC, p.84. 

3.4. Psychosocial factors mediate low back pain outcome 

In studies of LBP, psychosocial factors often act as mediators between exposure and 

outcome, and consequently their indirect causal effect can be quantified. Psychological 

constructs such as depression, anxiety, catastrophizing and self-efficacy appear to exert a 

causal effect on chronic LBP and disability (Hartvigsen et al., 2018). Meta-analysis of causal 

mediation studies provides further support for this theory, identifying self-efficacy, distress, 

and fear, as significant mediators for the effect of pain on disability (Lee et al., 2015). 

However, this review was not without limitations as many of the included studies did not 

adjust for confounding or conduct sensitivity analyses to explore the effects of unknown 
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confounding (Lee et al., 2015). Consequently, interpreting psychosocial factors as causes of 

poor LBP outcome requires caution due to the sub-optimal reporting quality and 

methodological conduct of mediation studies (Cashin et al., 2019). Further, it remains 

challenging in the absence of prospective, longitudinal data to determine whether altered 

psychological status precedes the development of chronic LBP or is merely a consequence of 

living with pain. In fact, a growing body of neuroimaging data displays substantial overlap 

between brain structures that impart vulnerability or are affected by pain chronicity and the 

brain structures involved in pathological negative moods such as depression (Baliki & 

Apkarian, 2015).  

3.5. Summary 

This section of this literature review introduced the reader to the science of causal inference 

and highlights the lack of causal mechanisms explaining why some people with an acute 

episode of LBP recover, whereas others do not (Hoy, Brooks, Blyth, & Buchbinder, 2010; 

Maher et al., 2017; Pengel, Herbert, Maher, & Refshauge, 2003). Currently, generic 

treatments are applied to minimise pain and its consequences, and provide at best, modest 

benefits (Maher et al., 2017). Patient’s questions about what is causing their LBP are 

unanswered. Identifying pathoanatomical causes and/or LBP phenotypes has the potential to 

reduce the individual and societal burden of chronic LBP worldwide (Maher et al., 2017). 

Chapter 4 and 5 of this thesis provide an example of how these scientific advances in causal 

inference can be applied to longitudinal cohort data.  
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Section 4: Risk factors requiring further investigation  

Routine clinical assessment of patients presenting to primary care with acute LBP should 

follow an approach that (1) assesses for risk factors (red flags) suggesting a specific, serious 

underlying pathology (e.g. cancer, infection, inflammatory arthropathy); (2) identifies any 

presence of neurological compromise; and (3) identifies prognostic factors (yellow flags) 

likely to delay recovery (Deyo et al., 1992). These yellow flags are typically considered from 

a symptom-related, lifestyle, psychological or social perspective (Hartvigsen et al., 2018; 

Klyne et al., 2020). For example, symptom-related factors such as the presence of leg pain or 

high acute pain intensity can increase a patients risk of developing chronic disabling pain 

(Chou & Shekelle, 2010). Lifestyle and psychosocial prognostic factors such as lower 

socioeconomic or educational status, occupational dissatisfaction, higher physical work 

demands, poorer general health, tobacco use, increased body mass index, fear avoidant 

behaviours or the presence of compensation have also been linked to delayed or poor 

recovery (Linton, 2000; Pincus et al., 2002). Prognostic models typically combine 

psychosocial risk factors as described in Chapter 1, Section 2.3, and when used in clinical 

practice can increase a clinician’s suspicion of patients at greater risk of poor outcome and 

inform clinical decision making (Chou & Shekelle, 2010; Hill et al., 2008). 

Despite this understanding, two clear gaps are evident in the field of LBP research. Firstly, 

biological prognostic factors have been largely ignored in prognostic factor research and this 

has led to prognostic models that cannot accurately predict which individuals are more likely 

to develop chronic pain. Secondly, little is known about causal mechanisms underpinning the 

development of chronic LBP. The combined effect of these two limitations is that generic 

treatments are applied to a heterogenous patient group (Lee et al., 2016). These treatments 

demonstrate, at best, modest effect sizes regardless of type (Artus et al., 2010; Oliveira et al., 

2012; Pereira et al., 2012; Rubinstein et al., 2011). 
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The following sections of this thesis will explore the most promising candidate biological risk 

factors thought to have a role in the transition from acute to chronic LBP. These risk factors 

were selected for investigation within this thesis based on the best available evidence 

suggesting an association with LBP outcome (Baumbauer et al., 2020; Cirillo et al., 2012; 

Egan et al., 2003; Flor et al., 1997; Laske et al., 2007; Shyh-Yuh et al., 2016; Tsao et al., 

2011). To date, these risk factors have rarely been explored longitudinally in a clinical 

population such as LBP. Further, the risk factors that have received attention in the field of 

LBP research such as psychosocial status are rarely considered during an acute episode of 

LBP, and are usually investigated independently of biological risk factors, thus limiting our 

understanding of the potential interplay between biological, psychological, and social factors. 

 

4.1. Corticomotor function 

4.1.1. Transcranial magnetic stimulation 

For the first time in 1985, Barker and colleagues reported a pain-free, non-invasive method of 

stimulating the human primary motor cortex (M1). M1 is located in the precentral gyrus of 

the frontal lobe and is one of the main brain regions thought to be involved in control of 

muscle force, muscle length and movement direction (Donoghue & Sanes, 1994). During 

TMS an insulated copper wire coil is positioned over a participant’s scalp. A brief pulse of 

current from a high voltage capacitor is passed through the copper coil, inducing a time-

varying magnetic field that penetrates the skull (Groppa et al., 2012). This electromagnetic 

field produces a secondary electric current in the corresponding cortical tissue, depolarizing 

the surrounding cortical neurons (Groppa et al., 2012). Several types of TMS coils have been 

proposed however the circular and figure-of-eight coils remain the most common (Thielscher 

& Kammer, 2004), (Figure 6). Circular coils deliver stronger and more diffuse magnetic 
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fields, allowing excitation of neurons located deeper in the cortex, whilst figure-of-eight coils 

improve focality of stimulation but deliver a weaker magnetic field (Klomjai et al., 2015). 

TMS has become one of the most common methods used to assess corticomotor excitability 

and can be applied using a single or paired pulse paradigm, or to induce neuroplasticity 

through low or high frequency repetitive TMS (Rossini et al., 2015). This thesis focusses on 

single pulse TMS applied over M1 to assess corticomotor excitability, thus, discussion is 

limited to this methodology.  

 

Figure 6. Pictorial representation demonstrating the application of transcranial magnetic stimulation 

(TMS). The participant is fitted with a swim cap with a pre-marked 1-cm2 spaced grid. The circular TMS coil 

induces a magnetic field. Modified from “Reliability of transcranial magnetic stimulation for mapping the 

human motor cortex” by Mortifee et al., (1994), Electroencephalography and Clinical Neurophysiology, 93(2), 

p. 132. 

4.1.2. Motor evoked potentials 

TMS stimulation of M1 evokes a series of descending volleys that travel down the 

corticospinal tract (Klomjai et al., 2015). When the spread of descending activity evoked 

from TMS stimulation of cortical neurons is strong enough, an action potential is generated in 
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the peripheral motor neuron that causes a muscle twitch (Di Lazzaro et al., 2004). This 

biphasic twitch response can be measured from a target muscle using electromyography 

(EMG) and is termed a motor evoked potential (MEP) (Groppa et al., 2012). The size of a 

MEP, expressed as the peak-to-peak amplitude of the EMG waveform is dependent on 

excitability of cortical and spinal synaptic projections to the target muscle, and is thought to 

reflect plasticity at a cortical, subcortical or spinal level (Rossi et al., 2009) (Figure 7).  

 

Figure 7. A motor evoked potential. TMS = transcranial magnetic stimulation. mV = millivolts. Ms = 

Milliseconds. Modified from “An investigation of the relationship between movement and pain” by Summers, 

S.J., (2020), p. 33. 

Traditional single pulse TMS is one of the most common measures used to quantify 

corticomotor excitability. First, TMS stimulation intensity is defined with respect to a motor 

threshold using the relative frequency method (Rossini et al., 1994; Van de Ruit, 2016). For 

calculating resting motor threshold, this typically means at least 5 out of 10 stimuli applied 

over a specific M1 site result in an MEP amplitude > 50 µV, whilst for the active motor 
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threshold, the same criterion is used, however peak-to-peak MEP amplitude response must 

exceed 200 µV (Rossini et al., 1994). During single pulse TMS, a limited number of stimuli, 

usually greater than 30 (Cuypers et al., 2014; Eisen et al., 1991), are applied to M1, with an 

interstimulus interval > 1 s. Stimulation is commonly applied over the ‘hotspot’, the location 

of the most excitable population of neurons projecting to a target muscle (Rossi et al., 2009). 

Corticomotor excitability can then quantified by taking the overall mean amplitude and 

standard deviation (SD). Whilst valuable, this method provides no information about 

corticomotor reorganization (i.e. somatotopic muscle representation, including shifts in their 

size or location) (Rossi et al., 2009). To detect for changes in M1 organisation, researchers 

frequently stimulate different sites throughout the M1 and draw a topographical map known 

as TMS mapping (Wassermann et al., 1992). 

4.1.3. TMS mapping 

Traditionally, a tight-fitting bathing cap with a 1-cm spaced grip is applied to the scalp and 

stimuli are delivered in a predetermined fixed sequence (Mortifee et al., 1994). The resultant 

peak-to-peak MEP amplitudes elicited at each scalp site are recorded (Ngomo et al., 2012; 

Peterchev et al., 2012), taken offline, and used to create a topographical representation 

(‘map’) of the stimulated corticomotor area (Figure 8). Methodological advances have 

resulted in neuronavigation systems that aid coil position using frameless stereotaxy (Gugino 

et al., 2001; Ngomo et al., 2012; Van De Ruit et al., 2015; Weiss et al., 2013). Once the M1 is 

mapped, cortical organisation is typically probed using three different parameters. First, the 

sum of all MEPs, known as map volume, quantifies changes in the size of the cortical 

representation for a given muscle and is used to quantify changes in excitability. Second, map 

area represents the total scalp area whereby an MEP was elicited from TMS stimulation. This 

measure quantifies changes in the size of cortical representation for a given muscle. Finally, 

the centre of gravity (CoG) represents the amplitude weighted mean centre of the TMS map 
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and can be used to quantify changes in cortical organisation.  

 

Figure 8. Transcranial magnetic stimulation maps. A. Three-dimensional view B. Cross-sectional view. 

MEP = Motor evoked potential amplitude, Lat-Med = Lateral-Medial, Ant-Post = Anterior-Posterior. Colour 

map is in millivolts. Brighter colours represent more ‘excitable’ cortical tissue. X = hotspot. Modified from 

“TMS brain mapping in less than two minutes” by van de Ruit, Perenbroom, and Grey, 2015, Brain Stimulation, 

8(2), p. 232. 

4.1.4. Reliability and validity of TMS measures 

In 2012, the International Federation of Clinical Neurophysiology (IFCN) recommended 

delivering 3-6 stimuli per 1cm2 grid site during mapping (Groppa et al., 2012). Further, an 

interstimulus interval of 3-5 seconds is encouraged to allow accurate coil repositioning and 

prevent stimulus-stimulus carryover effects (Gagné et al., 2011; Neggers et al., 2004; Ngomo 

et al., 2012). When these recommendations are adhered to TMS measures have demonstrated 

reliability, referring to the reproducibility of a result over time or between assessors 

(LoBiondo-Wood & Haber, 2014). For example, Kraus and Gharabaghi (2016) when 

mapping upper limb musculature using the IFCN recommendations reported excellent test-

retest reliability (ICC: CoG X = 0.98, CoG Y = 0.97). Weiss et al. (2013) have supported 

these findings also demonstrating excellent reliability when using a similar stimulation 

protocol. Excellent map area reliability and moderate map volume reliability has been 

demonstrated by Plowman-Prine et al. (2008) when  mapping swallowing musculature using 
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a similar protocol. More recently, Cavaleri, Chipchase, Massé‐Alarie, et al. (2020) 

demonstrated good to excellent within session reliability for map area, map volume and CoG 

measures using a rapid TMS mapping technique to assess corticomotor excitability of lumbar 

erector spinae musculature.  

Validity refers to the ability of a technique to accurately measure an intended outcome 

compared with a previously validated gold standard (Whiting et al., 2011). TMS mapping has 

demonstrated excellent agreement (> 80% overlap) with maps acquired using direct cortical 

stimulation in six neurosurgical patients (Opitz et al., 2014; Tarapore et al., 2012). Further, 

topographical representations derived by TMS lay consistently within areas of M1 predicted 

by MRI (Boroojerdi et al., 1999). 

4.1.5. Corticomotor function and low back pain 

Corticomotor excitability during LBP was first investigated by Strutton and colleagues (2005) 

who identified lower corticomotor excitability of the lumbar extensor spinae muscles in 

patients with chronic LBP compared to pain-free participants. In 2008, Tsao and colleagues 

significantly expanded on these findings identifying a larger map volume and posterior-lateral 

shift of the M1 transversus abdominis representation for people with recurrent LBP compared 

to healthy controls (Tsao et al., 2008). These changes in corticomotor excitability and 

organisation were associated with delayed onset of the transversus abdominis muscle during a 

shoulder flexion task leading these authors to hypothesise that changes occurring in the motor 

cortex may underlie, or at least contribute, to the alterations in postural control strategies 

commonly observed in people with LBP (Hodges & Richardson, 1996; Hodges & Tucker, 

2011). Tsao et al. (2011) further explored corticomotor representations during recurrent LBP 

through TMS mapping of the deep multifidus and longissimus erector spinae muscles. This 

study was awarded The International Society for the Study of the Lumbar Spine Award in 

2011 and found greater overlap of deep multifidus and lumbar erector spinae muscle 
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representations in M1 for people with LBP compared to pain-free controls, termed 

‘smudging’. An example of lumbar muscle representation ‘smudging’ within M1 is seen 

below in Figure 9.   

 

Figure 9. Smudging of the lumbar muscle representations within the primary motor cortex. Transcranial 

magnetic stimulation mapping of the left and right deep multifidus (DM, left panels) and longissimus erector 

spinae (LES, right panels) in recurrent low back pain (LBP) or pain-free participants. The dashed lines represent 

the frontal and sagittal planes intersecting at the vertex. DM maps overlap with the LES maps in people with 

recurrent LBP. More discrete organisation between DM and LES representations is seen for pain-free 

participants. Modified from: “ISSLS prize winner: Smudging the motor brain in young adults with recurrent low 

back pain” by Tsao, Daneels, and Hodges, 2011, Spine, 36(21), p. 1723. 

Combined, these findings of altered map volume and smudging of representations within M1 

for lumbar spine musculature is thought to reflect the search for novel motor strategies 

(Schabrun et al., 2014)  and individual changes in muscle control (Tsao et al., 2011). Whilst 

these strategies may provide short term benefit, limiting movement and protecting an injured 

body region (Hodges & Tucker, 2011), ongoing alterations in motor control driven by 

changes in corticomotor function may contribute to the development of maladaptive motor 

patterns and pain persistence (Tsao et al., 2011). Indeed, these changes in corticomotor 

function have been associated with functional limitation and ongoing pain (Tsao et al., 2008), 



 

36 

 

and increased low back pain severity (Schabrun et al., 2017).   

However, despite this intriguing data linking M1 to chronic LBP, conflicting findings exist. 

Several authors have used TMS to explore changes in M1 during clinical LBP and the 

findings of these studies, including the study characteristics are summarised below in Table 

1. To date, these studies are cross-sectional, limiting the ability to study prognostic or 

aetiological consequences of corticomotor function in LBP. For example, when interpreting 

cross-sectional data, it is not possible to determine whether changes in M1 map volume or 

representations preceded the development of chronic pain, thus no assumptions surrounding 

maladaptive motor patterns and the maintenance of pain can be confirmed. Further, small 

sample sizes predominate the literature as highlighted in Table 1, limiting the potential to 

detect a ‘true’ effect (Lipsey & Aiken, 1990). Finally, except for a single study (Chang et al., 

2019), no other TMS data has been collected in people experiencing an acute LBP episode, 

significantly hampering our understanding of changes that occur within M1 soon after pain 

onset. Further research is required to address these gaps in the literature and confirm, or 

refute, current theories of corticomotor function and subsequent motor control during the 

transition from acute to chronic LBP. Corticomotor function is a variable explored in detail 

throughout Chapters 2-6 of this thesis.
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Table 1. Characteristics and summary of the results of the identified studies examining corticomotor excitability during low back pain. 

  LBP participants  Healthy participants   

Outcome 

parameter 

Author and 

year 

Study size N,  

(M/F) 

Age, Years Pain 

condition 

Pain 

intensity (0-

10) 

 Study size N, 

(M/F) 

Age, Years Outcome 

Muscle 

Result 

Active motor 

threshold (%) 

Strutton et al., 

(2005) 

24 (15/9) 39.1 ± 2.2 cLBP NA  11 (7/4) 35.9 (3.2) LES Increased 

 Tsao et al., 

(2008)  

11 (5/6) 24 ± 7 LBP 5.5 ± 2.0  11 (4/7) 23 ± 3 TrA Decreased 

 Masse-Alarie 

et al., (2012)  

9 (4/5) 53.7 ± 7.4   LBP 2.9 ± 2.5  13 (7/6) 48.7 ± 6.8 TrA/IO No difference 

 Masse-Alarie 

et al., (2016)  

35 (20/15) 38 ± 14.6 LBP 4.2 ± 2.1  13 (6/7) 37.6 ± 12.5 DM No difference 

 Masse-Alarie 

et al., (2017)  

19 (11/8) 33.7 ± 24.4 cLBP (right) 4.2 ± 2.1  13 (6/7) 37.6 ± 12/5 DM Decreased 

  16 (9/7) 43.6 (14.0) cLBP (left) 4.2 ± 2.2  13 (6/7) 37.6 ± 12/5 DM No difference 

Cortical peaks 

(N) 

Schabrun et 

al., (2017)  

27 (13/14) 30 ± 9 cLBP 4.6 ± 1.9  23 (12/11) 27 ± 5 LES – L3 Decreased 

         LES – L5 No difference 

 Elgueta-

Cancino 

(2018) 

20 (9/11) 32 ± 9 cLBP NA  20 (9/11) 28 ± 5 LES – L3 No difference 

         LES – L5 No difference 

 Chang et al., 

(2019)  

36 (17/19) 34 ± 12 aLBP 3.6 ± 1.8  36 (18/18) 29 ± 7 L3 paraspinal 

muscle 

No difference 

 

         L5 paraspinal 

muscle 

No difference 
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Map volume Tsao et al., 

(2008) 

11 (5/6) 24 ± 7 LBP 5.5 ± 2.0  11 (4/7) 23 ± 3 TrA Increased 

 Tsao et al., 

(2011) 

9 (4/5) 25 ± 3.4 LBP 4.7 ± 1.1  11 (5/6) 24 ± 5 DM 

 

Decreased 

         LES Decreased 

 Schabrun et 

al., (2017)  

27 (13/14) 30 ± 9 cLBP 4.6 ± 1.9  23 (12/11) 27 ± 5 L3 paraspinal 

muscle 

No difference 

         L5 paraspinal 

muscle 

No difference 

 Burns et al., 

(2017)  

11 (6/5) 29 ± 7 LBP 4.0 ± 2.0  11 (6/5) 27 ± 5 Paraspinal 

muscles 

No difference 

 Elgueta-

Cancino 

(2018) 

20 (9/11) 32 ± 9 cLBP NA  20 (9/11) 28 ± 5 LES – L3 No difference 

         LES – L5 No difference 

 Chang et al., 

(2019)  

36 (17/19) 34 ± 12 aLBP 3.6 ± 1.8  36 (18/18) 29 ± 7 L3 paraspinal 

muscle 

Decreased 

         L5 paraspinal 

muscle 

No difference 

MEP 

amplitude 

Masse-Alarie 

et al., (2016)  

35 (20/15) 38 ± 14.6 LBP 4.2 ± 2.1  13 (6/7) 37.6 ± 12.5 DM (bilateral) No difference 

 Burns et al., 

(2017)  

11 (6/5) 29 ± 7 LBP 4.0 ± 2.0  11 (6/5) 27 ± 5 Paraspinal 

muscles 

Decreased 

 Masse-Alarie 

et al., (2017)  

19 (11/8) 33.7 ± 24.4 cLBP (right) 4.2 ± 2.1  13 (6/7) 37.6 ± 12/5 DM No difference 

  16 (9/7) 43.6 (14.0) cLBP (left) 4.2 ± 2.2  13 (6/7) 37.6 ± 12/5 DM No difference 

MEP area Strutton et al., 

(2005) 

24 (15/9) 39.1 ± 2.2 cLBP NA  11 (7/4) 35.9 (3.2) LES No difference 
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MEP latency Strutton et al., 

(2005) 

24 (15/9) 39.1 ± 2.2 cLBP NA  11 (7/4) 35.9 (3.2) LES No difference 

 Tsao et al., 

(2008) 

11 (5/6) 24 ± 7 LBP 5.5 ± 2.0  11 (4/7) 23 ± 3 TrA No difference 

 Tsao et al., 

(2011) 

9 (4/5) 25 ± 3.4 LBP 4.7 ± 1.1  11 (5/6) 24 ± 5 DM 

 

No difference 

         LES No difference 

Resting motor 

threshold (%) 

Tsao et al., 

(2008) 

11 (5/6) 24 ± 7 LBP 5.5 ± 2.0  11 (4/7) 23 ± 3 TrA No difference 

SP duration 

(ms) 

Strutton et al., 

(2005)  

24 (15/9) 39.1 ± 2.2 cLBP NA  11 (7/4) 35.9 (3.2) LES No difference 

 Masse-Alarie 

et al., (2016)  

35 (20/15) 38 ± 14.6 LBP 4.2 ± 2.1  13 (6/7) 37.6 ± 12.5 DM (bilateral) No difference 

 Burns et al., 

(2017)  

11 (6/5) 29 ± 7 LBP 4.0 ± 2.0  11 (6/5) 27 ± 5 Paraspinal 

muscles 

No difference 

 Masse-Alarie 

et al., (2017)  

19 (11/8) 33.7 ± 24.4 cLBP (right) 4.2 ± 2.1  13 (6/7) 37.6 ± 12/5 DM No difference 

  16 (9/7) 43.6 (14.0) cLBP (left) 4.2 ± 2.2  13 (6/7) 37.6 ± 12/5 DM No difference 

Abbreviations: aLBP, acute low back pain; cLBP, chronic LBP; DM, deep multifidus; F, female; IO, internal oblique; LES, lumbar erector 

spinae; M, male; MEP, motor evoked potential; NA, not applicable; N, number; SP, silent period; TrA, transversus abdominis. 
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4.2. Somatosensory and anterior cingulate cortex excitability 

4.2.1. Early observations of cortical pain processing  

Seminal work by Wilder Graves Penfield and his colleagues between 1937 and 1968 led to an 

exhaustive map of the human cortex derived by intraoperative electrical stimulation under 

local anaesthesia (Penfield, 1968; Penfield & Boldrey, 1937; Penfield & Faulk Jr, 1955; 

Penfield & Jasper, 1954; Penfield & Perot, 1963; Rasmussen & Penfield, 1947). Motor, 

sensory and speech areas were clearly identified in the awake patient, and stimulation of 

lateral temporal lobe areas caused ‘experiential responses’ typically described as a 

combination of complex auditory or visual hallucinations that the patient interpreted as a past 

personal experience (Penfield & Jasper, 1954; Penfield & Perot, 1963). Somewhat 

surprisingly, patients involved in this study did not report pain during cortical stimulation, 

even with focal stimulation of SI and SII (Penfield & Faulk Jr, 1955). Earlier observations 

reported by Head & Holmes, (1911) showed that patients with longstanding somatosensory 

cortex lesions also demonstrated no deficits in pain processing. These findings challenged the 

idea that a primary pain centre within the brain receives nociceptive input from the periphery 

(Mazzola et al., 2012). 

4.2.2. Non-invasive measurement of cortical pain processing   

Contrary to these early observations derived from intraoperative direct cortical stimulation, 

the advent of non-invasive human brain imaging techniques has consistently highlighted the 

role of the cortex in human pain processing (Apkarian et al., 2005). The first studies of pain 

using modern brain imaging technologies were published at the beginning of the 1990s by 

Talbot et al. (1991) and Jones et al. (1991) using positron emission tomography (PET) and 

Apkarian et al. (1992) using single-photon emission computed tomography. All studies 

applied a short duration heat pain paradigm and provided evidence to suggest multiple 
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cortical and sub-cortical regions are activated during the experience of heat pain. Many other 

PET and functional MRI (fMRI) studies corroborated these findings in the years following 

with a growing body of evidence suggesting that the most frequently activated regions across 

PET and fMRI studies of acute, experimental pain are the ACC, SI, SII, insular cortex (IC), 

thalamus (Th) and pre-frontal cortex (PFC) (Apkarian et al., 2005). Several authors suggest 

nociceptive input to both SI and SII underpins the unpleasant sensory features of pain 

perception (Bushnell et al., 1999; Chen et al., 2002; Coghill et al., 1999; Peyron et al., 1999). 

Activation of limbic systems such as the ACC and IC are implicated in affective processing 

of pain (Fulbright et al., 2001; Rainville et al., 1997; Tölle et al., 1999) whilst PFC activation 

is hypothesized to underpin emotional, cognitive and memory aspects of pain processing 

(Apkarian et al., 2005; Coghill et al., 1999; Peyron et al., 1999).  

4.2.3. Electrophysiological measurement of cortical pain processing 

The cortical representation of pain is also extensively investigated using 

electroencephalography (EEG) and magnetoencephalography (MEG). EEG and MEG 

measure the intrinsic electricity within the human brain. The greatest benefit of these brain 

imaging modalities is their temporal resolution, estimated at around 0.001 seconds (Apkarian 

et al., 2005). For example, brief painful stimuli are reflected in two sequential brain activation 

patterns in EEG and MEG recordings from SI, SII and ACC, due to the different conduction 

times in nociceptive A- and C-fibres (approximately 1 second difference) (Arendt-Nielsen et 

al., 1990; Bragard et al., 1996; Magerl et al., 1999; Opsommer et al., 2001; Ploner et al., 

2002; Tran et al., 2002). Typically, A-fibre mediated brain activity can be separated into an 

early (100-200ms after stimulus onset) and late (beyond 200ms latency) EEG/MEG response. 

Early EEG/MEG response is thought to originate in the vicinity of SI and SII (Kunde & 

Treede, 1993; Miyazaki et al., 1994; Tarkka & Treede, 1993), whilst late EEG/MEG signals 

have been localized to ACC (Bentley et al., 2002). Many EEG and MEG studies analyse 
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evoked potentials to exploit the higher signal to noise ratio (Apkarian et al., 2005). Evoked 

potentials contain a series of positive and negative deflections and are used to quantify 

cortical processing in response to noxious or non-noxious stimuli. An example of an evoked 

potential recording is provided below in Figure 10. 

 

Figure 10. Somatosensory evoked potential recorded in response to non-noxious electrical stimuli applied 

over the lumbar paraspinal muscle in a pain-free individual. Electroencephalography (EEG) was recorded 

using a gold plated cup electrode positioned over the primary somatosensory cortex on the side contralateral to 

the site of electrical stimuli and referenced to Fz using the International 10/20 System. The first major negative 

peak is defined as N80, followed by the second negative peak, N150, and immediately followed by a major 

positive peak, P260. Modified from: “Sensorimotor cortical activity in acute low back pain: a cross-sectional 

study” by Chang et al., 2019, The Journal of Pain, 20(7), 819-829. 

4.2.4. Cortical pain processing and low back pain 

Of particular interest across early EEG and MEG studies in people with chronic LBP was the 

cortical organization and responsiveness of SI and SII to stimuli. Flor et al. (1997) showed 

for the first time that amongst participants with chronic LBP the cortical representation of the 

lower back within SI was shifted medially, invading the area where the leg is normally 
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represented in people without chronic pain. The extent of this cortical expansion was closely 

related to the duration of LBP, specifically, a greater shift in the SI representation of the 

lower back was seen in those with LBP of longer duration (Flor et al., 1997). In this work by 

Flor et al. (1997), enhanced cortical responsiveness to both noxious and non-noxious 

electrical stimuli applied to the lower back was observed for participants with chronic LBP 

compared to healthy controls. Diers et al. (2007)  later confirmed these findings, identifying 

higher responsiveness within SI to experimental muscle pain in patients with chronic LBP. 

These authors postulated that in chronic LBP participants, enhanced processing of the 

sensory-discriminative aspect of pain may represent a neurophysiological basis of 

sensitization underpinning pain chronicity. Recently, Chang et al. (2019) measured sensory 

evoked potentials in response to non-noxious electrical stimuli and identified on average, 

lower cortical excitability in people with acute LBP compared with pain-free controls. A 

recent meta-analysis provides some support for these findings, highlighting a reduction in 

evoked potential responsiveness during acute experimentally induced pain (Burns et al., 

2016). These findings suggest differential somatosensory cortex excitability in the acute 

versus chronic stages of pain, that may be associated with outcome. Despite these promising 

early findings, and the high temporal resolution of EEG, electrophysiological assessment of 

cortical pain processing during low back pain has not been measured longitudinally. Thus, 

longitudinal data is urgently required to understand whether individual neurophysiology 

contributes to recovery, recurrence or chronicity following exposure to an acute LBP episode. 

Chapters 2-6 of this describe our findings related to somatosensory evoked potentials during 

LBP.   
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4.3. Neuroplastic potential     

4.3.1. Plasticity of the nervous system 

Neuroplasticity is defined as the ability of the nervous system to change and adapt to intrinsic 

and extrinsic stimuli (Classen, 2013; Kolb & Gibb, 2011; Kolb et al., 2003). The nervous 

system responds to different stimuli by reorganizing its structure, function and connections at 

many levels including molecular and cellular systems (Cramer et al., 2011). Central to 

neuroplasticity is the neuron (Figure 11), a nerve cell that relays sensory or motor 

information through electrical signals called action potentials (Eccles, 2013).  

 

Figure 11. Schematic representation of a single neuron. Modified from: “Action potential initiation and 

backpropagation in neurons of the mammalian CNS”. Stuart et al., 1997, Trends in Neuroscience, 20(3), 126. 

Action potentials are regenerative electrical events, usually triggered by an influx of sodium 

ions through voltage gated ion channels in response to depolarization of the membrane 

potential to its threshold level (Stuart et al., 1997). The action potential generated at one 

neuron relayed to another through synaptic junctions. The magnitude of neuroplastic change 

in the brain is determined by synaptic plasticity at the cellular level, specifically, new 

synapses may be formed, or old synapses strengthened, weakened or destroyed (Bi & Poo, 
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1998; Bliss & Collingridge, 1993; Mayford et al., 2012; Pascual-Leone et al., 2005). 

Depending on the synapse and type of stimuli, both increases (potentiation) or decreases 

(depression) in synaptic plasticity can occur over short or long-term times scales (Luo et al., 

2014). Short-term synaptic plasticity represents changes in neuronal synaptic activity 

occurring within milliseconds to minutes and may play an important role processing 

nociceptive input during acute pain (Shyu & Vogt, 2009). Conversely, long-term synaptic 

plasticity is considered a change is synaptic strength that outlasts the duration of the stimuli 

for at least 30 minutes, sometimes persisting for hours to months (Luo et al., 2014). Long-

term synaptic plasticity is use-dependent and represents a positive feedback loop (Hebb, 

1949). Without homeostatic mechanisms, long-term potentiation (synaptic strengthening) 

would go unchecked causing excessive neuronal activity, whilst excessive long-term 

depression (synaptic weakening) would cause neuronal silencing (Karabanov et al., 2015). 

Long-term potentiation was first described in the hippocampus and may underpin memory 

formation and motor learning (Bliss & Collingridge, 1993).  

These cellular processes underpinning neuroplasticity were once thought to occur only during 

the postnatal development period, leaving the adult brain essentially hardwired (Hubel & 

Wiesel, 1962). However, it is now clear that whilst neuroplasticity occurs rapidly during 

development, it can also occur during motor learning, in response to disease, or in relation to 

therapy (Cramer et al., 2011). Neuroplasticity resulting in gain of function is termed ‘adaptive 

plasticity’ (Cohen et al., 1997) whilst neuroplasticity associated with negative consequences 

such as worsening function or injury is considered ‘maladaptive plasticity’ (Nudo, 2006).  

4.3.2. Neuroplasticity and pain 

Pain causes plasticity throughout the nervous system and this is increasingly recognised as a 

major contributor to LBP (Brumagne et al., 2019; Hodges et al., 2019). Increased sensitivity 

of the peripheral receptive terminals of primary afferent neurones in response to chemical, 
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mechanical or thermal stimuli is termed peripheral sensitisation (Woolf, 2011). Nociceptor 

peripheral terminals can become sensitised after injury reducing their threshold and 

subsequently contributing to the development of primary hyperalgesia (Bishop et al., 2010; 

Campbell et al., 1988; Kocher et al., 1987; LaMotte et al., 1982; Perl et al., 1976). For 

example, chemically mediated nociception due to pro-inflammatory chemicals released in 

response to tissue injury or pathology (McMahon et al., 2006) or a lowering of tissue pH in 

response to ischemia from static mechanical tissue loading (Butler, 2000) are two 

hypothesized mechanisms that may contribute to nervous system plasticity and the 

consequent peripheral sensitisation. Plasticity also occurs within the central nervous system 

during pain. Examples include increased excitability of spinal cord neurons changing the gain 

of the somatosensory system (Woolf, 1983), changes in functioning of brainstem and spinal 

cord inhibitory controls (Basbaum & Fields, 1984; Crawford et al., 2021) and distorted single 

neuron morphology, excitability, and short- or long-term potentiation during chronic pain 

across several brain regions (Chang et al., 2014; Ji & Neugebauer, 2011; Metz et al., 2009; 

Mutso et al., 2014; Neugebauer et al., 2003; Ren et al., 2011; Schwartz et al., 2014). 

Maladaptive neuroplasticity is also thought to underpin alterations in sensorimotor control of 

the spine (Brumagne et al., 2019), and examples of plasticity within SI, SII and M1 are 

detailed within Sections 4.1 and 4.2 of this thesis.  

4.3.3. Brain-derived neurotrophic factor mediates synaptic plasticity 

Neurotrophins are thought to be potent molecular mediators of synaptic plasticity (Lu, 2003) 

and could therefore play a critical role in the maladaptive neuroplastic processes leading to, 

or maintaining, chronic pain. Neuroelectric activity can enhance local synthesis and secretion 

of neurotrophins which in turn, can regulate synaptic efficacy and stimulate synaptogenesis 

(Berninger & Poo, 1996; Bonhoeffer, 1996; Katz & Shatz, 1996; Lu & Figurov, 1997; 

Thoenen, 1995). Neurotrophins belong to a family of secretory proteins including nerve 
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growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophin-3 (NT-3), and 

neurotrophin-4/5 (NT-4/5) (Lu, 2003). All neurotrophins bind to the p75 neurotrophin 

receptor, and a tropomyosin-related kinase receptor (TrK) (Chao, 1992; Huang & Reichardt, 

2003). Specifically, NGF binds to TrkA; BDNF and NT-4/5 to TrkB; and NT-3 to TrkC 

(Barbacid, 1993). Of particular interest within pain research is BDNF, with some authors 

labelling BDNF a “high priority” candidate gene (Baumbauer et al., 2020).  

BDNF is expressed throughout the adult mammalian nervous system (Conner et al., 1997; 

Yan et al., 1997).  The BDNF gene has been demonstrated to encode proteins responsible for 

pain processing (Ren & Dubner, 2007; Salio et al., 2005; Yukhananov & Kissin, 2008; Zhou 

et al., 2008), sensitization of the nervous system (Thompson et al., 1999) and modulation of 

descending facilitatory pain pathways (Merighi et al., 2008). Further, noxious stimulation has 

been shown to increase BDNF production in the spinal dorsal horn (Ha et al., 2001; Li et al., 

2006; Pezet et al., 2002) and in the brainstem (Coull et al., 2005). Whilst many of these 

findings are demonstrated within animal models of experimental pain, BDNF has been linked 

to several clinical conditions such as fibromyalgia (Laske et al., 2007; Sarchielli et al., 2007), 

migraine (Blandini et al., 2006; Fischer et al., 2012; Tanure et al., 2010), multiple sclerosis 

(Yoshimura et al., 2010), depression (Duman, 2005) and low back pain (Baumbauer et al., 

2020), with evidence to suggest circulating BDNF in serum is correlated with brain 

concentrations of BDNF (Klein et al., 2011; Rasmussen et al., 2009) thus representing a 

potential biomarker of neuroplastic potential.  

BDNF is also thought to represent a genetic mediator of brain plasticity. Individuals with the 

val66met polymorphism in the BDNF gene show low TMS-evoked corticospinal excitability 

in response to motor training (Kleim et al., 2006). Cheeran and colleagues (2008) extended 

these findings using theta burst TMS, median nerve paired associative stimulation and 1Hz 

repetitive TMS  to test the excitability and neuronal plasticity of M1 circuitry. In this study 
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val/met heterozygote individuals consistently demonstrated different synaptic plasticity 

responses to the stimulation paradigms compared with val/val individuals (Cheeran et al., 

2008). Furthermore, using a twin study design, allowing discrimination between 

environmental and genetic effects of the BDNF genotype, Missitzi et al. (2011) demonstrated 

that externally induced plasticity is 68% genetically predetermined.  

4.3.4. Neuroplastic potential and low back pain  

When these findings are interpreted together, one plausible hypothesis is that certain 

individuals may carry a genetic predisposition towards greater neuroplasticity, and in some 

cases, this neuroplasticity could become maladaptive, such as during the transition from acute 

to chronic pain. Alternatively, circulating BDNF during acute pain could be upregulated in 

some individuals, contributing to maladaptive neuroplasticity, enhanced sensitivity, and 

impaired inhibitory pain control that in turn drives the transition from acute to chronic pain. 

These hypotheses are promising but remain largely untested. A single longitudinal study has 

investigated the role of BDNF genotype and messenger ribonucleic acid (mRNA) expression 

during acute LBP and its association with chronic LBP susceptibility and individuals 

somatosensory profiles (Baumbauer et al., 2020). The findings suggest carriers of the met 

allele for the BDNF gene are less likely to transition to chronic LBP and have lower cold pain 

thresholds during acute LBP. Conversely, BDNF mRNA expression did not affect 

susceptibility to chronic LBP (Baumbauer et al., 2020). To date, no study has prospectively 

assessed BDNF serum concentration during acute LBP as a risk factor for chronic LBP 

development, nor has the role of BDNF been explored within the context of cortical 

neuroplasticity underpinning transition from acute to chronic LBP. BDNF genotype and 

serum concentration was measured within the original research detailed in Chapters 2-4. 
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4.4. Molecular plasticity and pain 

4.4.1. Cells 

Humans are multicellular organisms made up of approximately 37 trillion cells (Bianconi et 

al., 2013; Sender et al., 2016) and 411 different cell types such as skin cells, neurons, fat cells 

and red blood cells (Macosko et al., 2015; Vickaryous & Hall, 2006). Every second the 

human body must reproduce millions of new cells to replace those that have died. Each cell is 

composed of water, inorganic ions, and organic molecules. The most abundant molecule in 

the cell is water, making up approximately 70% of the total cell mass. Inorganic ions include 

calcium, potassium, sodium, magnesium, chloride, and phosphate, and are essential for vital 

cellular activities. Organic molecules include carbohydrates, proteins, lipids, and nucleic 

acids. Each cell in the human body is internally organized consisting of 14 major 

compartments called organelles (Figure 12). These specialized sub-units can be membrane 

bound organelles such as the nucleus, mitochondria, Golgi apparatus or endoplasmic 

reticulum; or non-membrane bound organelles such as nucleoli, cytoskeleton, ribosomes or 

proteasomes (Thul et al., 2017). Each cell contains thousands of different proteins, with 

functions tightly linked to each cellular organelle. For example, proteins in the mitochondria 

are typically involved in energy production, whilst proteins in the nucleus are linked to gene 

expression (Rhee et al., 2013; Thul et al., 2017). 



 

50 

 

 

Figure 12. Schematic representation of human intracellular organisation. The human cell consists of 14 

major organelles. Modified from: “A subcellular map of the human proteome”. Thul et al., (2017), Science, 

356(6340), 2. 

4.4.2. Deoxyribonucleic acid (DNA) 

DNA contains the genetic material of the cell (Cooper et al., 2007). DNA was first discovered 

in 1869 by Friedrich Miescher (Dahm, 2008), but it wasn’t until 1953 that Francis Cook and 

James Watson presented the double helix model of DNA central to our current understanding 

(Watson & Crick, 1953). DNA is composed of monomer nucleotides, made by a sugar called 

deoxyribose, that is attached to a phosphate group and one of four nitrogenous bases: 

Adenine (A), Thymine (T), Cytosine (C) and Guanine (G). DNA is structured into a double 

stranded helix where the polynucleotide strands form specific base pairs (A-T, C-G), joined 

by hydrogen bonds. The sequential order of the nucleotides code the genetic information of 

the cell (Pray, 2008). Human DNA contains nearly 3 billion base pairs (Venter et al., 2001), 

organized into long structures called chromosomes with each cell containing 46 

chromosomes (23 pairs). The human genome contains both protein-coding DNA, known as 
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genes, and non-protein coding DNA. Currently, there appear to be about 30,000 – 40,000 

protein-coding genes across the human genome (Lander et al., 2001; Venter et al., 2001). 

4.4.3. Proteins 

Proteins are large biomolecules consisting of a long chain (hundreds to thousands) of amino 

acid sequences. There are twenty different amino acids in proteins. Each cell conveys the 

genetic code found in the DNA to mRNA in a process termed transcription that involves 

producing a complementary single stranded chain where Uracil replaces Thymine. The 

mRNA then specifies the amino acid sequence for a protein through a process called 

translation. During translation, mRNA is moved from the nucleus to the cytoplasm. Each 

three sequential bases of the mRNA make a codon that is used to link amino acids together 

for protein synthesis in the ribosome of the cell cytoplasm before being transferred to the 

component of the cell where it is designed to perform its function (Figure 13). 

 

Figure 13. Schematic representation of gene expression. Modified from: “Association between chronic 

widespread pain and physical activity behaviour in people with fibromyalgia”. Mayana., (2021), Doctoral 

dissertation, p.8. 
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4.4.4. The human proteome 

The proteome refers to the total protein complement able to be encoded by a given genome 

(Wasinger et al., 1995; Wilkins et al., 1996). In the late 1980’s researchers began to consider 

the possibility of visualising all proteins in a proteome using one acidic range and one basic 

range (2-D) polyacrylamide gel (Wilkins et al., 2007). However, by the late 1990’s it was 

clear that hydrophobic proteins were largely absent and low-abundance proteins were likely 

undetectable, thus 2-D gels presented significant limitations in their sensitivity to detect all 

proteins in a proteome (Wilkins et al., 1998). To overcome these limitations several 

technological advances have occurred. For example, fractionation of samples into 

biologically (e.g. organelles) distinct samples has allowed the detection of lower abundance 

proteins using 2-D gels (Wilkins et al., 2007). Further, an alternative to gel-based analyses of 

complex protein mixtures was developed that combined multidimensional liquid 

chromatography and electrospray ionization tandem mass spectrometry (Wilkins et al., 2007). 

This method termed “shotgun proteomics”, involved matching peptide fragment data that are 

physicochemically more homogenous then their full protein to known databases (Wolters et 

al., 2001). This methodology for the first time allowed the identification of large numbers of 

proteins in a proteome (Washburn et al., 2001; Wilkins et al., 2007). Mass spectrometer 

technology now has remarkable accuracy and resolution, analysing femtomolar quantities of 

peptides and proteins with increasing automation (Wilkins et al., 2007).  

However, with these rapid technological advances, it has become clear that protein structure 

and function extends far beyond a linear amino acid sequence determined by our genetic code 

(Smith et al., 2021). Based upon findings of the human genome project it is now estimated 

there are between 19,587 and 20,245 protein-coding genes (Aken et al., 2017; Gaudet et al., 

2017; UniProt Consortium, 2018; Venter et al., 2001). However, many of these protein-

coding genes are transcribed with splice variants, increasing the number of human proteins to 
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approximately 70,000 (Aebersold et al., 2018; Aken et al., 2017). Further, many proteins are 

subjected to post-translational modifications that influence their function. Post-translational 

modifications include processes such as glycosylation, phosphorylation and acetylation, 

amongst hundreds of others, and are important for molecular interactions, allow proper 

localization and regulate protein stability (Jensen, 2004). These modifications give rise to 

many hundreds of thousands of protein variations (Duek et al., 2016), termed “proteoforms”, 

arising from each individual protein-coding gene (Aebersold et al., 2018; Smith et al., 2021; 

Smith & Kelleher, 2013), (Figure 14). 

 

Figure 14. Schematic representation of the distinct proteoforms arising from a single gene. Proteins from 

even a single gene can vary widely in their amino acid sequence and post-translational modifications, leading to 

individual proteoforms, that work together to form protein families and the overall human proteome. Modified 

from: “The Human Proteoform Project: Defining the human proteome”. Smith et al., (2021), Science, 

356(6340), 2. 

Despite this substantial biological diversity appearing inconceivable, maps of the human 

proteome and proteoform diversity have been developed (Smith et al., 2021; Smith & 

Kelleher, 2013). Using 30 clinically healthy human samples, from 17 different tissue types 

(e.g. spinal cord, frontal cortex, heart), Kim et al. (2014) have identified 17,294 genes 

accounting for 84% of the total protein-coding genes in the human body. Wilhelm et al. 
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(2014) have also mapped the human proteome using data available from repositories (e.g. 

ProteomeXchange) and proteomic data collections. These authors present protein evidence 

for 18,097 of the 19,629 human genes annotated in Swiss-Prot (92%) and 19,376 out of 

86,771 proteoforms listed in UniProt. Ongoing efforts to map the human proteome hold great 

promise for improving human health. For example, a total understanding of the human 

proteome, the central intermediary between genotype and phenotype (Aebersold et al., 2018; 

Collins et al., 2003), could facilitate regenerative biology, optimised drug development, and 

biomarker discovery for the early detection of human disease (Smith et al., 2021). 

4.4.5. Proteomics and low back pain 

A growing body of research is now considering plasticity across diverse biological systems, 

not just plasticity of the nervous system (Hodges et al., 2019) For example, dynamic 

transcriptional changes were recently observed in a cohort of 98 participants experiencing an 

acute LBP episode (Parisien et al., 2022). Specifically, neutrophil-driven up-regulation of an 

inflammatory response was protective against the transition to chronic LBP (Parisien et al., 

2022). Further, thousands of dynamic transcriptional changes measured at baseline and three-

month follow-up were observed in LBP participants who recovered, but no transcriptional 

changes were identified in those with ongoing pain at three-months (Parisien et al., 2022). 

This is a very intriguing study, however, changes at a transcriptional level often correlate 

poorly with changes at the protein level (Liu et al., 2016; Schwanhäusser et al., 2011; Sharma 

et al., 2015). Given the extensive variability in proteoforms observed for each protein-coding 

gene, and the ability for environmental factors (e.g. lifestyle, medical history) to interact with 

an individuals proteomic profile, the human proteome may represent the optimal source of 

molecular information for identifying changes in a disease phenotype such as chronic pain 

(Chen et al., 2015; Ebhardt et al., 2015; Gazerani & Vinterhøj, 2016; Geyer et al., 2017).  

The field of ‘omics’ and human pain research is in its infancy (Gazerani & Vinterhøj, 2016; 
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Gerdle & Ghafouri, 2020; Sajic et al., 2015). Very few studies have analysed the proteomic 

profile of people experiencing LBP. Those that have, recruit small sample sizes and are cross-

sectional in design. One of the earliest proteomic studies in LBP by Yuan et al. (2002) 

analysed the cerebrospinal fluid proteomic profile of three people with chronic non-specific 

LBP and identified 22 proteins again related to signalling, transport/binding and immune-

related biological processes. Liu et al. (2006) expanded on these findings, also analysing the 

cerebrospinal fluid, this time in 10 people with chronic lumbosacral radiculopathy compared 

to 10 clinically healthy participants. The authors of this study identified significant 

differences in the expression of 15 proteins between groups. The differentially expressed 

proteins were broadly grouped into categories (signalling, transport/ binding, cytoskeletal, 

antioxidant or immune-related) based on their primary function. Cystatin C was the most 

significantly up-regulated protein in this study, and has been suggested as a biomarker of pain 

previously (Mannes et al., 2003). Lim et al. (2017) also conducted a proteomic analysis of 

cerebrospinal fluid, comparing healthy controls (N=6), people with non-painful degenerative 

disc disease (N=8), and people with painful degenerative disc disease on a waitlist for spinal 

fusion surgery (N=8). Degenerative disc disease was diagnosed in this study based on spinal 

MRI findings. These authors identified 15 differentially expressed proteins between pain-free 

subjects with or without degenerative disc disease. These proteins were often related to 

inflammation (e.g. Cystatin C), suggesting proteins mediating inflammatory processes may 

not be sufficient on their own to maintain LBP as 8 of the participants with degenerative disc 

disease reported no pain (Lim et al., 2017). In those patients with painful disc degeneration, 

proteins commonly linked to nerve injury (e.g. Hemopexin) were upregulated compared to 

pain-free controls without degenerative disc disease (Lim et al., 2017).  

To date, no study has explored the proteomic profile of people experiencing an acute LBP 

episode. Furthermore, no study has explored whether the differential expression of proteins 
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during acute LBP are related to longitudinal LBP outcome. Chapter 7 of this thesis provides 

some of the earliest evidence linking the acute-stage serum proteomic profile to future LBP 

outcome. Given the recently published data suggesting peripheral blood immune cells at the 

transcriptome-wide level underlie the transition of acute to chronic LBP (Parisien et al., 

2022), expanding on these findings at the level of the proteome is a very promising area for 

future research, and one this thesis begins to address for the first time. Proteomic analysis 

during acute LBP may also enhance our understanding of how the immune system interacts 

with the nervous system, a plausible mechanism underpinning pain persistence as described 

below in Section 4.5 of this literature review.  

4.5. Neuro-immune interactions  

4.5.1. Inflammation drives enhanced nervous system sensitisation 

For many people experiencing LBP, especially those with chronic symptoms, a clear source 

of nociception cannot be identified (see Chapter 1, Section 3.2 of this thesis for further 

detail), and no damage or disease of the somatosensory system is evident. For these people 

with chronic LBP, mechanisms responsible for pain sensitisation (Gold & Gebhart, 2010; 

Smart et al., 2010; Woolf & Salter, 2000) and the relative contribution of the peripheral 

and/or central nervous system, has received growing attention (Blumenstiel et al., 2011; 

Clauw et al., 1999; Giesecke et al., 2004; O'Sullivan et al., 2014; Puta et al., 2013).  

Nervous system sensitivity commonly occurs following injury or insult, driven by an immune 

response that in turn activates and sensitises peripheral nociceptive neurons (Dubin & 

Patapoutian, 2010), (Figure 15). The primary purpose of this immune response in 

musculoskeletal tissue is to phagocytose injured cells and inflammatory cytokines play a 

central role (Carp et al., 2008; Hodges et al., 2019). Cell membranes or intracellular 

structures may become injured following tissue overload, overstretch, compression or anoxia 
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and this can lead to mobilization of immune cells such as neutrophils and macrophages by 

circulatory distribution and/or chemotaxis (Hodges et al., 2019). Macrophages and injured 

cells produce inflammatory cytokines that are also chemotactic, causing further immune cell 

infiltration. The injured cells release soluble products such as potassium, hydrogen, adenosine 

triphosphate and glutamate that reduce the intensity of stimulus required for electrical 

depolarisation and action potential generation. The surrounding mast cells are activated, 

leading to degranulation and release of histamine, bradykinin, inflammatory cytokines, and 

proteases (Amaya et al., 2013; Barbe & Barr, 2006; Pongs, 1999). Combined, these 

inflammatory agents increase excitability of nociceptor terminals (peripheral sensitisation) 

causing enhanced sensitivity at the injured site (primary hyperalgesia). 

 

Figure 15. Peripheral sensitisation mediated by an immune response following tissue injury. Tissue injury 

causes inflammation and infiltration of immune cells such as macrophages, T cells and neutrophils into the 
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damaged tissue. The infiltrated immune cells and resident cells including mast cells and macrophages release 

several inflammatory mediators such as pro-inflammatory cytokines. Nociceptive neurons express the receptors 

for these inflammatory mediators, causing enhanced sensitivity. Modified from: “Emerging targets in 

neuroinflammation-driven chronic pain” by Ji et al., 2014, Nature reviews Drug discovery, 13(7), 534. 

Increased sensitivity at the injured site and the resultant barrage of peripheral nociceptor 

activity increases spinal cord excitability and reduces spinal cord inhibitory control  and these 

mechanisms lead to neuronal sensitivity that spreads to the surrounding undamaged tissue 

(secondary hyperalgesia) (Kawasaki et al., 2008; Kidd & Urban, 2001; Latremoliere & 

Woolf, 2009; Marchand et al., 2005; Meyer et al., 2005; Woolf & Salter, 2000). These spinal 

nociceptive neurons have projections to the cortex through the thalamus that also become 

sensitised via the increase in neuronal responsiveness or through ongoing low-level 

peripheral drive from tissue injury (Woolf, 1983; Woolf & Costigan, 1999; Woolf & Salter, 

2000). This situation is termed central sensitisation and is defined as:  

“an amplification of neural signaling within the CNS that elicits pain hypersensitivity” 

(Woolf, 2011, p.11)  

Central sensitisation manifests as pain produced in response to normally innocuous stimuli 

(allodynia) and greater sensitivity is experienced at sites extending far beyond the originally 

painful area (generalised hyperalgesia) (Meyer et al., 2005; Nijs et al., 2014). If injury or the 

inciting stimuli are chronic or repetitive, the affected musculoskeletal tissues are unable to 

heal completely and chronic inflammation can occur (Barbe et al., 2013). Chronic 

inflammation and the prolonged presence of macrophages and cytokines contribute to further 

tissue damage through prolonged phagocytic activity and the release of cytotoxic free 

radicals. Chronic over production of inflammatory agents, particularly cytokines, can also 

trigger a systemic inflammatory response (Kataranovski et al., 1999; Mackiewicz et al., 1991; 

Moshage, 1997). Systemically these cytokines can cause widespread secondary tissue 
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damage, and this in turn may contribute to the maintenance and/or proliferation of 

generalised hyperalgesia (Barbe & Barr, 2006). Systemic cytokines also cross the blood-brain 

barrier, entering the central nervous system (Banks et al., 1995; Quan & Banks, 2007; Quan 

& Herkenham, 2002; Varatharaj & Galea, 2017; Watkins et al., 1995) where they can 

contribute to the activation of spinal and brain glial cells, sensitising nociceptive pathways 

within spinal cord and brain circuitry further, maintaining a state of central sensitisation (Ren 

& Dubner, 2010; Watkins & Maier, 2005; Wieseler-Frank et al., 2005).  

4.5.2. Inflammation, sensitisation, and low back pain 

These early basic science studies highlight a plausible relationship between dysregulated 

local and/or systemic inflammatory responses that drive central sensitisation and for some 

people, the maintenance of their chronic LBP (Latremoliere & Woolf, 2009; Watkins & 

Maier, 2005). To date, far less is known about the interaction between inflammatory profiles 

and enhanced nervous system sensitivity during an acute LBP episode.  

Central sensitisation cannot be directly measured in humans. Instead, a range of 

psychophysical tests are thought to represent proxy measurements of “human assumed 

central sensitisation” (Schuttert et al., 2021). Conflicting findings dominate the literature 

examining the presence of human assumed central sensitisation during LBP. In chronic LBP 

some studies have identified generalised hyperalgesia to cutaneous heat and cold (Edwards et 

al., 2011), cold only (Hübscher et al., 2014), pressure (O’Neill et al., 2007) or no generalised 

hyperalgesia at all (Blumenstiel et al., 2011). Similarly, conditioned pain modulation 

responses, thought to represent a proxy measure of spinal cord inhibitory control, in people 

with chronic LBP are also reported in the literature as impaired (Corrêa et al., 2015; Rabey et 

al., 2015), partially impaired (Mlekusch et al., 2016) or unchanged (Owens et al., 2016; 

Peters et al., 1992). Repetitive noxious stimulation at the same intensity is experienced as 

increased pain (temporal summation) and is thought to measure the degree of assumed central 
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sensitisation (Graven-Nielsen & Arendt-Nielsen, 2010). Peters et al. (1989) and Diers et al. 

(2007) reported a clear tendency towards a heightened pain response following repetitive 

mechanical pressure or electrical stimuli in chronic LBP patients, whilst Arntz and colleagues 

(1991) found no difference in habituation to painful electrical stimuli between chronic LBP 

patients and healthy controls. Similarly, spatial summation measured by doubling the tissue 

volume exposed to painful pressure was no different between people with chronic LBP, 

recurrent LBP or fibromyalgia indicating  (Goubert et al., 2016).   

A growing body of evidence suggests pain sensitivity to various stimuli measured during an 

acute episode of LBP does not predict long-term LBP outcome (Klyne et al., 2019; Leresche 

et al., 2013; Marcuzzi et al., 2016; Müller et al., 2019; O’Neill et al., 2011). This is despite 

some studies showing evidence of generalised hyperalgesia in acute LBP (Chang et al., 2020; 

Klyne et al., 2019). The contradictory nature of research investigating central sensitization in 

LBP has led authors to think more broadly about the mechanisms underpinning nervous 

system sensitivity. One hypothesis is that pain amplification in some people during acute 

LBP represents a protective strategy that aids tissue healing by restricting movement and 

conserving energy until the injury has healed (Karshikoff et al., 2016; Strouse, 2007; Watkins 

& Maier, 2005). Human and animal studies have demonstrated that cellular and molecular 

changes associated with both peripheral and central sensitisation occur rapidly following 

injury or insult and affect function but are usually transient and reversible (Latremoliere & 

Woolf, 2009; Meyer et al., 2005; Woolf & Salter, 2000). Interactions between the immune 

and nervous system may provide insight into why some people with LBP have sustained 

generalised hyperalgesia, whilst others do not (Klyne et al., 2019). Recently, promising data 

has emerged that suggests tumor necrosis factor (TNF) is elevated during acute LBP and 

remains elevated at every three-month interval over a nine-month period in people who do 

not recover from their acute LBP episode (Klyne et al., 2018; Klyne, Barbe, & Hodges, 
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2021). These findings corroborate earlier work by Wang and colleagues (2008) who 

identified higher levels of TNF expression in people with chronic LBP compared to healthy 

controls at four distinct time-points over a six-month period. The work presented in this 

thesis (specifically Chapter 5 and 6) considers the complex relationship between the immune 

and nervous system, with measures of hyperalgesia and serum cytokine levels obtained 

during an acute episode of LBP. The confounding effect these risk factors may have on 

sensorimotor neurophysiology is also detailed. 

4.6. Psychological risk factors interact with pain neurobiology 

4.6.1. Low back pain and psychological status 

Self-reported measures of psychological status play an integral role in the assessment of 

chronic LBP (Nicholas et al., 2008). Three self-reported psychological screening 

questionnaires, the Depression Anxiety and Stress Scale (DASS) (Lovibond & Lovibond, 

1996), the Pain Self-Efficacy Questionnaire (PSEQ) (Nicholas, 2007), and the Pain 

Catastrophizing Scale (PCS) (Sullivan et al., 1995) are recommended by the electronic 

Persistent Pain Outcomes Collaboration for assessment of chronic pain within clinical and 

research settings. These questionnaires are thought to measure key domains of pain-related 

psychology, including cognitive (expectations, beliefs and perceptions about pain) (Boersma 

& Linton, 2005; Henschke et al., 2008; Linton, 2000; Mallen et al., 2007), emotional (Pincus 

et al., 2002) and behavioural constructs (coping, pain behaviours, and activity/activity 

avoidance) (Henschke et al., 2008; Linton, 2000; Mallen et al., 2007). Normative data 

obtained from 13,343 patients attending pain clinics in Australia and New Zealand between 

July 2013 and February 2016 have been published for these measures (Nicholas et al., 2008; 

M. K. Nicholas et al., 2019). Patients attending these pain management centres, diagnosed 

with chronic LBP, reported an average DASS depression score of 20.3±12.7 (moderate-
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severe), average DASS anxiety score of 13.7±10.7 (moderate-severe) and average DASS 

stress score of 20.8±11.0 (moderate) (Lovibond & Lovibond, 1996). The average total PCS 

score was 29.8±13.8, slightly below the level of 30.0 that is commonly classified as clinically 

relevant (Sullivan, 2009), and the average total PSEQ score was 20.4±13.1, slightly lower 

than previously reported averages of 25.5 (Nicholas et al., 2008) and 26.3 described in similar 

cohorts (Nicholas, 2007). These negative cognitions and emotional distress are commonly 

observed in people with chronic LBP as described above, and are often linked to pain 

amplification, maladaptive coping responses and the consequent pain persistence and 

disability (Hartvigsen et al., 2018; O’Sullivan et al., 2018).  

Psychological risk factors have also been linked to the transition from acute to chronic LBP 

(Linton, 2000; Pincus et al., 2002). Psychological distress during an acute LBP episode, often 

characterised by negative affect, has consistently been linked to worse LBP outcome in 

primary care (Boersma & Linton, 2005; Cherkin et al., 1996; Dionne et al., 1995; Dionne et 

al., 1997; Epping-Jordan et al., 1998; Thomas et al., 1999). Some patients present with high 

levels of pain-related fear, high levels of catastrophizing and fear-avoidant beliefs during an 

acute LBP episode, and these risk factors are associated with future disability (Buer & 

Linton, 2002; Fritz & George, 2002; Klenerman et al., 1995). Further, a systematic review 

and meta-analysis has identified psychological distress as an important mediator of disability 

in people with LBP (Lee et al., 2015).  

4.6.2. Bio-psycho-social risk factors of low back pain 

Whilst the above data provide clear evidence of a role for psychological risk factors in 

chronic LBP development and maintenance, they explain, at best, only a moderate portion of 

the prognosis or trajectory of LBP (Hayden et al., 2009; Kent & Keating, 2008). For example, 

in 531 participants experiencing LBP, pain-related distress explained between 15% and 28% 

of the variance in pain intensity and disability (Campbell et al., 2013). This has led some 
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experts to question why biological risk factors have received comparatively little attention 

within the literature (Hancock et al., 2011). Similarly, other authors have suggested the 

relative importance of biological risk factors in comparison to psychological factors is 

underestimated (Schweinhardt, 2019). 

Growing research is beginning to highlight a complex interaction between genetic, 

pathoanatomical, physical, psychological, social, lifestyle/health and behavioural factors that 

are largely unique to the individual and vary throughout life (Klyne et al., 2022; O’Sullivan et 

al., 2018). These interactions modulate changes across the neuroendocrine-immune-motor 

systems (Brumagne et al., 2019; Hodges et al., 2019; Hodges & Tucker, 2011). For example, 

an interaction between negative affect and high serum TNF levels is associated with poor 

recovery from an acute LBP episode (Klyne et al., 2018). This interaction is complex and 

likely bi-directional. Mood changes such as negative affect and pain catastrophizing can 

affect peripheral cytokine expression (Darnall et al., 2010; Edwards et al., 2008; Kubera et 

al., 2011; Strouse, 2007), whilst increased cytokine levels prospectively predict the 

development of depressive symptoms  (Fasick et al., 2015; Felger & Lotrich, 2013; Gimeno 

et al., 2009; Van den Biggelaar et al., 2007). Increased circulating cytokine levels are also 

thought to modulate pain and play a potent role in initiating and maintaining central 

sensitisation (Nekovarova et al., 2014; Strouse, 2007) whilst the presence of unhelpful pain 

cognitions and avoidance behaviours mediate enhanced nervous system sensitivity 

(Neugebauer et al., 2009; Vase et al., 2011). A similar bi-directional relationship is observed 

when considering brain mechanisms of pain persistence. For example, pain chronification is 

associated with decreased hippocampal volume (Khan et al., 2014; Mutso et al., 2014), and 

decreased hippocampal volume is associated with depression (Brown et al., 2014; Campbell 

et al., 2004; Czéh & Lucassen, 2007) leading to an overlap between the brain structures that 

predispose to, or are affected by, chronic pain and pathological mood disorders (Baliki & 
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Apkarian, 2015). Similarly, Baliki et al. (2012) identified greater functional connectivity 

between nucleus accumbens and pre-frontal brain circuitry, that was significantly associated 

with negative affect at baseline assessment, and predictive of ongoing LBP at one year 

follow-up. Associations between neurobiology, psychological status and pain are well 

documented in a range of conditions (Buckley & Schatzberg, 2005; Dantzer et al., 2008; 

Darnall et al., 2010; Edwards et al., 2008; Felger & Lotrich, 2013; Haack et al., 2007; Miller 

et al., 2009). However, studies of LBP have rarely investigated neurobiological and 

psychological risk factors concurrently, contributing to a significant gap in our understanding 

of why some individuals are more resilient or more vulnerable to the development of chronic 

LBP (Denk et al., 2014). Research in this area is in its infancy and further high-quality, 

longitudinal research is urgently needed to untangle this important, yet complex, bi-

directional relationship between neurobiology, psychological function and LBP. The 

importance of psychosocial risk factors during LBP is considered throughout Chapters 2-7 of 

this thesis.   

4.7. Summary 

Biological risk factors, specifically, corticomotor function, somatosensory and anterior 

cingulate cortex excitability, individual capacity for neuroplasticity and neuro-immune 

biomarkers such as differential protein expression, systemic pro-inflammatory cytokine 

concentration and nervous system sensitivity are associated with chronic pain. These risk 

factors have received far less research attention in comparison to psychosocial variables in 

the field of LBP and this has contributed to two important limitations. First, it remains 

difficult to accurately predict, soon after symptom onset, who will develop chronic LBP. 

Second, there is a lack of data exploring causal mechanisms underpinning the transition from 

acute to chronic LBP, thus limiting the efficacy of available treatments.  
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Section 5: Summary of aims addressed in this thesis 

The overarching aim of this thesis is to enhance our understanding of neurobiological risk 

factors involved in the transition from acute to chronic LBP. The following six chapters 

describe in detail, the methodology, cohort, and findings of a large, prospective, longitudinal 

cohort study ( The Understanding persistent Pain Where it ResiDes [UPWaRD] Study) 

conducted to address this aim. The specific aim of each chapter comprising this thesis is 

outlined below.  

Chapter 2: aims to describe the method and analysis plan for the UPWaRD study. 

Chapter 3: aims to report the baseline characteristics (health, sociodemographic, 

psychological and lifestyle factors) of participants enrolled in the UPWaRD study. 

Chapter 4: aims to identify biological (with an emphasis on neurophysiological factors), 

psychological and sociodemographic risk factors of worse LBP outcome at six-month follow-

up. 

Chapter 5: aims to describe methods and statistical analysis plan for a cohort study of 

aetiology using data obtained in the UPWaRD study.  

Chapter 6: aims to investigate and quantify the causal relationship between acute stage 

sensorimotor cortex excitability and LBP outcome at six-month follow-up. 

Chapter 7: aims to explore the serum proteomic profile in individuals experiencing an acute 

episode of LBP and compare differences in the acute-stage serum proteomic profile between 

individuals with, and without, ongoing LBP symptoms at three-month follow-up. 

Together the findings from these studies provide some of the earliest, high quality, 

transparent, longitudinal evidence to suggest i) that neurobiological risk factors may improve 

accuracy of predictions in LBP and ii) that sensorimotor cortex excitability may represent a 

plausible causal mechanism underpinning chronic LBP development. 
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Chapter 2: The methodology and analysis plan for predicting low 

back pain outcome  

As highlighted in Chapter 1, neurobiological risk factors have received little attention within 

LBP research. To date, research investigating LBP neurobiology is predominantly cross-

sectional, exploring changes once pain has become chronic. This has limited our 

understanding of whether novel neurobiological risk factors measured during an acute LBP 

episode predict future LBP outcome. The aim of this chapter is to describe the method and 

analysis plan for the Understanding persistent Pain Where it ResiDes study.  

This work has been published in BMJopen (Impact Factor = 2.692). 

Jenkins, L. C., Chang, W. J., Buscemi, V., Liston, M., Toson, B., Nicholas, M., Graven-

Nielsen, T., Ridding, M., Hodges, P. W., McAuley, J. H., & Schabrun, S. M. (2019). Do 

sensorimotor cortex activity, an individuals capacity for neuroplasticity, and psychological 

features during an episode of acute low back pain predict outcome at 6 months: a protocol 

for an Australian, multisite prospective, longitudinal cohort study. BMJ open, 9(5), e029027. 

https://doi.org/10.1136/bmjopen-2019-029027.  

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis.  
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2.1. Abstract 

Background: Low back pain (LBP) is the leading cause of disability worldwide, with 

prevalence doubling in the past 14 years. To date, prognostic screening tools display poor 

discrimination and offer no net benefit of screening over and above a ‘treat all’ approach. 

Characteristics of the sensory and motor cortices may predict the development of chronic 

LBP, yet the prognostic potential of these variables remains unknown. The UPWaRD Trial 

aims to determine whether sensorimotor cortex activity, an individuals capacity for plasticity 

and psychosocial factors in the acute stage of pain predict LBP outcome at 6-months. This 

paper describes the methods and analysis plan for the development of the prediction model. 

Methods and analysis: The study uses a multicentre prospective longitudinal cohort design 

with 6-month follow-up. 120 participants, aged 18 years or older, experiencing an acute 

episode of LBP (less than 6 weeks duration) will be included. Primary outcomes are pain and 

disability. Ethics and dissemination: Ethical approval has been obtained from Western 

Sydney University Human Research Ethics Committee (H10465) and from Neuroscience 

Research Australia (SSA: 16/002). Dissemination will occur through presentations at 

National and International conferences and publications in international peer-reviewed 

journals. Registration details: ACTRN12619000002189 [pre-results]. Keywords: brain 

derived neurotrophic factor; electroencephalography; low back pain; motor cortex; 

prediction; sensory cortex; transcranial magnetic stimulation.  
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2.2. Strengths and limitations  

▪ The UPWaRD study is the first adequately powered, longitudinal investigation of 

candidate predictors related to sensorimotor cortex activity and neuroplasticity in acute 

LBP.  

▪ The UPWaRD study includes assessment of both biological and psychosocial candidate 

predictor variables. 

▪ Assessment of candidate predictors is performed using standardised, robust methodology.  

▪ The statistical analysis plan and candidate predictor variables are pre-specified as 

recommended by the Prognosis Research Strategy (PROGRESS) framework and the 

Transparent Reporting of a multivariable prediction model for Individual Prognosis Or 

Diagnosis (TRIPOD) reporting guidelines for prognostic research. 

▪ Although classification of recovery from LBP is defined in this study based on cut-offs 

used in previous literature, there is no universal definition of recovery from an episode of 

LBP.  
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2.3. Background 

Low back pain (LBP) is the leading cause of disability worldwide, with prevalence doubling 

in the past 14 years (Freburger et al., 2009; Vos et al., 2017). Twelve weeks after an acute 

episode of LBP, up to two-thirds of individuals continue to experience pain (Itz et al., 2013), 

and the condition is defined as ‘chronic’ LBP (Furlan et al., 2015; R.-D. Treede et al., 2015). 

For some individuals, chronic LBP is self-limiting, but for others, chronic LBP is persistent, 

disabling and negatively impacts on daily life (Bunzli et al., 2013). Chronic LBP is resistant 

to treatment, with current therapies failing to reduce the associated individual and 

socioeconomic burden (Becker et al., 2010; Dagenais et al., 2008).  

There is increasing interest in the potential for stratified care approaches that enhance the 

efficiency and benefits of health services (Foster et al., 2014; Hingorani et al., 2013; van der 

Windt & Dunn, 2013). In chronic LBP, self-reported screening instruments that 

predominantly assess psychosocial variables such as the 5-item instrument for ‘Predicting the 

Inception of Chronic Pain’ Tool (PICKUP) (Traeger, Henschke, et al., 2016); the 9-item 

STarT Back Screening Tool Hill., 2008); and the short-form Orebro Musculoskeletal Pain 

Screening Questionnaire (Linton et al., 2011) have discrimination performance values of 

0.61, 0.69 and 0.66 respectively (area under the curve (AUC)) (Karran et al., 2017a). An 

AUC statistic of <0.7 represents poor discrimination (Hosmer Jr et al., 2013), increasing the 

potential for misclassification of a large proportion of patients (Traeger, Henschke, et al., 

2016). Further analysis of these prediction models using decision curve analysis suggests no 

net benefit of screening over and above a ‘treat all’ approach when considering the likelihood 

of poor outcome at four month follow up (Karran et al., 2017b). Consequently, there is 

limited consensus regarding variables most likely to predict poor outcome following an 

episode of acute LBP (Hayden et al., 2009).  
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Emerging evidence suggests measures of brain structure and function may help identify 

individuals with sub-acute pain who are at risk of developing chronic pain (Baliki et al., 

2006; Mansour et al., 2013). For example, altered activity in the primary sensory (SI) and 

motor (M1) cortices (‘maladaptive plasticity’) is hypothesised to be associated with the 

development and maintenance of pain (Diers et al., 2007). Data from cross-sectional studies 

demonstrate that people with chronic LBP have enlarged and shifted M1 representations of 

the back muscles that show greater overlap and have less discrete boundaries (termed 

‘smudging’) compared with pain-free individuals (Tsao et al., 2011; Tsao et al., 2008). 

Similarly, chronic LBP is associated with increased activity and a medial shift of the cortical 

representation of the back in SI compared with healthy, pain-free individuals (Flor et al., 

1997). Positive correlations exist between the magnitude of change in SI and M1 activity and 

pain, functional impairment and symptom chronicity (Elgueta-Cancino et al., 2018; Flor et 

al., 1997; Flor et al., 1995; Tsao et al., 2008).  However, there have been no prognostic 

longitudinal studies of SI and M1 activity in any pain condition and it is therefore not 

possible to determine whether these variables predict pain persistence following an episode of 

acute LBP. 

One additional factor yet to be investigated within prognostic, longitudinal research in pain 

conditions is brain derived neurotrophic factor (BDNF). BDNF acts as an important central 

modulator of neuroplasticity and is up-regulated in response to activation of nociceptors 

during an acute pain episode (Pezet & McMahon, 2006). Further, carriers of the VAL66MET 

allele of the BDNF gene exhibit a decreased capacity for neuroplasticity observed as a 

reduced potential for cortical reorganisation during motor learning (Bath & Lee, 2006; 

Cheeran et al., 2008; Kleim et al., 2006). No study has explored whether an individuals 

capacity for neuroplasticity during an acute episode of LBP can predict LBP outcome. 

Finally, evidence supports the capacity for psychosocial factors to predict the development of 
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chronic LBP (Linton, 2000). When psychosocial factors such as cognitive coping strategy 

and depression are assessed in prognostic models they explain ~26% of the total variance in 

3-month LBP outcome (Casey et al., 2008; Chou & Shekelle, 2010; Mallen et al., 2007). 

These figures suggest that although psychosocial factors contribute to the development of 

chronic LBP, a large proportion of variation in outcome is due to factors that are currently 

unmeasured or unknown (Kent & Keating, 2008). The inclusion of both psychosocial and 

biological variables in prognostic models has the potential to predict a greater proportion of 

LBP outcome than psychosocial or biological variables in isolation (Vachon-Presseau et al., 

2018).  

The UPWaRD (Understanding persistent Pain Where it ResiDes) Study aims to determine 

whether SI and M1 activity, an individuals capacity for plasticity and psychosocial features 

assessed during an acute episode of LBP, predict 6-month LBP outcome. This study is the 

first adequately powered, longitudinal investigation of candidate predictors related to SI and 

M1 activity and neuroplasticity in acute LBP.  This protocol paper describes the method and 

analysis plan for the UPWaRD study.   

2.4. Methods and analysis  

2.4.1. Design 

This study uses a multicentre prospective longitudinal cohort design with 6-month follow-up 

of individuals experiencing an acute episode of LBP. The study is being carried out between 

December 2014 and June 2019 at two sites (Western Sydney University; Neuroscience 

Research Australia) in Sydney, Australia. Measures of candidate predictor variables are 

assessed within six weeks of acute LBP onset (T1) and the primary outcome measures (pain 

and disability) are assessed at 6-month follow-up (T2). Ethical approval has been obtained 

from the Western Sydney University Human Research Ethics Committee (H10465) and from 
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Neuroscience Research Australia (SSA: 16/002). 

2.4.2. Setting 

Participants are recruited via: local hospitals in South East Sydney and South Western 

Sydney local health districts, New South Wales, Australia, primary care practitioners (e.g. 

general practitioners and physiotherapists), newspaper/on-line advertisements, flyers and 

social media sites such as Facebook.  

2.4.3. Patient and public involvement 

Patients and the public were not involved in the design of this protocol. Patient advocacy 

groups (Chronic Pain Australia, Pain Australia) will provide support for recruitment through 

dissemination of recruitment flyers in newsletters, websites and via social media. Individual 

test results will be provided to participants on request and a summary of the overall outcomes 

of the study will be available to all participants on completion of the trial. 

2.4.4. Participants  

Potential participants are screened to determine whether they meet the following inclusion 

and exclusion criteria.  

Inclusion criteria: Eligible participants must be 18 years or older and currently experiencing 

acute non-specific LBP - defined as pain in the region of the lower back, superiorly bound by 

the thoracolumbar junction and inferiorly by the gluteal fold (De Vet et al., 2002). 

Participants remain eligible if they have pain referred beyond this region that is not suspected 

radicular pain from neural tissue involvement. Pain must have been present for more than 24 

hours and less than 6 weeks duration following a period of at least 1-month pain-free (De Vet 

et al., 2002; Stanton et al., 2008; Williams et al., 2014). As we aim to determine which 

variables predict LBP outcome, regardless of whether this is the first episode of pain, 

participants need not be experiencing their first LBP episode. Previous history of LBP will be 
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included as a candidate predictor in the statistical model. Participants must provide written 

informed consent to participate and be able to speak and read English.  

Exclusion criteria: Known or suspected serious spinal pathology (fracture; malignancy, 

inflammatory or infective diseases of the spine; cauda equina syndrome or widespread 

neurological disorder); suspected or confirmed pregnancy or less than six months post-

partum; suspected radicular pain (dominant leg pain, positive neural tissue provocation tests 

and/or any two of altered strength, reflexes, or sensation for the same nerve root, assessed 

clinically); previous lumbar spinal surgery (e.g. spinal fusion, intervertebral disc 

replacement); presence of another painful condition (e.g. fibromyalgia, neuropathy, 

rheumatoid arthritis); comorbidities affecting sensorimotor function or causing neurological 

deficit (e.g. multiple sclerosis, spinal cord injury); history of psychological disorders 

requiring medication for symptom control (e.g. major depressive disorder, bipolar disorder, 

schizophrenia) and/or contraindications to transcranial magnetic stimulation (Keel et al., 

2001).  

2.4.5. Outcome measures 

Primary outcome:  

Pain intensity: Participants complete the Brief Pain Inventory (BPI) at T1 and T2 (Cleeland & 

Ryan, 1991) where they are asked to score their pain intensity on average over the previous 

week  using an eleven-point numerical rating scale (NRS: 0 = “no pain”, 10 = “worst pain 

imaginable”). At T2, a NRS score ≤1 will be classified as recovered LBP and a NRS score ≥ 

2 will be classified as chronic LBP. Similar classification has been reported previously 

(Hancock et al., 2007; Marcuzzi et al., 2018).  

Secondary outcome:  

Disability: Participants complete the 24-point Roland Morris Disability Questionnaire 
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(RMDQ) at T1 and T2 (Roland & Morris, 1983). This questionnaire detects the level of 

disability experienced as a result of LBP. At T2, a RMDQ score ≤ 6 will be classified as 

recovered LBP and a RMDQ score ≥ 7 will be classified as chronic LBP. This definition of 

chronic LBP replicates the cut-off used in other prognostic tools (Hill et al., 2008; Mehling et 

al., 2015).   

2.4.6. Candidate predictors: 

Fifteen candidate predictors are selected a priori based on a theoretical association with the 

development of chronic LBP (Table 1). 

Table 1. A priori candidate predictors 

Assessment domain Predictor variable 

Sensory and anterior cingulate cortex activity SEP N80 component area 

SEP N150 component area 

SEP P260 component area 

Motor cortex activity 

 

L3 map volume 

L5 map volume 

L3/L5 centre of gravity overlap 

Capacity for neuroplasticity 

 

BDNF genotype 

BDNF serum concentration 

Psychological status 

 

PCS 

DASS-21 

PSEQ 

Demographics Age 

Sex 

Baseline pain intensity NRS score at T1 

Previous history of low back pain 

SEP – sensory evoked potential, L3 – electrode recording site 3cm lateral to the L3 spinous process, L5 - 

electrode recording site 1cm lateral to the L5 spinous process, BDNF – brain derived neurotrophic factor, PCS – 
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Pain catastrophising scale, DASS-21 - Depression, anxiety and stress scale, PSEQ - Pain self-efficacy 

questionnaire, NRS – 11-point numerical rating scale, T1 – within 6-weeks of acute low back pain onset. 

Sensory and anterior cingulate cortex activity 

Sensory evoked potentials (SEPs) will be recorded in response to electrical stimulation of the 

paraspinal muscles (Flor et al., 1997) through surface electrodes positioned 3 cm lateral to the 

L3 spinous process, ipsilateral to the side of worst LBP. The side of worst LBP is determined 

on the day of baseline testing by asking the participant “on average over the past 24 hours 

which side of your back is most painful”? If the participant is unable to determine the most 

painful side and reports central LBP at all times over the past 24 hours, stimulation is applied 

ipsilateral to their dominant hand. Participants are seated comfortably in a chair, with feet on 

the floor and arms relaxed. A constant current stimulator (Digitimer, DS7AH) delivers the 

non-noxious electrical stimuli through bipolar electrodes (silver-silver chloride disposable 

electrodes; Noraxon USA Inc, AZ, USA) at 3 x an individuals perceptual threshold. If this 

stimulus evokes pain, the intensity is reduced as required. Electrical stimuli are applied with a 

pulse duration of 1-ms and a frequency of 2 Hz. A variable interval schedule of 20% is 

applied to reduce accommodation. Two blocks of 500 stimuli are recorded for each 

participant (Schabrun et al., 2015). 

SI activity is recorded using electroencephalography (EEG) via gold plated cup electrodes 

(Digitimer, Reusable Au and Ag EEG Cup Electrodes) positioned over SI (3 cm lateral and 2 

cm posterior to Cz) on the side contralateral to worst LBP and referenced to Fz according to 

the International 10/20 EEG placement system (Homan et al., 1987). EEG signals are 

amplified 50000x, band pass filtered between 5-500 Hz and sampled at 1000 Hz using a 

Micro1401 data acquisition system and Signal software (CED Limited, Cambridge, UK). To 

exclude the potential interference of repeated sensory stimuli on motor cortical activity 

(Schabrun et al., 2015), SEPs are recorded after transcranial magnetic stimulation (see 
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below). 

The area of the N80 component (between the first major downward deflection of the curve 

after stimulation and the first major negative peak, N80), N150 component (between the first 

negative peak, N80 and second negative peak, N150), and P260 component (between the second 

negative peak, N150 and the positive deflection of the curve starting around 150 ms after 

stimulus onset, P260) of the SEP are used in the analysis. The N80 component is thought to 

represent activity in SI, the N150 activity in the secondary sensory cortex (SII), and P260 

activity in the anterior cingulate cortex (ACC) (Bromm & Lorenz, 1998; Flor et al., 1997).  

Motor cortex activity 

Participants are seated comfortably in a chair, with their feet on the floor and arms relaxed. A 

tight fitting bathing cap is applied to each participants head, with the vertex determined using 

the 10/20 International EEG Electrode Placement system (Homan et al., 1987). Single-pulse, 

monophasic transcranial magnetic stimulation (TMS) is delivered to the M1 contralateral to 

the side of worst LBP (Magstim 200 stimulator/7 cm figure-of-eight coil; Magstim Co. Ltd. 

Dyfed, UK). During testing, the coil is positioned tangential to the skull and moved lateral to 

the midline. This orientation has been shown to minimize concurrent excitation of the 

opposite hemisphere and elicit consistent motor evoked potential (MEP) responses in 

paraspinal muscles (Brasil-Neto et al., 1992; Kaneko et al., 1996; Mills et al., 1992). Using a 

stimulator intensity of 100%, with an inter-stimulus interval of ~5s, 5 stimuli are delivered 

over pre-marked scalp sites on a 6x7cm grid, commencing at the vertex (Tsao et al., 2011).  

Surface electromyography (EMG) is recorded from the paraspinal muscles with electrodes 

(silver-silver chloride disposable electrodes; Noraxon USA Inc, AZ, USA) placed 

longitudinally at 1cm lateral to the L5 spinous process, and 3cm lateral to the L3 spinous 

process ipsilateral to the side of worst LBP. These sites have been used previously and are 
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appropriate for recording EMG from the back muscles (Schabrun et al., 2014; Tsao et al., 

2011). Ground electrodes are placed bilaterally over the anterior superior iliac spines. EMG 

data are pre-amplified 2000 times, band-pass filtered (20 to 1000 Hz) and sampled at 2000 

Hz using a Power 1401 Data Acquisition System with Signal 2 software (Cambridge 

Electronic Design, CED, UK).  

As paraspinal MEPs are difficult to elicit at rest M1 stimulation is conducted during sub-

maximal paraspinal muscle contractions (Tsao et al., 2011). Participants are asked to perform 

three maximum voluntary contractions (MVCs) of the paraspinal muscles against resistance 

for ~3s. The target electromyographic (EMG) amplitude is determined as 20% of the highest 

root mean square (RMS) EMG for 1 s from the average of the three MVCs. Target muscle 

activation is achieved by leaning backward into resistance provided from a pillow, whilst 

keeping the back straight. Visual and verbal feedback are provided to the participant 

throughout the procedure to ensure paraspinal muscle contraction remains at 20% of MVC 

during stimulation. 

TMS map data are exported and analysed using MATLAB 7 (The MathWorks, USA). EMG 

traces of the five MEPs recorded at each scalp site are averaged. MEP onset and offset are 

visually identified from the averaged traces and the RMS EMG amplitude between the onset 

and offset times calculated (Strutton et al., 2004; Tsao et al., 2008; Tsao et al., 2010). 

Background RMS EMG between 55 to 5 ms prior to stimulation is subtracted (Tsao et al., 

2011).  

MEP responses are superimposed over the respective scalp sites to construct a topographical 

representation of the target paraspinal muscle and normalized to the peak response for each 

participant (Schabrun et al., 2017). Normalised values below 25% of the peak response are 

removed and the remaining values rescaled between 0 to 100% (Tsao et al., 2011).  
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Two parameters are calculated from the normalised motor cortical maps. First, map volume, a 

measure of total excitability of the motor cortical representation, is calculated as the sum of 

the mean normalized RMS MEP at all active scalp sites. A scalp site is considered active if 

the normalised MEP response is equal to or greater than 25% of the peak response. Second, 

the centre of gravity (COG), defined as the amplitude weighted centre of the map is 

calculated for the motor cortical representation of L3 and L5 paraspinal muscles using the 

formula: CoG = ∑ 𝑉𝑖 ∙  𝑋𝑖 ∑ 𝑉𝑖⁄ , ∑ 𝑉𝑖 ∙  𝑌𝑖 ∑ 𝑉𝑖⁄  where: Vi = mean MEP response at each site 

with the coordinates Xi, Yi  (Uy et al., 2002; Wassermann et al., 1992).  

Capacity for neuroplasticity  

Brain derived neurotrophic factor (BDNF) genotyping: Cheek swabs taken on the day of 

baseline testing are used to prepare genomic DNA (Isohelix DNA Isolation Kit). Samples 

taken at T1 are immediately frozen at -80oC and stored until analyses. Polymerase chain 

reaction (PCR) is performed to amplify a 197-bp product with the val66met polymorphism 

located at 73 bp, with reaction conditions of denaturation at 95°C for 2 min, 35 cycles of 

95°C for 15 s, 60°C for 15 s and 72°C for 30 s, with final extension at 72°C for 5 min (Cirillo 

et al., 2012). Restriction digests are resolved on a 2% agarose gel. As the val66met 

polymorphism destroys the Eco721 site, the samples can be classified as VAL/VAL, 

VAL/MET or MET/MET based on the observed banding pattern. All samples are genotyped 

using two independent PCRs (Cirillo et al., 2012). 

Brain derived neurotrophic factor (BDNF) serum concentration: Peripheral venous blood is 

drawn into serum tubes (BD Vacutainer, SST II Advance) and clotted (30 min, room 

temperature) at T1. Serum is then separated by centrifugation (2500 rpm, 15 min) and stored 

separately at -80°C until measurement. BDNF serum concentration is measured using an 

enzyme-linked immunosorbent assay (ELISA) (Simple Plex Cartridge Kit, Biotrend). All 

samples are measured in duplicate and averaged for analysis. The detection limit is 62.5 
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pg/ml with intra-and inter-assay coefficients of variation < 10 % (Laske et al., 2007). 

Psychological status 

Pain catastrophising scale: The Pain Catastrophising Scale (PCS) is included to assess 

catastrophizing thoughts about pain. The PCS includes 13 items, scored on a 5-point scale. A 

total score between 0 and 52 is calculated, with higher scores indicating more severe 

catastrophic thoughts about pain (Sullivan et al., 1995). 

Depression, anxiety and stress scale: A 21-item version of the depression, anxiety and stress 

scales questionnaire (DASS-21) will be administered. The questionnaire includes three 7-

item subscales: DASS-depression, DASS-anxiety, DASS-stress. A total score is obtained for 

the DASS-21 with higher scores indicating greater depression, anxiety and/or stress (Antony 

et al., 1998; Parkitny et al., 2012). 

Pain self-efficacy questionnaire: The pain self-efficacy questionnaire consists of 10 items, 

each scored on a 7-point scale. The questionnaire evaluates the confidence of an individual in 

their ability to perform a range of functional activities whilst in pain. A total score between 0 

to 60 is calculated, with higher scores representing greater self-efficacy beliefs (Nicholas, 

2007).  

Demographics and baseline pain intensity 

Age and sex data will be collected from all participants at baseline. Baseline pain intensity 

will be drawn from the BPI administered at T1 (as described under primary outcome 

measures) where participants score their pain intensity on average over the previous week 

using the NRS. 

2.4.7. Statistical analysis 

Data analysis will be carried out using Statistical Package for Social Sciences (SPSS) for 

Windows (V.25; SPSS, Chicago, IL). Continuous variables will be presented through 
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centrality measures (mean, median), and dispersion (SD and IQR) according to the 

distribution, and categorical variables through frequencies and percentages. A primary and 

secondary analysis will occur to interpret the collected data. 

Primary analysis: 

The primary analysis will use multivariate linear regression models to determine the 

candidate predictors associated with i) pain intensity (NRS: 0 = “no pain”, 10 = “worst pain 

imaginable”) and ii) disability at T2. Recovery from LBP is complex and highly individual 

(Kongsted et al., 2015), there remains no clear consensus on what constitutes recovery from 

an episode of LBP.  For this reason, we will first explore the data using a linear regression 

model, that does not attempt to dichotomize outcomes into recovered/non-recovered. 

Maintaining continuous outcome variables also minimises information loss, increasing 

statistical power.  

The cumulative probability of being recovered from an episode of LBP is reported to be 

39.9% at six weeks, 58.2% at 12 weeks, and 72.5% at 12 months (Henschke et al., 2008). 

These figures suggest data will be normally distributed. Therefore, we expect to analyse pain 

intensity and disability scores at T2 using linear regression, generalized linear models (GLM) 

with normal distribution and identity link function. All predictors with a p-value <0.20 in a 

univariate analysis will be considered for inclusion in the final linear regression multivariate 

model. Model assumptions will be tested, including a test of multi-collinearity. Goodness of 

fit of the final linear regression model will be reported with adjusted R2 values. In the event 

that the data are over dispersed we will opt for a Poisson or negative binomial model and log 

likelihood and Akaike’s Information Criterion (AIC) will be reported.   

Secondary analysis: 

The secondary analysis will use logistic regression to investigate the relationship between 
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baseline candidate predictors and measures of chronic LBP (pain intensity and disability). 

Logistic regression analysis will allow for development of a prognostic model in line with 

recommendations of the PROGRESS group and TRIPOD statement (Collins et al., 2015; 

Riley et al., 2013). Further, the generated predicted probabilities of recovery at T2 will allow 

for direct comparison with other published LBP prognostic tools (Grotle et al., 2006; Linton 

& Boersma, 2003; Linton et al., 2011; Traeger, Henschke, et al., 2016; C. Williams et al., 

2014). 

Multivariable logistic regression with backward stepwise selection will be employed. 

Backward stepwise selection is the preferred automated predictor selection technique, as 

correlations between predictors are considered in the modelling procedure (Moons et al., 

2015). AIC will be used as a stopping rule for variable selection. Using AIC as a stop rule 

corresponds to a significance level of α = 0.157, is favourable in smaller data sets and 

accounts for model fit (Moons et al., 2015; van Houwelingen & Sauerbrei, 2013).  

Continuous predictor variables will be treated as linear in the primary analyses. As per the 

TRIPOD statement, categorization of continuous variables is not necessary for statistical 

analysis and contributes to significant information loss (Moons et al., 2015). The linearity of 

continuous predictor variables will be examined with the predicted probability of chronic 

LBP as the dependent variable using scatter plots and the Box-Tidwell transformation (Box 

& Tidwell, 1962). A check for linearity will be performed and possible improvement of fit 

investigated by allowing some form of nonlinearity (Moons et al., 2015). For continuous 

predictor variables that demonstrate a significant non-linear relationship with the dependent 

variable, transformation will occur.  

We will examine the predictive performance of the prognostic models by analysing measures 

of calibration and discrimination. Calibration reflects the agreement between predictions 

from the model and observed outcomes, assessed graphically. The observed risk is plotted on 
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the y-axis, against predicted risks on the x-axis. We will test for agreement between predicted 

and observed probabilities using the Hosmer-Lemeshow test (Hosmer & Lemesbow, 1980). 

Discrimination refers to the ability of the prediction model to differentiate between those who 

will recover from LBP and those who will not. This will be reported using the concordance 

index (c-index), which equals the area under the receiver operating characteristic curve 

(Cook, 2008). 

Sample size estimation 

Ten subjects will be ensured per variable (SPV) in the linear regression model to assess 

whether baseline variables are associated with pain intensity at T2. More than one-third of 

variables (>5 candidate predictors) are not anticipated to demonstrate a significant association 

during univariate analysis with the outcome of interest, or display multi-collinearity, and will 

subsequently be excluded from the model. Thus, allowing for 20% loss to follow-up, with 10 

remaining candidate predictors, we require 120 participants with acute LBP to ensure at least 

10 SPV (Harrell, 2001). 

We will seek a minimum of five events per variable (EPV) for logistic regression analysis 

(Vittinghoff & McCulloch, 2007). In line with the above sample size estimation for linear 

regression we will recruit 120 participants with acute LBP. Considering a maximum of 10 

candidate predictors remaining in the multivariable logistic regression model following 

backward stepwise selection, we require a minimum of 50 events (i.e. presence of chronic 

LBP at T2). There is substantial variability in the clinical course of acute LBP with estimates 

for the risk of developing chronic LBP reportedly as high as 56% (Schiøttz-Christensen et al., 

1999). Further, recurrence of LBP is common, with 12-month recurrence rates reported in the 

literature ranging from 24% to 80% (Marras et al., 2007; Pengel et al., 2003). This variability 

suggests a sample size of 120 participants with acute LBP should be adequate to power the 

logistic regression analysis.  
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Missing data 

Cases with missing values will be removed from the dataset if follow-up rates are higher than 

95%. If missing data exceeds 5%, multiple imputation will be used in line with 

recommendations from the TRIPOD statement (Moons et al., 2015). Multiple imputation 

involves creating multiple copies of the data set, with the missing values replaced by imputed 

values drawn from their predicted distribution in observed data (Little, 2002; Schafer, 1999). 

The number of imputations should be related to the fraction of missing data (White et al., 

2011). We will report the methods used for combining all reported estimates following 

multiple imputation (i.e. Rubin’s rules) (Holder et al., 2009; Moons et al., 2015). Where data 

are missing at random (i.e., missing randomly, conditional on covariates), estimates based on 

multiple imputation are unbiased (Kenward & Carpenter, 2007).  

2.5. Ethics and dissemination 

Ethical approval has been obtained from Western Sydney University Human Research Ethics 

Committee (H10465) and from Neuroscience Research Australia (SSA: 16/002). 

Dissemination will occur through presentations at National and International conferences and 

publications in international peer-reviewed journals. 
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Chapter 3: Characterising the Understanding persistent Pain 

Where it Resides cohort 

As described in Chapter Two, the UPWaRD Study aimed to determine whether sensorimotor 

neurophysiology, individual capacity for neuroplasticity and psychological features assessed 

during an acute episode of LBP, predict six-month LBP outcome. This study was the first 

adequately powered, longitudinal investigation of candidate predictors related to 

sensorimotor function, and neuroplasticity. Understanding the baseline characteristics of 

participants included in the UPWaRD trial is important for accurate and transparent reporting 

of longitudinal analyses from this cohort.  

This work profiling the UPWaRD cohort was uploaded to the publicly accessible medRxiv 

database:  

Jenkins, L. C., Chang, W.-J., Buscemi, V., Liston, M., Nicholas, M., Graven-Nielsen, T., 

Hodges, P. W., Wasinger, V. C., Stone, L. S., Dorsey, S. G., McAuley, J. H., & Schabrun, S. 

M. (2021). The Understanding persistent Pain Where it ResiDes study of low back pain 

cohort profile. medRxiv, 2021.2011.2024.21266794. 

https://doi.org/10.1101/2021.11.24.21266794 

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis. 
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3.1. Abstract 

Background: Despite chronic low back pain (LBP) being considered a biopsychosocial 

condition for diagnosis and management, few studies have investigated neurophysiological or 

neurobiological risk factors thought to underpin the transition from acute to chronic LBP. The 

aim of this cohort profile is to describe the methodology, compare baseline characteristics 

between acute LBP participants and pain-free controls, and compare LBP participants with or 

without completed follow-up. Methods: 120 individuals experiencing acute LBP and 57 

pain-free controls were recruited to participate in the Understanding Persistent Pain Where it 

Resides (UPWaRD) study. Screening was conducted via email and phone. Neurobiological, 

psychological, and sociodemographic data were collected at baseline, three- and six-months. 

LBP status was assessed using the numerical rating scale and Roland-Morris disability 

questionnaire at three and six-month follow-up. Results: 95 participants (79%) provided 

outcome data at three-month follow-up and 96 participants (80%) at six-months. Participants 

who did not complete follow-up at three- and six-months within the UPWaRD LBP cohort 

had higher psychological distress, higher pain interference, higher levels of moderate 

physical activity, and reported occupational difficulties due to pain (P = <0.05). Compared to 

controls, LBP participants in the UPWaRD cohort were older, had a higher BMI, a higher 

prevalence of comorbidities and higher medication usage. Higher depression, anxiety and 

stress, lower pain self-efficacy and higher pain catastrophizing during acute LBP were 

correlated with higher six-month pain and disability (P = < 0.01). Conclusions: This cohort 

profile reports baseline characteristics of the UPWaRD LBP and pain-free control cohort. 
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3.2. Introduction 

The worldwide one-month prevalence of low back pain (LBP) is approximately 23% and 

83% of the world’s population will experience LBP at least once during their lifetime (Hoy et 

al., 2012; Manchikanti et al., 2014). Of those who experience an acute episode of LBP, up to 

40% will develop chronic or recurrent symptoms (Henschke et al., 2008). LBP is a leading 

cause of disability worldwide (Vos et al., 2017) and associated with substantial economic 

burden, with $135 billion spent on low back and neck pain in the US in 2017 (Dieleman et 

al., 2020). Despite the scale of the problem, identifying those with acute LBP who are at risk 

of chronic or recurrent symptoms remains challenging. 

Most cases of LBP have no identifiable pathoanatomical cause or clear nociceptive source 

that could explain persistent symptoms (Maher et al., 2017). This has led to a focus on the 

identification of psychological, social and demographic risk factors to explain the transition 

to chronic LBP (Ardakani et al., 2019). Using this approach, the strongest predictors of 

chronic LBP are high pain severity during the acute-stage (Baumbauer et al., 2020; Dorsey et 

al., 2019; Gurcay et al., 2009; Starkweather et al., 2016; Walton et al., 2013) and a prior 

history of LBP (Taylor et al., 2014). Other factors that increase the risk of experiencing an 

episode of LBP include psychological distress, smoking and physical inactivity (Parreira et 

al., 2018). However, these risk factors explain only a small proportion of the variance in LBP 

outcome (Hartvigsen et al., 2018; Kent & Keating, 2008; Lin et al., 2011; Shiri et al., 2010). 

Investigation of biological risk factors in the development of chronic pain has been limited. 

Although some data are beginning to show systemic inflammation and pain sensitivity 

interact with psychological features (Klyne et al., 2018; Klyne et al., 2019), the role of 

sensorimotor neurobiology has not been investigated. The Understanding persistent Pain 

Where it ResiDes study (UPWaRD study) aimed to recruit and follow a cohort of adults 
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living in Australia who experienced an acute episode of LBP. The primary aim as reported ‘a 

priori’ in the study protocol was to use this cohort to identify biological (with an emphasis on 

neurophysiological factors), psychological and sociodemographic risk factors, and/or 

interactions between these factors during an acute episode of LBP that predict the 

development of chronic LBP. The neurobiological risk factors selected for investigation in 

the protocol were those with a putative link to the development of aberrant cortical and spinal 

neuroplasticity, hypothesized to explain why some individuals develop chronic pain after an 

acute episode.  

Understanding the baseline characteristics of participants included in the UPWaRD trial is 

important for accurate and transparent reporting of future longitudinal analyses from this 

cohort. Therefore, the aims of this cohort profile paper were to: i) describe the design, 

participant recruitment and measurement procedures of the UPWaRD study, including 

additional measures and data collected on a group of pain-free control participants, ii) to 

identify which baseline characteristics (health, sociodemographic, psychological and lifestyle 

factors) differ between individuals with acute LBP and pain-free controls, (iii) to determine 

whether any baseline features differ between participants who did, and did not, complete 6-

month follow-up, and iv) describe the recovery trajectories (pain and disability) of 

individuals with acute LBP over a period of 6 months.  

3.3. Methodology 

3.3.1. Study design 

The UPWaRD study was a multicentre, prospective, longitudinal, cohort trial of people with 

acute (within 6-weeks of pain onset) LBP, and pain-free controls, with three- and six-month 

follow-up. The study received funding from the National Health and Medical Research 

Council of Australia (Grant ID: 1059116). All study procedures were approved by the Human 
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Research Ethics Committees of Western Sydney University (H10465) and Neuroscience 

Research Australia (SSA: 16/002) and in accordance with the Helsinki Declaration of 1975, 

as revised in 1983. All participants provided written, informed consent for participation in the 

study and its related procedures.  

3.3.2. Recruitment and follow-up  

Participants were recruited through flyers around university campuses and the local 

community, social media posts, local hospitals in South Eastern Sydney and South Western 

Sydney Local Health Districts, New South Wales, Australia, primary care practitioners (e.g. 

general practitioners and physiotherapists) and newspaper advertisements. Screening was 

conducted via email and phone. Potential participants who contacted the research team or 

were referred from a practitioner were contacted over the phone within 24 hours to discuss 

the study purpose and methodology. Participants were then sent a detailed participant 

information sheet and screening form via email. Participants who returned the screening form 

were considered “screened” and any reason for exclusion was documented.  

Acute LBP participants were eligible if they experienced pain in the region of the lower back, 

superiorly bound by the thoracolumbar junction and inferiorly by the gluteal fold (Müller et 

al., 2019). Pain must have been present for more than 24 hours and persisted for less than six 

weeks following a period of at least one-month pain-free (De Vet et al., 2002; Muller et al., 

2019; Stanton et al., 2008; Williams et al., 2014). All participants with pain referred beyond 

the inferior gluteal fold underwent a physical examination by a trained physiotherapist (study 

staff) to identify any sensory or motor deficit of the lower extremity. Participants with 

suspected lumbosacral radiculopathy characterised by the presence of weakness, loss of 

sensation, or loss of reflexes associated with a particular nerve root, or a combination of 

these, were excluded (Lin et al., 2014). Individuals who presented with suspected serious 

spine pathology (e.g. fracture, tumour, cauda equina syndrome), other major 



 

93 

 

diseases/disorders (e.g. schizophrenia, chronic renal disorder, multiple sclerosis), a history of 

spine surgery, any other chronic pain conditions or contraindications to the use of transcranial 

magnetic stimulation (TMS), as described by Keel et al. (2001), were excluded. Control 

participants were eligible for study inclusion if they met the relevant exclusion criteria above 

and had not experienced LBP in the past 12 months.  

3.3.3. Data collection 

Participants completed a laboratory testing session and a battery of questionnaires (online or 

in person) at baseline, three- and six-months. All variables were measured in a standardised 

order for all participants and four assessors performed all laboratory sessions between 

Western Sydney University, Campbelltown Campus or Neuroscience Research Australia. 

Duration of assessment of all variables was approximately 2.5 hours. Measures were 

collected within the domains of health (e.g. weight), sociodemographic (e.g. cultural 

diversity), psychological (e.g. depression, catastrophising, self-efficacy), clinical (Keele 

StarT Back Screening Tool), neurobiological (e.g. electroencephalography), biological 

(serum biomarkers), pain processing (e.g. pressure pain sensitivity) and lifestyle (e.g. 

physical activity - International Physical Activity Questionnaire). Detailed description of all 

measures obtained in the UPWaRD Cohort and their methodology is described in 

supplementary material (Supplemental File: Table S1). This Table includes details of which 

measures were added after registration/protocol publication.  Pain-free controls were 

followed up at three-and six-months to allow comparison of neurobiological and 

psychological variables between participants with and without LBP, and allow assessment of 

measurement stability across baseline, three- and six-months in pain-free individuals 

(Cunningham et al., 2021). 

In brief, neurobiological measures were selected based upon a theoretical association between 

cortical and spinal plasticity and the development of chronic LBP and supporting evidence 
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from cross-sectional studies (Baumbauer et al., 2020; Flor et al., 1997; Hayden et al., 2009; 

Linton, 2000; Schabrun et al., 2017; Tsao et al., 2011). For psychological measures, three 

questionnaires were used to assess specific aspects of psychological status with evidence of 

relevance to the development of chronic LBP: the 21-Item Depression, Anxiety and Stress 

Scales Questionnaire (DASS-21) (Antony et al., 1998; Parkitny et al., 2012), the 13-item Pain 

Catastrophising Scale (PCS) (Sullivan et al., 1995), and the 10-item Pain Self-Efficacy 

Questionnaire (PSEQ) (Nicholas, 2007). A commonly used clinical prediction tool, The 

Keele StarT Back Screening Tool (SBT) was also administered amongst LBP participants at 

baseline assessment (Hill et al., 2008). Sociodemographic, environmental and lifestyle factors 

were selected based on the Australasian Electronic Persistent Pain Outcomes Collaboration 

minimum dataset recommendations (Tardif et al., 2017). Guidelines for that minimum dataset 

were first developed in 2011 by an expert team, consisting of members of the Faculty of Pain 

Medicine of the Australian and New Zealand College of Anaesthetists, Australian Pain 

Society and New Zealand Pain Society. Participants were free to seek and utilise any 

treatment, and data were collected on healthcare utilization and medication consumption.  

Average pain intensity over the week preceding baseline and follow-up assessment was self-

reported by participants using the 11-point numerical rating scale (NRS) anchored with ‘no 

pain’ at 0 and ‘worst pain possible’ at 10. Disability was assessed using the 24-point Roland 

Morris Disability Questionnaire (RMDQ) on the day of baseline and follow-up testing. An 

item receives a score of 1 if it is applicable to the respondent or 0 if it is not, with a total 

range of 0 (no disability) to 24 (severe disability) [70].  

3.3.4. Sample size 

Sample size for the primary study aim (i.e. to determine whether cortical reorganisation, an 

individuals capacity for neuroplasticity, central sensitisation, psychosocial factors, and their 

possible interaction, predict LBP outcome) was initially calculated (pre study 
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commencement) based on an assumption that the prediction model would include 17 

candidate predictors, 5 ‘a priori’ interactions and 9 sociodemographic variables. Allowing for 

10% loss to follow-up, a power of 80 % with a 5% level of significance and a medium effect 

size, a sample size of 264 participants was required. Once data collection commenced, a 

slower than expected rate of participant recruitment made the target sample size 

unachievable. On this basis, the sample size calculation for the primary aim was revised using 

the rule of thumb that ten subjects per variable are required to adequately power a linear 

regression model (Harrell Jr, 2015) and a minimum of five events per candidate variable is 

required for logistic regression analysis (Vittinghoff & McCulloch, 2007) resulting in a 

required sample size of 120 individuals with acute LBP. Prior to the completion of the data 

collection and data analysis, the UPWaRD study was registered with the Australian and New 

Zealand Clinical Trials Registry (ACTRN12619000002189) and the protocol for the primary 

study aim was published. Both documents include description of the revised sample size 

calculation, and this sample size (N=120) was achieved as planned.  

3.3.5. Statistical analyses 

Statistical Package for the Social Sciences software (version 27; IBM Corp) was used for all 

analyses in this study. Statistical significance was accepted at P ≤ 0.05 and all analyses were 

conducted on complete cases, with missing data described in Supplemental File 1: Table 

S2. First, the distribution of individual variables was inspected using histograms. Continuous 

data are presented as mean±standard deviation (normally distributed) or median[interquartile 

range] (non-normally distributed), and categorical data presented as number and percent (%).  

To explore potential differences in low back pain recovery trajectories at three- and six-

months, participants were divided into three sub-groups based on standardized criteria: (1) 

unresolved LBP if participants reported an increase or no change in pain intensity (NRS) and 

disability (RMDQ) from baseline, or a pain NRS score of ≥7/10 corresponding with severe 
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pain (Boonstra et al., 2016); (2) partially resolved LBP if participants reported a decrease in 

pain and/or disability from baseline (≥ 1-point reduction on NRS and/or RMDQ from 

baseline scores); or, (3) resolved LBP if participants reported no pain and disability (NRS and 

RMDQ = 0) at follow-up (Boonstra et al., 2016; Klyne et al., 2018).   

Comparisons were made between participants who did or did not complete follow-up, and 

between participants with or without LBP using independent samples t-test, non-parametric 

Mann-Whitney U test and Fisher’s Exact test for normally distributed, non-normally 

distributed and categorical data respectively. Spearman’s rank correlation coefficients were 

used to determine whether depression and anxiety (DASS-21), pain catastrophising (PCS) or 

pain self-efficacy (PSEQ) were correlated with six-month pain intensity (NRS) or disability 

in the UPWaRD LBP participants, with p-values adjusted for multiple comparisons using 

Bonferroni correction. A one-way multivariate analysis of variance (MANOVA) was used to 

compare differences in moderate and vigorous physical activity minutes at baseline, three-

month and six-months between pain-free controls, participants with resolved LBP or 

participants with partially or unresolved LBP.  

3.4. Results 

3.4.1. Participant recruitment 

Between 14th of April 2015 and 25th July 2019, 498 participants who presented with LBP 

were screened and 120 participants were included in the cohort (Figure 1; age 39±15 years; 

range = 21 to 83 years, female:male sex = 59:61). Two hundred and seven participants 

(41.5%) were ineligible because they had chronic LBP, two participants were excluded 

because they had previous spinal surgery and three were excluded because physical 

examination by the study investigator suggested a diagnosis of lumbosacral radiculopathy. Of 

the 286 eligible participants, 94 (32.9%) failed to respond to contact attempts organising 
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baseline assessment and 72 (25.2%) declined participation after reviewing the study 

information sheet. Baseline data were obtained on average 2.4±1.4 weeks (range 1 day to 6 

weeks) after the onset of acute LBP.  

Between October 2016 and February 2019, 57 pain-free controls who reported no current or 

prior LBP during the 12 months preceding study entry, and with age and sex distribution 

similar to the UPWaRD LBP cohort were recruited (female:male sex = 28:29; age 35±14 

years; range = 19 – 68, Table 2). 
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Figure 1. UPWaRD LBP cohort flow diagram.  

*defined as LBP lasting for longer than 6 weeks and/or a LBP episode preceded by a period of 

less than one-month without pain. 

3.4.2. Participant attrition 

Of the 120 eligible acute LBP participants who were enrolled in the study and provided 

baseline data, 95 participants (79%) provided outcome data at three-month follow-up and 96 
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participants (80%) at six-months. Missing follow-up cases were due to the participant failing 

to respond to multiple contact attempts to schedule their laboratory assessment within a one-

month time window of their three- or six-month follow-up date. At three and six-month 

follow up, 15 (16%) of the 95 LBP participants and 12 (13%) of the 96 LBP participants 

declined assessment of all laboratory measures, respectively. These participants agreed to 

complete questionnaire data, and thus, remained in the cohort. Supplemental File 1: 

Table S2 shows the number of participants that provided valid data for each of the three and 

six-month questionnaire-based items. Of the 57 control participants, follow-up was 

completed in 43 (75%) participants at three-months and 39 (68%) participants at six-months. 

Reasons for participant attrition amongst controls were as follows: i.) only consented to 

single laboratory testing session (N=7); ii.) withdrew from study due to intolerance of 

laboratory testing and/or duration of the testing protocol (N=4); iii.) no reason given (N=6); 

iv.) developed LBP (N=1).  

Participants with higher DASS depression (P = <0.01), DASS anxiety (P = 0.03), and DASS 

stress (P = <0.01) scores and lower PSEQ (P = 0.02) scores were less likely to complete 

three-month follow-up. At six-months, participants who did not complete follow-up reported 

higher rates of pain affecting their work (P = 0.04), pain interference with their usual work (P 

= 0.03), pain interference with their walking (P = 0.04) and pain interference with their 

relations (P = 0.04). Higher levels of self-reported moderate physical activity time per day (P 

= 0.03) and lower PSEQ scores (P = 0.04) were also observed in participants who did not 

attend their six-month follow-up appointment (Table 1). 
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Table 1. Comparison of baseline characteristics between participants with low back pain who did (FU), and did not (NFU), complete three and 

six-month follow-up. 

Characteristic 

Three months Six months 

Summary statistics P-value Summary statistics P-value 

FU (N=95) NFU (N=25)  FU (N=96) NFU (N=24)  

Health       

Age (years)  34 [28-55] 34 [28-41] 0.51 32 [28-55] 38 [30-49] 0.45 

Height (cm)  173.0 ± 10.8 175.1 ± 11.1 0.39 172.5 ± 10.9 175.6 ± 10.7 0.24 

Weight (kg)  77.7 ± 19.4 81.9 ± 15.0 0.38 77.9 ± 19.1 80.1 ± 17.7 0.62 

Sex: female (%) 51 (51) 8 (40) 0.47 51 (53) 8 (33) 0.08 

Body mass index (kg/m2)  23.7 [21.6-29.4] 24.9 [22.5-31.6] 0.30 23.7 [21.6-30.2] 24.7 [22.5-29.1] 0.61 

Comorbidities: yes (%) 31 (32) 6 (30) 1.00 30 (32) 7 (32) 0.87 

Previous low back pain: yes (%) 73 (75) 18 (90) 0.07 72 (77) 19 (86) 0.32 

Health care usage: yes (%) 56 (57) 11 (58) 1.00 51 (54) 16 (73) 0.10 

Medication usage: yes (%) 55 (56) 8 (42) 0.32 53 (44) 10 (46) 0.36 

Sociodemographic       
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Cultural diversity: yes (%)  44 (45) 9 (50) 0.80 40 (43) 13 (62) 0.11 

Education: Secondary school/below (%) 14 (14) 5 (25) 0.19 16 (17) 3 (14) 0.73 

Employment: full/part time (%) 72 (73) 13 (65) 0.59 69 (73) 16 (67) 0.56 

Compensation: yes (%) 3 (3) 1 (5) 0.51 3 (3) 1 (5) 0.74 

Sickness benefits: yes (%) 0 (0) 1 (5) 0.16 1 (1) 0 (0) 0.62 

Pain affected work: yes (%) 28 (29) 9 (47) 0.12 26 (27) 11 (50)  0.04 

Psychological       

DASS depression  

DASS anxiety  

DASS stress  

2.0 [0.0-6.0] 

2.0 [0.0-6.0] 

6.0 [2.0-15.0] 

14.0 [4.0-18.0] 

5.0 [1.5-12.5] 

14.0 [18.0-24.0] 

<0.01 

0.03 

<0.01 

2.0 [0.0-8.0] 

2.0 [0.0-6.0] 

6.0 [2.0-16.0] 

8.0 [0.0-15.0] 

2.0 [0.0-10.0] 

12 [7.5-20.0] 

0.77 

0.15 

0.10 

Self-efficacy (PSEQ)  50.5 [40.0-57.0] 41.0 [27.0-52.0] 0.02 51.0 [40.0-57.0] 45.0 [32.0-52.0] 0.04 

Catastrophising (PCS)  8.0 [2.8-14.3] 12.0 [6.0-19.0] 0.13 8.0 [3.0-16.0] 12.0 [7.0-16.0] 0.14 

Pain (Numerical Rating Scale, NRS)       

Worst pain  6.3 ± 1.9 6.7 ± 1.9 0.41 6.4 ± 1.9 6.6 ± 1.8 0.62 

Least pain  2.0 [0.0-4.0] 2.0 [1.0-3.0] 0.71 2.0 [1.0-4.0] 2.0 [1.0-3.0] 0.79 

Average pain  4.2 ± 2.0 4.7 ± 1.5 0.24 4.2 ± 2.0 4.6 ± 1.3 0.25 
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Current pain  3.0 ± 2.2 3.5 ± 2.0 0.37 3.0 ± 2.2 3.5 ± 1.9 0.42 

Pain (Brief Pain Inventory, BPI)       

Pain interference: Activity  4.5 ± 2.9 5.4 ± 3.1 0.25 4.4 ± 2.8 5.7 ± 3.0 0.06 

Pain interference: Mood  4.0 ± 3.0 5.1 ± 2.3 0.14 4.0 ± 2.9 5.0 ± 2.6 0.15 

Pain interference: Walking  3.3 ± 3.0 4.6 ± 2.5 0.08 3.3 ± 2.9 4.6 ± 2.5 0.04 

Pain interference: Usual work  4.1 ± 3.0 5.2 ± 2.8 0.13 4.0 ± 2.9 5.5 ± 2.9 0.03 

Pain interference: Relations  1.0 [0.0-5.0] 2.0 [1.0-5.0] 0.17 1.0 [0.0-4.0] 2.0 [1.0-6.0] 0.04 

Pain interference: Sleep  3.8 ± 3.1 4.6 ± 2.5 0.30 3.9 ± 3.0 4.0 ± 2.8 0.86 

Pain interference: Enjoyment  3.9 ± 3.1 4.3 ± 2.9 0.63 3.8 ± 3.1 4.5 ± 2.9 0.31 

Disability        

Disability (RMDQ)  5.0 [2.0-8.0] 5.0 [3.0-10.0] 0.74 5.0 [2.0-8.0] 6.0 [3.0-10.0] 0.28 

Clinical       

StartBack Score (SBT)  

Low Risk (%) 

Medium Risk (%) 

High Risk (%) 

 

67 (73) 

20 (22) 

5 (5) 

 

15 (63) 

7 (29) 

2 (8) 

 

0.56 

 

66 (70) 

23 (24) 

5 (5) 

 

16 (73) 

4 (18) 

2 (9) 

 

0.71 
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Baseline variable (characteristic) summary statistics (mean ± SD, median [IQR] or percentage) compared between low back pain (LBP) participants who did, and did not 

follow-up, at 3 and 6 month time-points using t tests (continuous data, normally distributed), Mann–Whitney U tests (continuous data, not normally distributed) or Fishers exact 

test (categorical data). DASS – 21-item depression anxiety stress subscale; FU – completed follow-up; IPAQ - International Physical Activity Questionnaire; NFU – did not 

complete follow-up; PCS – pain catastrophising scale; PSEQ – pain self-efficacy questionnaire; SBT - The Keele StarT Back Screening Tool. Bold font indicates statistical 

significance. 

Lifestyle (IPAQ)       

Vigorous activity days/week  1.0 [0.0-3.0] 0.0 [0.0-3.0] 0.37 1.0 [0.0-3.0] 1.0 [0.0-3.3] 0.76 

Vigorous activity time/day (minutes)  30.0 [0.0-67.5] 0.0 [0.0-60.0] 0.31 30.0 [0.0-60.0] 20.0 [0.0-67.5] 0.69 

Moderate activity days/week  2.0 [0.0-4.0] 2.0 [0.0-3.3] 0.34 2.0 [0.0-4.0] 2.5 [2.0-4.0] 0.22 

Moderate activity time/day (minutes)  37.5 [0.0-90.0] 25.0 [0.0-120.0] 0.90 30.0 [0.0-60.0] 60.0 [11.5-195.0] 0.03 

Days/week walking ≥ 10 minutes  7.0 [5.0-7.0] 7.0 [3.0-7.0] 0.50 7.0 [5.0-7.0] 7.0 [2.0-7.0] 0.28 

Walking time/day (minutes)  60.0 [28.9-120.0] 37.5 [20.0-60.0] 0.31 60.0 [30.0-120.0] 37.5 [18.8-60.0] 0.12 

Sitting time/day (minutes)  297.4 ± 172 270.6 ± 192.4 0.58 294.6 ± 171.5 288.0 ± 193.1 0.88 
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3.4.3. Pain and disability recovery trajectories 

Overall, NRS scores of pain intensity for participants with LBP decreased (P=<0.001) from 

4.3±1.9 at baseline to 2.3±2.3 at three-months, remaining stable at six-months (2.3±2.2). 

Disability scores (RMDQ) decreased (P=<0.001) from a median score of 5.0 (IQR = 2.0 – 

8.3) at baseline to a median score of 2.0 (IQR = 0.0 – 5.0) at three-months, and a median 

score of 1.0 (IQR = 0.0 – 4.0) at six-months. Reporting unresolved LBP at three-months was 

not significantly associated with experiencing unresolved LBP at six-months (P = 0.21). 

Conversely, partially resolved (P = 0.01) and resolved (P = <0.001) LBP status at three-

months was significantly associated with six-month partially resolved and resolved LBP 

status, respectively. Twenty-four (25.0%) LBP participants were completely recovered and 

sixty (62.5%) were partially recovered after six months. Twelve (12.5%) participants LBP 

was unresolved at six-months (Table 2).  
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Table 2. UPWaRD LBP cohort pain and disability outcomes at three and six-month follow up.  

Summary statistics are number (%), compared between three- and six-month time points using Fishers Exact test. 

LBP outcome within the UPWaRD Cohort was dichotomised at three and six-months using standardized criteria defined in Section 3.3.5. 

Classification 

Three months:  

N (%) 

Six months:  

N (%) 

P-value 

Unresolved recurrent or chronic LBP 16 (16.8) 12 (12.5) 0.21 

Partially resolved recurrent or chronic LBP 57 (60.0) 60 (62.5) 0.01 

Resolved 22 (23.2) 24 (25.0) <0.001 
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3.4.4. Health-related characteristics 

              Compared to controls, LBP participants were slightly older, had a higher body mass 

index (BMI), a higher prevalence of comorbidities and higher medication usage (Table 3). 

The most reported comorbidities amongst participants with LBP were depression/anxiety 

(N=12, 29.3%), hypertension (N=9, 22.0%) and asthma (N=5, 12.2%). Amongst controls, six 

comorbidities were self-reported: vision impairment (N=1), hypothyroidism (N=1), 

osteoporosis (N=1), prolactinoma (N=1), mild depression/anxiety not requiring intervention 

(N=1), and heart disease (N=1). The most frequently used medication within the control 

group was a contraceptive (N=4). Types of health care utilised by LBP participants were 

allied health (N=59, 50.4%), general practitioners (N=30, 25.6%), diagnostic tests (N=13, 

11.1%), and specialist physicians (N=5, 4.3%). During the follow-up period, three (2.6%) 

participants presented to their local emergency department because of their LBP but none 

were admitted to hospital. Amongst participants experiencing an acute episode of LBP, fifty-

five (46.6%) did not use any medication and two (1.7%) did not specify their medication use. 

Eighteen (15.3%) used nonsteroidal anti-inflammatories and 19 (16.1%) used acetaminophen. 

Seven LBP participants (5.9%) were prescribed opioids and three (2.5%) were prescribed 

benzodiazepines. Nine LBP participants (7.6%) were taking anti-depressant medication for 

the management of co-existing depressive symptoms. Three LBP participants were 

prescribed an anti-convulsant (2.5%). No LBP participants in the UPWaRD cohort received 

an epidural steroid injection. Thirty-three participants with LBP were taking medication not 

related to pain (e.g. anti-hypertensive or oral contraceptives). 
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Table 3. Baseline demographic and health-related characteristics of the UPWaRD cohort 

Summary statistics (mean ± SD, median [IQR] or percentage) compared between low back pain and control participants using t tests (continuous data, normally distributed), 

Mann-Whitney U tests (continuous data, not normally distributed) or Fishers Exact test (categorical data). $ Welch’s t-test was performed. Bold font indicates statistical 

significance

 Summary statistics  

Health-related characteristic Low back pain (N=120)  Control (N=57) P-value 

Age (years)  34 [28-53]  31 [25-40] 0.02 

Height (cm) $ 173.1 ± 10.9  170.6 ± 8.2 0.10 

Weight (kg) $ 78.3 ± 18.8  69.0 ± 13.7 <0.001 

Sex (female, %) 59 (49)  28 (49) 0.56 

Comorbidities (yes, %) 37 (32)  6 (11) <0.01 

Previous LBP (yes, %) 91 (78)  2 (4.0) <0.001 

Health care usage (yes, %) 67 (57)  NA NA 

Medication usage (yes, %) 63 (53)  12 (21) <0.001 

Body Mass Index (kg/m2)  24.2 [21.7-29.8]  22.5 [21.2-25.8] 0.01 
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3.4.5. Sociodemographic characteristics 

Fifty-three (46.1%) LBP participants and 30 (56.6%) pain-free controls identified as 

culturally diverse. Only one participant with LBP was receiving sickness benefits (0.9%) at 

the time of baseline testing and four (3.4%) were receiving compensation related to their 

LBP. Thirty-seven (31.6%) LBP participants reported pain that was affecting their 

occupation. Table 4 outlines the education and occupational status of the UPWaRD cohort. 

3.4.6. Psychological characteristics 

DASS depression scores were higher at baseline in acute LBP participants compared with 

pain-free controls (P = 0.01). Although the median total DASS-21 scores appeared higher at 

baseline in the acute LBP participants compared with pain-free controls, the distributions 

overlapped and did not differ significantly (P = 0.13; Table 5).  PCS and PSEQ scores were 

not obtained at baseline from pain-free participants however the median scores for these 

measurements amongst LBP participants are presented in Table 5.  

Table 6 reports correlations between psychological variables of interest and six-month pain 

(NRS) and disability (RMDQ) in the LBP cohort (NRS). All psychological variables at 

baseline were significantly correlated (P = <0.05) with six-month pain intensity and 

disability.  

3.4.7. Lifestyle characteristics 

Compared to pain-free controls, participants in the UPWaRD LBP cohort engaged in lower 

levels of vigorous and moderate physical activity the week preceding their first laboratory 

session (P = <0.05; Table 7). Amongst the complete cases, there was no difference in 

moderate physical activity minutes between groups (controls, resolved LBP, partially or 

unresolved LBP) at three-month follow-up (F6, 176 = 0.96, P = 0.45; Wilks’ Lambda = 0.94, 

Partial Eta2 = 0.03), and a similar result was observed at six-month follow-up (F6, 174 = 1.25, 
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P = 0.28; Wilks’ Lambda = 0.92, Partial Eta2 = 0.04). Vigorous physical activity minutes 

amongst complete cases also did not differ between groups at three-month (F6, 192 = 0.85, P = 

0.53; Wilks’ Lambda = 0.95, Partial Eta2 = 0.03), or at six-months (F6, 192 = 0.86, P = 0.52; 

Wilks’ Lambda = 0.95, Partial Eta2 = 0.03).  

 

Table 4. Education and occupational status of participants enrolled in the UPWaRD study 

Sociodemographic characteristic 
LBP 

N (%) 
 

Control  

N (%) 

Education    

Some secondary school or less 7 (5.9)  0 (0.0) 

Completed secondary school 12 (10.2)  11 (19.6) 

Certificate III/IV 5 (4.2)  11 (19.6) 

Diploma 31 (26.3)  0 (0.0) 

Bachelor’s degree 37 (31.4)  16 (28.6) 

Post-graduate degree 26 (22.0)  18 (32.1) 

Not specified 2 (1.7)  1 (1.8) 

Occupational status    

Full-time employment 50 (43.1)  17 (38.6) 

Part-time employment 31 (26.7)  12 (27.3) 

Studying 12 (10.3)  10 (22.7) 

Volunteer 2 (1.7)  0 (0.0) 

Unemployed/prolonged absence due to pain 5 (4.3)  0 (0.0) 

Unemployed not due to pain 1 (0.9)  0 (0.0) 

Retraining/limited hours 2 (1.7)  2 (4.5) 

Home duties 3 (2.6)  0 (0.0) 

Retired 8 (6.9)  3 (6.8) 

Not specified 5 (4.2)  13 (22.8) 
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Table 5. Baseline psychological characteristics of the UPWaRD cohort 

Summary statistics (median [IQR]) compared between low back pain and control participants using Mann-Whitney U tests (continuous data, not normally distributed). Bold 

font indicates statistical significance. DASS – 21-item depression anxiety stress subscale; PCS – pain catastrophising scale; PSEQ – pain self-efficacy questionnaire; NRS – 

numerical rating scale; RMDQ – Roland Morris disability questionnaire. 

 

 

 

 

 

 Summary statistics  

Psychological characteristic Low back pain (N=120)  Control (N=57) P-value 

DASS total 16.0 [4.0-28.0]  10.0 [4.0-22.0] 0.13 

DASS depression item 2.0 [0.0-10.0]  2.0 [0.0-4.0] 0.01 

DASS anxiety item 2.0 [0.0-6.0]  2.0 [0.0-4.0] 0.12 

DASS stress item 8.0 [2.0-16.0]  8.0 [4.0 – 12.0] 0.37 

PCS 8.0 [3.0-15.5]  NA NA 

PSEQ 48.0 [37.5 – 56.0]  NA NA 
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Table 6. Spearman’s correlation coefficients between measures of baseline psychological status and six-month pain and disability 

 DASS PSEQ PCS NRS RMDQ 

DASS - -0.58*** 0.67*** 0.44*** 0.45*** 

PSEQ  - -0.57*** -0.35** -0.36** 

 PCS   - 0.38** 0.41*** 

 NRS    - 0.66*** 

RMDQ     - 

 

*** Correlation is significant at the 0.001 level (2-tailed) 

** Correlation is significant at the 0.01 level (2-tailed) 

* Correlation is significant at the 0.05 level (2-tailed) 

P-values were adjusted for multiple comparisons using a Bonferroni correction.  

DASS – 21-item depression anxiety stress subscale; PCS – pain catastrophising scale; PSEQ – pain self-efficacy questionnaire; NRS – numerical rating scale; RMDQ – Roland 

Morris disability questionnaire.  
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Table 7. Baseline physical activity levels of the UPWaRD cohort based on the International Physical Activity Questionnaire (IPAQ)  

Summary statistics are mean ± SD or median [IQR], compared between low back pain and control participants using participants using t tests (continuous data, normally 

distributed) or Mann-Whitney U tests (continuous data, not normally distributed). Bold font indicates statistical significance. 

 Summary statistics 

Lifestyle-related characteristic Low back pain (N=120)  Control (N=57) P-value 

Vigorous. activity days/week 1.0 [0.0-3.0]  2.0 [1.0-4.0] 0.01 

Vigorous. activity time/day (minutes)  30.0 [0.0-60.0]  60.0 [20.0-90.0] 0.01 

Moderate activity days/week  2.0 [0.0-4.0]  3.0 [2.0-5.0] 0.01 

Moderate activity time/day (minutes)  30.0 [0.0-90.0]  60.0 [30.0-120.0] 0.02 

Days/week walking ≥ 10 minutes  7.0 [4.0-7.0]  7.0 [5.0-7.0] 0.15 

Walking time/day (minutes)  45.0 [25.0-120.0]  60.0 [30.0-120.0] 0.16 

Sitting time/day (minutes) 293.4 ± 174.8  291.0 ± 205.1 0.94 
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3.5. Discussion 

This cohort profile describes the sample characteristics of 120 adults experiencing an episode 

of acute LBP and 57 pain-free control participants recruited for the UPWaRD study. This 

cohort provides a unique opportunity to investigate changes occurring across several 

neurobiological systems, and their interactions with heritable and environmental traits, during 

the transition from acute to chronic or recurrent LBP.  

3.5.1. Cohort baseline characteristics 

LBP is a heterogenous condition and contributors to pain chronicity and disability are 

multifactorial (Hartvigsen et al., 2018). LBP participants in the UPWaRD cohort, were 

slightly older, had a higher average BMI and participated in lower levels of vigorous and 

moderate physical activity the week preceding baseline testing than the pain-free controls 

recruited for this study. Although this might be expected for individuals with pain, a recent 

systematic review including individuals free from chronic-LBP at study inception, suggests 

lower levels of moderate (1–3 times per week), or vigorous/high (≥3–4 times per week) 

leisure physical activity may increase the risk of developing chronic LBP (Shiri & Falah-

Hassani, 2017). A significant causal relationship has recently been identified between BMI 

and back pain development (Elgaeva et al., 2019).  

An important finding of the cohort profile presented here was that over 50% of the UPWaRD 

LBP cohort utilized at least one form of health care because of their LBP episode, most 

commonly, allied health (e.g. physiotherapist, chiropractor) or general practitioners. Notably, 

11% of the UPWaRD LBP cohort underwent diagnostic imaging for their acute LBP episode, 

6% received opioids for management of their LBP symptoms and 4% received a specialty 

consultation (e.g. spinal surgeon). Routine use of diagnostic imaging, opioid medication and 

specialist consultation in the absence of serious pathology is not recommended for acute LBP 
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(Oliveira et al., 2018). As all participants in the UPWaRD cohort were carefully screened for 

the presence of serious pathology and signs of lumbosacral radiculopathy, this finding is 

likely to represent care that is discordant with current clinical practice guidelines. The 

observation of discordant care is consistent with studies of individuals with acute LBP 

presenting to Australian emergency departments (Machado et al., 2018).  A recent 

prospective cohort study identified a linear relationship between guideline discordant care 

and increased risk of transition to chronicity (Stevans et al., 2021). International guidelines 

consistently recommend general practitioners provide advice, education, reassurance, and 

simple analgesics, when necessary to manage acute, non-specific LBP (Traeger et al., 2017). 

Recently, non-pharmacologic interventions, such as heat, massage, acupuncture, or spinal 

manipulation have also been recommended as first-line treatment options (Oliveira et al., 

2018).  

Previous research has linked psychological risk factors with the transition from acute to 

chronic LBP (Linton, 2000; Pincus et al., 2002). Psychological risk factors (i.e. depression, 

anxiety and stress, pain catastrophising and pain self-efficacy beliefs) assessed in the 

UPWaRD acute LBP cohort at baseline were comparable to that of the pain-free participants, 

a finding that has been observed in previous comparable cohorts (Pengel et al., 2007). 

However, amongst the UPWaRD acute LBP participants, higher levels of depression, anxiety 

and stress, higher pain catastrophising and lower pain self-efficacy at baseline were 

correlated with higher six-month pain intensity and disability (Table 6). Systematic reviews 

of thirteen LBP cohorts report similar findings, with depression and catastrophizing  

consistently identified as significant risk factors for poor LBP outcome (Pinheiro et al., 2016; 

Wertli et al., 2014).  

3.5.2. Pain and disability recovery trajectories 

On average, LBP participants included in the UPWaRD cohort demonstrated a significant 
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reduction in pain and disability between baseline and three-months, yet no significant change 

in pain intensity and disability from three-month to six-month assessment. This is typical of 

LBP studies. A meta-analysis of 33 discrete cohorts identified a comparable recovery 

trajectory (Costa et al., 2012). Further, the UPWaRD LBP cohort reported similar recovery 

rates to previous acute LBP cohorts (Klyne et al., 2020). At six months, 12 (12.5%) LBP 

participants in the UPWaRD cohort reported worse pain and disability from baseline or 

severe pain (NRS≥7), 60 (62.5%) participants reported less pain and disability compared to 

baseline, and 24 (25%) participants reported no pain or disability. In the cohort described by 

Klyne and colleagues (Klyne et al., 2020), 15 (15.5%) participants reported worse or severe 

LBP, 66 (68.0%) participants reported less pain and disability and 16 (16.5%) participants 

reported no pain or disability at six-month follow-up. Similar rates of ongoing LBP at six-

month follow-up have been reported in other LBP cohorts (Baumbauer et al., 2020; Marwan 

et al., 2012; Müller et al., 2019). However, individuals in the UPWaRD LBP cohort reported 

lower levels of disability at 6-months follow-up when compared with other chronic LBP 

cohorts (Nicholas et al., 2008; M. K. Nicholas et al., 2019). 

3.5.3. Methodological issues 

The baseline characteristics presented here provide a foundation for future longitudinal 

analyses, however, the UPWaRD study is not without limitations. Although missing data are 

inevitable in longitudinal trials, the presence of incomplete cases does represent a threat to 

the depth of the results. The UPWaRD cohort reports similar rates of missing data to most 

recent prospective cohort studies examining biological risk factors during an acute LBP 

episode (Klyne et al., 2020; Müller et al., 2019; Vachon-Presseau et al., 2016). Most missing 

data in this cohort occurred after the first laboratory session, and many baseline 

characteristics, with some exceptions, were similar between those who did and did not return 

for follow-up. Study attrition was likely due to inclusion of a high burden of laboratory 
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measures that some participants found difficult to tolerate, and the time-commitment 

involved in the study. In this cohort, individuals who were lost to follow up at three- or six-

months reported, at baseline, higher levels of depression, anxiety, stress, and pain 

catastrophising, higher pain interference, higher levels of moderate physical activity, and 

occupational difficulties due to pain. Future longitudinal cohort studies might benefit from 

considering this finding and implementing targeted, innovative methods to reduce attrition in 

participants with similar baseline characteristics.  

Difficulties were experienced with recruitment, highlighted by the revised sample size and 

time taken to recruit the required number of LBP participants. Similar difficulties with 

recruitment have been reported by other groups conducting experimental LBP cohort studies 

(Klyne et al., 2020; Müller et al., 2019). Cohort studies conducted alongside randomized 

trials of new treatments appear to have greater recruitment success (Stevans et al., 2021) and 

this may be an important consideration for future LBP cohort study designs.  

Another important limitation to consider is that pain and disability outcome measures for the 

UPWaRD LBP cohort were assessed over the week preceding three and six-month follow-up 

assessment. Consequently, it is not possible to determine whether the presence of pain and 

disability at six-months follow-up reflects chronic LBP (i.e. pain that had persisted since the 

acute episode) or chronic recurrent LBP (i.e. a new episode of LBP following a pain-free 

period). This is acknowledged in our classification of the presence of LBP at three- and six-

month follow up (i.e. chronic or recurrent LBP). More frequent assessment of pain and 

disability over the course of the follow-up period (e.g. weekly/second weekly would allow 

evaluation of differing recovery trajectories (Costa et al., 2021; Klyne et al., 2018). 

3.6. Conclusion 

This cohort profile reports baseline characteristics of the UPWaRD LBP and pain-free control 
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cohort. Overall, the UPWaRD LBP cohort represents a generalisable sample of participants 

experiencing an acute episode of LBP within the community, many of whom seek and utilise 

treatment. Psychological risk factors (i.e. higher depression, anxiety and stress, higher pain 

catastrophising and lower pain self-efficacy) assessed during acute LBP were correlated with 

higher pain and disability at six-months. Participants experiencing acute LBP were older, had 

a higher BMI and participated in lower levels of moderate and vigorous physical activity 

during an acute LBP episode compared with pain-free control participants. Participants who 

did not complete follow-up at three- and six-months had higher psychological distress, higher 

pain interference, higher levels of moderate physical activity, and reported occupational 

difficulties due to pain.
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controls, and  referenced to Fz using the International 10/20 

System (Homan et al., 1987). A constant current stimulator 

delivered two blocks of 500 non-noxious electrical stimuli 

through a single bipolar electrode positioned 3cm lateral to 

the L3 spinous process, ipsilateral to the side of the worst 

LBP, or dominant hand for healthy controls. Individual SEP 

traces were manually inspected and averaged for analysis. 

Distinct SEP components are thought to reflect sensory 

afferent processing within the human cortex and the area 

under the rectified curve for each component was a candidate 

predictor reported ‘a priori’ in the study protocol (N80 – 

primary sensory cortex excitability, N150 – secondary sensory 

cortex excitability, P260 – anterior cingulate cortex 

excitability (Babiloni et al., 2001; Diers et al., 2007; Flor et 

al., 1997)). 
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Corticomotor excitability Laboratory measure: The corticomotor response to 

transcranial magnetic stimulation (TMS) was assessed using 

an established mapping paradigm and based on our previous 

work (Chang et al., 2019; O’connell et al., 2007; Schabrun et 

al., 2017; Schabrun et al., 2014; Tsao et al., 2011). 

Participants sat comfortably in a chair and electrodes were 

placed on the paraspinal muscles 3 cm lateral to the spinous 

process of L3 and 1 cm lateral to the spinous process of L5 

(Noraxon USA Inc, Arizona, USA). Participants were fitted 

with a tight-fitting cap, marked with a 6 x 7 cm grid oriented 

to the vertex. Single-pulse, monophasic stimuli (Magstim 

200 stimulator/7 cm figure-of-eight coil; Magstim Co. Ltd. 

Dyfed, UK) was then delivered over M1 contralateral to the 

side of the worst LBP, starting at the vertex. For healthy 

controls, M1 contralateral to the dominant hand was 

stimulated. Five stimuli were delivered over each site on the 

✓ ✓ Map volume (cm2) 

Centre of gravity (cm) 
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enzyme-linked immunosorbent assays (ELISA, Protein 

Simple, CA, USA). Samples were loaded into the cartridge 

according to a standard procedure provided by the 

manufacturers and immunoassay scans processed with no 

user activity. Built in cartridge limits of detection for each 

biomarker were as follows: (1) IL-1β: 0.064 pg/ml; (2) IL-2: 

0.18 pg/ml; (3) IL-4: 0.16 pg/ml; (4) IL-6: 0.26 pg/ml; (5) 

IL-8: 0.08 pg/ml; (6) IL-10: 0.14 pg/ml; (7) 1L-15: 0.19 

pg/ml; (8) TNF: 0.278 pg/ml; (9) CRP: 1.24 pg/ml; (10) 

TGF-β1: 5.29 pg/ml. Zero was allocated for values below the 

reported sensitivity of the test. 

Brain derived neurotrophic 

factor (BDNF) genotype 

and serum concentration* 

Laboratory measure: Buccal swabs were taken on the day of 

baseline testing (Isohelix DNA Isolation Kit) and 

immediately frozen and stored at −80°C. Genomic DNA 

samples were polymerase chain reaction amplified and 

sequenced by the Australian Genome Research Facility. 

✓ ✓ Genotype: Met/Met, 

Met/Val, Val/Val 

 

Serum concentration: 

pg/mL 



 

127 

 

Genotyping was performed as recommended by the 

manufacturer with reagents included in the iPLEX Gold SNP 

genotyping kit (Agena) and the software and equipment 

provided with the MassARRAY platform (Agena) (Clarke et 

al., 2014). BDNF serum concentration was analysed using 

the same methodology as described for analysing serum 

cytokine levels. Cartridge limits of detection for BDNF 

serum concentration were 5.25 pg/ml and samples below this 

level were allocated a value of zero. 

Serum proteomic profile Δ Serum samples for a subgroup of 60 participants with acute 

LBP were prepared by digesting 3µl of serum (57µg ul-1 +/-

7µg) in 50µl of 50mM AMBIC, 2M urea, 10mM DTT at pH 

8 using trypsin at 25°C for 16 hours in a 1:100 enzyme to 

protein ratio. Serum peptides were fractionated using 

hydrophobic interaction chromatography (HILIC) according 

to the manufacturers protocol (PolyLC Inc, MD, USA). 

✓  Spectral count, 

normalised by total ion 

count 
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Digested and fractionated peptides were reconstituted in 5μL 

0.1% formic acid and separated by nano-LC using an 

Ultimate 3000 HPLC and autosampler (Dionex, Amsterdam, 

Netherlands). The QExactive (Thermo Electron, 

Bremen,Germany) mass spectrometer was run in DDA 

mode. Proteins were identified from the Uniprot database. 

Protein identifications were accepted if they could be 

established at less than 5% FDR and contained at least two 

identified peptides. 

Genome-wide DNA 

methylation* Δ 

Buchal swabs obtained from the cheek of participants on the 

day of baseline testing were used to prepare genomic DNA 

for a subgroup of 60 participants with acute LBP (Isohelix 

DNA Isolation Kit). Samples were immediately frozen at 

−80°C and stored. Samples were sent to Australian Genome 

Research Facility (Melbourne node) where they underwent 

Quality assessment using QuantiFluor. The samples were 

✓  Type: Differentially 

methylated genes 
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of the lower back; and (3) the thumbnail bed (PPT) of the 

hand contralateral to worst LBP. For pain-free controls, 

PPTs were measured 3 cm lateral to the L3 spinous process 

bilaterally and over the thumbnail bed of the dominant hand.  

Pressure was applied at a rate of 40 kPa/s and participants 

used a hand-held trigger to indicate when the sensation of 

pressure first changed to one of pain. Three measures were 

made at each site and averaged for analysis. 

Heat pain sensitivity Δ Laboratory measure: Heat pain thresholds were measured 

(Thermal Sensory Analyzer, TSA-2001, Q-Sense-CPM, 

Medoc Ltd, Ramat Yishai, Israel). A 30 x 30 mm Peltier-

based thermode was placed on the skin and HPT measured at 

three site: (1) site of worst LBP, (2) the opposite side of the 

lumbar region and (3) the ventral aspect of the forearm on 

the side of worst pain. For pain-free controls, HPTs were 

measured 3 cm lateral to the L3 spinous process bilaterally 

✓ ✓ HPT (°C, ↑score 

=↑threshold to heat pain) 
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and over the ventral aspect of the forearm of the dominant 

hand. The temperature started at 32°C and increased at a rate 

of 0.5°C/s. Participants were instructed to push a button 

when the sensation of heat first changed to one of pain. 

Three measures were made at each site and the average at 

each site used for analyses 

Descending pain 

modulation Δ 

Laboratory measure: Assessed using an established 

conditioned pain modulation (CPM) paradigm (Klyne et al., 

2015). PPT was used as the test stimulus (TS) and noxious 

heat (1°C > HPT) as the conditioning stimulus (CS). 

Participants completed two trials in random order separated 

by a 15-min break: (Trial 1) TS at the site of worst LBP and 

CS on the opposite forearm; (Trial 2) TS at the ipsilateral 

forearm of worst LBP and CS on the low back opposite to 

the side of worst pain. In pain-free controls the TS for Trial 1 

was the lower back at the level of L3 ipsilateral to the 

✓ ✓ CPM (kPa, >0 = pain 

inhibition, <0 = deficient 

pain inhibition) 
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dominant hand and CS on the opposite forearm. For Trial 2, 

the TS was applied to the forearm of the dominant hand and 

CS on the low back at the level of L3 opposite the side of 

TS. Three consecutive PPTs were measured before the 

application of heat (TS1). Noxious heat was then applied and 

maintained for the duration of the test, with three 

consecutive PPTs re-measured 30 seconds post heat 

application (TS2). Participants were instructed to rate their 

pain on a numerical rating scale (0–100) at 0 s, 30 s and 

immediately following the final PPT measurement. Pain 

scores were maintained between 50 and 80/100 during 

testing. The test stimulus was adjusted by 1°C as required to 

achieve a pain score within this range. The CPM response 

was calculated as TS2 minus TS1. 

Nociceptor flexor 

withdrawal reflex (NFR) Δ 

Laboratory measure: The NFR was recorded from the biceps 

femoris muscle on the side of worst LBP (or matched side in 

✓ ✓ Amplitude (mV) 

Latency (ms) 
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much harder than normal), moderate activity (activities that 

make breathing somewhat harder than normal), walking and 

sitting time. 

and interpreting 

metabolic equivalent of 

task scores and activity 

categories) 

 
* indicates measure was only collected at baseline assessment. All other measures were collected at baseline, 3- and 6-months.  

& indicates measure was collected at baseline and 6-months. 

Δ indicates measure is additional to those reported in the trial registration and study protocol  

BDNF – Brain derived neurotrophic factor; CRP – C-reactive protein; EMG – electromyography; IL-1β – interleukin-1 beta; IL-2 – interleukin-2; IL-4 – interleukin-4; IL-6 – 

interleukin-6; IL-8 – interleukin-8; IL-10 – interleukin-10; 1L-15 – interleukin-15; kPa – kilo Pascal; M1 – primary motor cortex; Met – Methionine; TGF-β1 – transforming 

growth factor beta-1; TNF – tumor necrosis factor; Val – Valine
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Table S2. Number of baseline and follow-up low back pain participants that provided valid 

data for all questionnaire items. 

 

NA indicates questionnaire data was not reassessed at three- and six-month follow-up. 

 

 

 

Measure Baseline (N=120) 
3 months 

(N=100) 
6 months (N=96) 

Demographic and health 
   

Age (years)  
120 NA NA 

Height (cm)  
111 NA NA 

Weight (kg)  
114 73 77 

Sex  
120 NA NA 

BMI (kg/m2) 
111 73 76 

Comorbidities 
117 NA NA 

Previous LBP 
116 NA NA 

Health care usage 
117 95 96 

Medication usage 
118 95 96 

Sociodemographic 
   

Cultural diversity 
115 NA NA 

Education 
118 NA NA 

Employment status 
119 95 93 

Impending compensation 
118 NA NA 

Sickness benefits 
110 83 76 

Pain affected work 
117 95 96 

Pain and disability 
   

Brief pain inventory short form   
118 95 96 

Roland-Morris Disability Questionnaire  
118 95 96 

Lifestyle 
   

International physical activity questionnaire  
116 95 96 
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Chapter 4: Cortical function and sensorimotor plasticity are 

prognostic factors associated with future low back pain after an 

acute episode 

As identified in Chapter One, to date no study has explored whether sensorimotor 

neurophysiology measured during an acute episode of LBP predicts future LBP outcome. 

Further, few studies that attempt to predict future LBP outcome incorporate diverse 

neurobiological and psychosocial candidate predictors. Therefore, the aim of this chapter as 

reported ‘a priori’ in the study protocol (Chapter 2) was to use this cohort to identify 

biological (with an emphasis on neurophysiological factors), psychological and 

sociodemographic risk factors of worse LBP outcome at six-month follow-up.  

The contents of this chapter have been published in PAIN (Q1, Impact Factor = 7.926, ranked 

5/34 in Anaesthesiology; 21/212 in Clinical Neurology; 33/274 in Neurosciences). 

 Jenkins, L. C., Chang, W. J., Buscemi, V., Liston, M., Humburg, P., Nicholas, M., Graven-

Nielsen, T., Hodges, P. W., McAuley, J. H., & Schabrun, S. M. (2022). Cortical function and 

sensorimotor plasticity are prognostic factors associated with future low back pain after an 

acute episode: the UPWaRD prospective cohort study. Pain, 

10.1097/j.pain.0000000000002684. https://doi.org/10.1097/j.pain.0000000000002684.  

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis.  
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4.1. Abstract 

Predicting the development of chronic low back pain (LBP) at the time of an acute episode 

remains challenging. The Understanding persistent Pain Where it ResiDes (UPWaRD) study 

aimed to identify neurobiological and psychological risk factors for chronic LBP. Individuals 

with acute LBP (N=120) participated in a prospective cohort study with six-month follow-up. 

Candidate predictors were selected from the neurobiological (e.g. sensorimotor cortical 

excitability assessed by sensory and motor evoked potentials, Brain Derived Neurotrophic 

Factor genotype), psychological (e.g. depression and anxiety), symptom-related (e.g. LBP 

history) and demographic domains. Analyses involved multivariable linear regression models 

with pain intensity or disability degree as continuous variables. Secondary analyses involved 

a multivariable logistic model with presence of low back pain at six months (thresholding 

pain intensity and disability degree) as a dichotomous variable. Lower sensory cortex and 

corticomotor excitability, higher baseline pain intensity, higher depression, stress and pain 

catastrophizing were the strongest predictors (R2=0.47) of pain intensity at six months. Older 

age and higher pain catastrophizing were the strongest predictors (R2=0.30) of disability at 

six months. When LBP outcome was dichotomised, sensory cortex and corticomotor 

excitability, BDNF genotype, depression and anxiety, LBP history and baseline pain 

intensity, discriminated between those who did and did not report LBP at six months (c-

statistic 0.91). This study identifies novel risk factors for the development of future LBP. 

Neurobiological risk factors, when added to a multivariable linear regression model, 

explained a further 15% of the variance in six-month pain intensity.  
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4.2. Introduction 

Low back pain (LBP) is the leading cause of years lived with disability worldwide (Vos et al., 

2017) with approximately 40% of people experiencing pain for longer than three months after 

onset (termed ‘chronic LBP’) (L. d. C. M. Costa et al., 2009). Clinical strategies designed to 

‘treat’ LBP once it has become chronic show at best, modest effect sizes regardless of 

intervention type (Artus et al., 2010; Oliveira et al., 2012; Pereira et al., 2012; Rubinstein et 

al., 2011). An alternative approach for a condition with variable prognosis and treatment 

response such as LBP, is stratification of individuals by outcome and targeted treatment 

(Foster et al., 2014; Linton et al., 2018; Patel et al., 2013; Stanton et al., 2010). A key step in 

implementing this approach is the identification of relevant risk factors (Riley et al., 2013).  

Risk factors are often used as building blocks for prognostic models (Riley et al., 2013). 

Currently, the models used in clinical practice to determine an individuals risk of developing 

chronic LBP (e.g. STarT Back Screening Tool (Hill et al., 2010), and the short-form Orebro 

Musculoskeletal Pain Screening Questionnaire (Linton & Boersma, 2003) rely on self-report 

psychosocial and symptom-related factors. Although these models allocate higher predicted 

risk scores to individuals who develop chronic pain, their ability to discriminate between 

those who will, and will not, develop chronic pain remains limited (Karran et al., 2017a; 

Karran et al., 2017b). Risk models that integrate psychological (e.g. depression and coping 

strategies) and symptom-related factors (e.g. baseline pain intensity, history of prior LBP), 

explain up to 46% of the variance in LBP outcome (Kent & Keating, 2008). Together these 

data suggest that although psychological and symptom-related risk factors are associated with 

the development of chronic LBP, a large proportion of variation in outcome is due to risk 

factors that are currently unmeasured or unknown (Hartvigsen et al., 2018; Kent & Keating, 

2008).  
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Emerging evidence suggests several neurobiological risk factors with a putative link to LBP 

outcome that are yet to be evaluated as risk factors in longitudinal studies. These include 

altered sensory and anterior cingulate cortex excitability (Chang et al., 2019; Flor et al., 

1997), altered corticomotor excitability (Chang et al., 2019; Schabrun et al., 2017; Tsao et al., 

2011), Brain Derived Neurotrophic Factor (BDNF) genotype (Baumbauer et al., 2020; Cirillo 

et al., 2012; Shyh-Yuh et al., 2016) and BDNF serum concentration (Egan et al., 2003; Laske 

et al., 2007). Prior studies have shown altered excitability in the primary sensory (SI) and 

primary motor (M1) cortices that is associated with the development and maintenance of 

chronic pain (Diers et al., 2007; Flor et al., 1997). Further, a single nucleotide polymorphism 

in the human BDNF gene is associated with decreased behavioural driven changes in 

corticospinal output and cortical organization (Bath & Lee, 2006; Cheeran et al., 2008; Egan 

et al., 2003; Hariri et al., 2003; Kleim et al., 2006; Pezawas et al., 2004). As serum BDNF 

concentration is associated with BDNF genotype (Lang et al., 2009) both measures are 

considered markers of neuroplastic potential (Baumbauer et al., 2020; Deitos et al., 2015).  

The Understanding persistent Pain Where it ResiDes (UPWaRD) study aimed to recruit and 

follow a cohort of adults living in Australia who experienced an acute episode of LBP. The 

primary aim as reported ‘a priori’ in the study protocol was to use this cohort to identify 

biological (with an emphasis on neurophysiological factors), psychological and 

sociodemographic risk factors of worse LBP outcome at six-month follow-up. The 

neurobiological risk factors selected for investigation in the protocol were those with a 

putative link to the development of aberrant cortical and spinal neuroplasticity, hypothesized 

to explain why some individuals develop chronic pain after an acute episode. 

4.3. Methods 

4.3.1. Study population 
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Details of the participants, recruitment and procedures for this study are reported in the study 

protocol. In brief, participants were eligible for inclusion if they had experienced acute LBP, 

reporting pain of at least 2/10 (Numerical rating scale [NRS], 0 = “no pain” and 10 = “worst 

pain imaginable”) at any time during the 7 days preceding initial screening (Müller et al., 

2019). Pain must have been present for more than 24 hours and less than six weeks duration 

following a period of at least one month without pain (De Vet et al., 2002; Müller et al., 

2019; Stanton et al., 2008; Williams et al., 2014). Acute LBP was defined as pain in the 

region of the lower back, superiorly bound by the thoracolumbar junction and inferiorly by 

the gluteal fold. Participants remained eligible if they had pain referred beyond this region 

that was not caused by lumbosacral radiculopathy. Participants who presented with suspected 

lumbosacral radiculopathy were excluded from the study and referred to their general 

practitioner for further assessment. Any individual who presented with suspected serious 

spine pathology (e.g. fracture, tumour, cauda equina syndrome), other major 

diseases/disorders (e.g. schizophrenia, chronic renal disorder, multiple sclerosis), a history of 

spine surgery, presence of active (i.e. being treated) chronic pain conditions or 

contraindications to the use of transcranial magnetic stimulation (TMS) were excluded (Keel 

et al., 2001). Four assessors performed all study related procedures at laboratories located at 

Western Sydney University or Neuroscience Research Australia, Sydney, New South Wales, 

Australia. All procedures were approved by Western Sydney University (H10465) and 

Neuroscience Research Australia (SSA:16/002) Human Research Ethics Committees and 

conducted in accordance with the Declaration of the World Medical Association. All 

participants gave written informed consent. Pre-planned methodology was published and the 

study registered (ACTRN12619000002189; Pre-results), adhering to recommendations of the 

PROGRESS initiative and TRIPOD statement (Riley et al., 2013; Steyerberg et al., 2013).  

Important demographic and clinical data were collected at baseline for the UPWaRD LBP 
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participants and reported in Table 1. Participants reported their age, sex, height, and weight 

which was converted into their body mass index (BMI). Participants were considered to have 

no inciting event for their LBP episode if they selected “no obvious cause” from a list of 

statements including “other”. Participants were asked to report if they had experienced LBP 

in the past and completed the STarTBack Risk Screening Tool (Hill et al., 2008). Other 

clinical data reported by participants were the presence of comorbid health conditions 

selected from a list including “other” (e.g. hypertension) and any current medications (e.g. 

Acetaminophen). Participants also reported how many times in the past three months they 

had visited their general practitioner, allied health practitioners, or completed diagnostic tests 

in relation to their pain. Participants completed the Brief Pain Inventory (BPI) that was used 

to rate their average and worst pain intensity, and the degree pain was interfering with their 

life over the previous seven days using an 11-point numerical rating scale (NRS). Low back 

related disability during their acute LBP episode was measured using the Roland-Morris 

Disability Questionnaire (RMDQ), and measures of psychological function were obtained 

including the 21-item Depression, Anxiety and Stress Scale (DASS-21), Pain Catastrophizing 

Scale (PCS) and Pain Self-Efficacy Questionnaire (PSEQ), that are described in more detail 

below.  

4.3.2. Candidate predictors recorded at baseline 

Fifteen candidate predictors were selected ‘a priori’ based on a theoretical association with 

the development of chronic pain and supporting evidence from cross-sectional studies 

(Baumbauer et al., 2020; Flor et al., 1997; Hayden et al., 2009; Linton, 2000; Schabrun et al., 

2017; Tsao et al., 2011). Justification for each variable and specific methodology is provided 

in the study protocol. In brief: 

Sensory and anterior cingulate cortex excitability 
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Participants were seated comfortably in a chair with feet on the floor and arms relaxed. 

Participants were asked to sit still, keep their eyes closed and not to fall asleep for the 

duration of the test procedure. A bipolar electrode (silver-silver chloride disposable 

electrodes, inter-electrode distance 2.0 cm; Noraxon USA, Arizona, USA) was positioned 3 

cm lateral to the L3 spinous process, ipsilateral to the side of the worst LBP and a constant 

current stimulator (Digitimer Ltd, Hertfordshire, UK DS7AH) delivered non-noxious 

electrical stimuli (single stimulus; pulse width 1 ms). The testing intensity was set at three 

times the perceptual threshold. If this testing intensity evoked pain, it was decreased in 1 mA 

increments until the stimulus was reported as non-noxious.  

Sensory evoked potentials (SEPs) were recorded in response to two blocks of 500 non-

noxious electrical stimuli (~2 Hz, with random interval schedule of 20% to decrease 

accommodation), using gold plated cup electrodes positioned over SI (3 cm lateral and 2 cm 

posterior of Cz) on the hemisphere contralateral to the side of worst LBP and referenced to Fz 

using the International 10/20 System (Homan et al., 1987). Electrode impedance was 

maintained at <5 kΩ. EEG signals were amplified 50,000 times, band pass filtered between 

5-500 Hz, and sampled at 1,000 Hz using a Micro1401 data acquisition system and Signal 

software (CED Limited, Cambridge, UK).  

Individual SEP traces were inspected and those with eye movements, muscle artefacts or 

electrical interference were rejected. Less than 15% of all SEP traces were excluded. 

Remaining traces from the two SEP blocks were averaged for each participant and used for 

analysis (Chang et al., 2019). The averaged wave form was full-wave rectified and the area 

under the rectified curve (µV) determined for the N80 (between the first major downward 

deflection of the curve after stimulus onset and the first peak, N80), N150 (between the first 

and second peak, N80 and N150, respectively) and P260 (between the second negative peak, 

N150 and the positive deflection of the curve starting around 150 ms after stimulus onset, P260) 
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time epochs (Diers et al., 2007). Figure 1 displays a rectified trace with time epochs used for 

analysis. The SEP area measurement was chosen for analysis as it is less susceptible to 

signal-to-noise ratio concerns (Clayson et al., 2013), and considered superior to peak-based 

measures for assessing event-related potentials (Kappenman & Luck, 2016; Picton et al., 

2000; Woodman, 2010). 

 

Figure 1. Example of a sensory evoked potential (SEP) recorded from the paraspinal muscles 

(average of 500 traces) from a single participant. Figure 1A shows the N80 (between the first 

major downward deflection of the curve after stimulus onset and the first peak), N150 

(between the first and second peak, N80 and N150, respectively) and P260 (between the second 
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negative peak, N150 and the positive deflection of the curve starting around 150ms after 

stimulus onset, P260) SEP peaks. Figure 1B shows the area under the rectified curve for each 

time epoch (N80, N150 and P260 area) that was used for analysis.  

Corticomotor excitability 

Participants underwent a standardised TMS mapping procedure as described in the study 

protocol and in previous studies (O’connell et al., 2007; Schabrun et al., 2014; Tsao et al., 

2011). Single-pulse, monophasic stimuli (Magstim 200 stimulator, 7 cm figure-of-eight coil; 

Magstim Co. Ltd. Dyfed, UK) were delivered over the primary motor cortex (M1) 

contralateral to the side of the worst LBP. The coil was positioned tangential to the skull with 

the handle pointing posterior-laterally at 45 degrees from midline (Brasil-Neto et al., 1992; 

Kaneko et al., 1996; Mills et al., 1992).  Electromyography (EMG) was recorded from the 

paraspinal muscles 3 cm lateral to the spinous process of L3 and 1 cm lateral to the spinous 

process of L5 on the side of the worst LBP using disposable Ag/AgCl surface electrodes 

(Noraxon USA Inc, Arizona, USA) (Larivière et al., 2003; O’Connell et al., 2007). Ground 

electrodes were placed over the anterior superior iliac spine bilaterally. EMG data were 

amplified 1000x, filtered between 20-1000 Hz and sampled at 2000 Hz using a Micro1401 

data acquisition system and Spike2 software (CED Limited, Cambridge, UK). As 120% of 

active motor threshold often exceeds the maximum stimulator output (Tsao et al., 2011), all 

stimuli were delivered at 100% of stimulator output while participants activated the 

paraspinal muscles to 20  5% of their EMG recorded during a maximum voluntary 

contraction (MVC; determined as 20% of the highest root mean square [RMS] EMG 

averaged over 1 s during three, 3-s maximal muscle contractions performed against manual 

resistance in sitting) (Schabrun et al., 2017; Schabrun et al., 2014; Tsao et al., 2011). Real-

time feedback of time paraspinal muscle RMS EMG and the target level was displayed on a 

monitor for the duration of the test procedure (Tsao et al., 2010). All TMS procedures 
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adhered to the TMS checklist for methodological quality (Chipchase et al., 2012). 

TMS motor evoked potentials (MEP) were analysed using MATLAB 2019a (The 

MathWorks, USA). Onset and offset of the MEPs in each individual trace were visually 

identified then averaged at each scalp site. Paraspinal MEP amplitudes were normalized to 

the largest MEP amplitude across sites and superimposed over the respective scalp sites to 

generate a topographical map. A scalp site was considered active if the normalised MEP 

amplitude was equal to or greater than 25% of the peak response (Chang et al., 2019). 

Normalised values below 25% of the peak response were removed and the remaining values 

rescaled from 0 to 100% (Schabrun et al., 2014; Tsao et al., 2011). 

Two parameters were calculated from the normalised motor cortical maps. First, L3 and L5 

map volumes were calculated as the sum of normalized MEP amplitudes recorded at all 

active scalp sites (Wassermann et al., 1992). Second, the centre of gravity (CoG), defined as 

the amplitude weighted centre of the map, was calculated for the M1 cortical representation 

of L3 and L5 paraspinal muscles using the formula: CoG = ΣVi · Xi/ΣVi, ΣVi · Yi/ΣVi 

where: Vi=mean MEP response at each site with the coordinates Xi, Yi (Uy et al., 2002; 

Wassermann et al., 1992). Distance between the L3 and L5 CoG (L3/L5 CoG overlap) was 

calculated as the Euclidean distance (ED) using the formula: ED = √((YL3 – YL5)
2 + (XL3 – 

XL5)
2), where Y = anterior-posterior coordinates; X = medial-lateral coordinates of L3 and L5 

(Van de Ruit & Grey, 2019; Van de Ruit, 2016).  

BDNF genotyping 

Buccal swabs were taken on the day of baseline testing (Isohelix DNA Isolation Kit) (Cirillo 

et al., 2012). Samples were immediately frozen and stored at −80°C. Genomic DNA samples 

were polymerase chain reaction amplified and sequenced by the Australian Genome Research 

Facility (AGRF). Genotyping was performed as recommended by the manufacturer with 
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reagents included in the iPLEX Gold SNP genotyping kit (Agena) and the software and 

equipment provided with the MassARRAY platform (Agena) (Clarke et al., 2014). Consistent 

with prior investigations (Baumbauer et al., 2020; Lang et al., 2005; Mata et al., 2010), the 

BDNF gene was coded as a dichotomous variable (AA/AG or GG). The more common G 

allele encodes Valine (Val), while the A allele encodes Methionine (Met).  

BDNF serum concentration 

Peripheral venous blood was drawn into serum tubes (BD, SST II Advance) through 

venepuncture of the median cubital vein at baseline. The sample was clotted (30 min, room 

temperature) then separated by centrifugation (2500 rpm, 15 min). The samples were pipetted 

into 50 μL aliquots and stored at -80°C. After thawing, the Simple plex Ella™ platform was 

used to analyse the specific expression of BDNF. Briefly, 10 μL samples were diluted with 

90 μL of sample diluent then added to the cartridge, according to the standard procedure 

provided by the manufacturers (Protein Simple, CA, USA). All steps in the immunoassay 

procedure were carried out automatically and scans were processed with no user activity. 

Cartridges included built-in lot–specific standard curves. Single data (pg/mL) for each sample 

were automatically calculated and converted to ng/mL for statistical analysis. The limit of 

detection was 5.25 pg/mL. Fifteen randomly selected samples were analysed in duplicate and 

demonstrated near perfect correlation (r = 0.98, P = < 0.001).  

Psychological status 

Three questionnaires were used to assess specific aspects of psychological status known to be 

of relevance to the development of chronic LBP: depression and anxiety (Campbell et al., 

2013), pain catastrophising (Burton et al., 1995) and pain beliefs (Lee et al., 2015). The 

DASS-21 was used to assess depression, anxiety and stress. The 13-item PCS assesses 

distressing thoughts related to painful experiences (Sullivan et al., 1995). A total score 
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between 0 and 52 was calculated, where higher scores represent more severe catastrophic 

thoughts about pain (Sullivan et al., 1995). The 10-item PSEQ was used to assess an 

individuals beliefs in their ability to perform a range of functional activities while in pain. 

The DASS-21 (Cronbach’s α = 0.88), PCS (Cronbach’s α = 0.87) and PSEQ (Cronbach’s α = 

0.92) have all demonstrated high degrees of reliability (internal consistency) (Henry & 

Crawford, 2005; Nicholas, 2007; Sullivan et al., 1995).  

Symptom-related factors 

Baseline pain intensity was drawn from the Brief Pain Inventory (BPI) administered on the 

day of baseline testing. Participants rated their pain on average over the previous week using 

an 11-point NRS (Cleeland & Ryan, 1991). Participants were considered to have a previous 

history of LBP if they answered “yes” to the question: “Have you experienced low back pain 

in the past”?  

Demographics 

Age and sex were collected from all participants on the day of baseline testing.  

4.3.3. Primary and secondary outcomes recorded at six-month follow-up 

The primary outcome was average pain intensity over the past week, assessed using the NRS 

at six-month follow-up. The secondary outcome was disability assessed using the 24-point 

Roland Morris Disability Questionnaire (RMDQ) at six-month follow-up (Roland & Morris, 

1983). The primary and secondary outcomes were combined to distinguish between those 

who did and did not report LBP at six months, defined as an NRS score ≥ 2 on average over 

the previous one-week or ≥ 7 on the RMDQ scale at six-month follow-up (Hill et al., 2008; 

Traeger et al., 2016). This dichotomised outcome measure was used in the secondary 

analysis, described in detail below. 

4.3.4. Sample size 



 

150 

 

Sample size was calculated ‘a priori’ and is described in detail in the study protocol. Briefly, 

we assumed that at least five variables would show no association with the outcome and be 

excluded from analysis, and 20% of participants would be lost to follow up. Therefore, 120 

participants were required to ensure at least ten subjects per variable within linear regression 

models (Harrell, 2001). Sample size for the logistic regression model was calculated using 

the rule of thumb that five events per candidate variable (EPV) are required for adequate 

statistical power (Vittinghoff & McCulloch, 2007).  

4.3.5. Statistical Analyses 

All analyses were conducted with the statistical programming language R, version 4.0.3 (R 

Development Core Team, Vienna, Austria) (Core Team, 2013). Statistical significance was 

accepted at P ≤ 0.05. Continuous data are presented as mean ± standard deviation (SD) and 

categorical data as frequency and percent (%). Candidate predictors measured on a 

continuous scale were not dichotomised as this can increase risk of bias in regression models 

(Moons et al., 2015; Moons et al., 2019). Categorical candidate predictors were coded as 

follows: sex [male or female], previous history of LBP [yes or no] and BDNF genotype 

[AA/AG or GG].  

All missing data were imputed using the multiple imputation by chained equations (MICE) 

procedure and thirty imputed data sets were generated (van Buuren & Groothuis-Oudshoorn, 

2011). Missing data within the candidate predictors are described in Table 2. Comparisons 

were made between participants who did or did not complete follow-up using independent 

samples t-test and Fisher’s Exact test for continuous and categorical data respectively. 

Spearman’s rank correlation coefficients were used to determine whether there was any 

evidence of collinearity between measures of cortical excitability (Glantz & Slinker, 2001). 

Next, the remaining candidate predictors underwent a variable selection procedure using the 
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least absolute shrinkage and selection operator (lasso) technique (Tibshirani, 1996). This is a 

variation from the variable selection procedures described in the published study protocol. 

For a detailed description about lasso variable selection procedure used in this study please 

refer to Supplemental File Two.  For the primary analysis, outcome variables of pain and 

disability were treated as continuous data and the strongest risk factors were selected using 

the lasso variable selection procedure. The results of the primary analyses are presented using 

hierarchical linear regression. Goodness of fit for the linear models was assessed using the R2 

and adjusted R2 value.  

In the secondary analysis the lasso variable selection procedure was repeated within a logistic 

regression model to determine the strongest risk factors of future LBP at six-months 

(dichotomized outcome: NRS ≥ 2 or RMDQ ≥ 7). The goodness of fit for the final logistic 

regression model was estimated following ten-fold cross-validation as described in 

Supplemental File Two and reported as the c-statistic (i.e. area under the receiver operating 

characteristic curve). 

4.4. Results 

4.4.1. Participant characteristics 

Between 14 April 2015 and 23 January 2019, 498 participants presented with an acute 

episode of LBP for screening and 120 were included in the study sample (see Chapter 3: 

3.4.1, Figure 1). Two hundred and seven participants (41.5%) were ineligible because they 

had chronic LBP, two were ineligible because they had previous spinal surgery and three 

were ineligible because physical examination by the study investigator suggested a diagnosis 

of lumbosacral radiculopathy. Of the 286 eligible participants, 94 (32.9%) failed to respond 

to contact attempts to organise baseline assessment and 72 (25.2%) declined participation 

after reviewing the study information sheet. The date of the final participant’s six-month 
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follow up was 25 July 2019.  Baseline data were obtained on average 2.4 weeks (SD 1.4, 

range 1 day to 6 weeks) after the onset of an acute LBP episode. Seventy-two participants 

(60%) were coded GG and 48 (40%) were coded AA/AG for BDNF genotype. According to 

the Hardy–Weinberg Equilibrium, this observed distribution does not differ significantly 

from the expected rate (χ2 = 1.27, df = 1, P = 0.26). Table 1 shows baseline demographic and 

clinical characteristics. Participants with LBP at six-months were more likely at baseline 

assessment to have pain referred below the level of the gluteal fold and consult more 

frequently with general practitioners. These participants also had higher levels of 

psychological distress, lower pain self-efficacy, higher average and worst pain intensity and 

experience more disability and pain interference. There were no other statistically significant 

differences at baseline assessment between participants who did or did not experience LBP at 

six-months.    

Follow-up at six months was completed in 96 participants (80%). Missing follow-up cases 

were due to the participant failing to respond to multiple contact attempts. The intention was 

to determine the presence of LBP at six-months (183 days), in practice, follow-up occurred a 

mean 194 (SD = 20) days after entering the study with an acute episode of LBP. Baseline 

candidate predictors and their univariable association with chronic LBP are provided in 

Table 3. Individual participant data for normalised motor cortical maps and sensory evoked 

potentials are displayed in Figure 3 and 4.  
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Table 1. Reporting key clinical characteristics of participants at baseline, compared between those with (N = 52) or without (N = 44) low back pain (LBP) at six months. 

 Low back pain present at six months 

Characteristic at baseline Yes (N = 52) No (N = 44) P-Value 

Age, years (mean±SD) 39 (15) 40 (17) 0.82 

Sex: Female, n (%) 30 (57.7) 21 (47.7) 0.3 

Body mass index, kg/m2 (mean±SD) # 26.5 (6.6) 25.3 (4.7) 0.34 

Pain below gluteal fold: No, n (%) 31 (62.0) 36 (83.7) 0.02 

Inciting event: No, n (%) 19 (36.5) 14 (32.6) 0.69 

Compensable injury/sickness benefits: No, n (%) 48 (92.3) 44 (100.0) 0.06 

Previous history of LBP: No, n (%) 13 (25.0) 9 (20.5) 0.87 

STarTBack Risk Score, n (%) 

Low  

Medium  

High 

 

32 (62.7) 

14 (27.5) 

5 (9.8) 

 

34 (79.1) 

9 (20.9) 

0 (0.0) 

0.06 

Comorbid health conditions, n (%) 

None 

Heart Disease/Hypertension 

Lung disease 

Diabetes 

Ulcer or stomach disease 

Kidney disease 

Depression/Anxiety 

Cancer 

Anaemia or other blood disease 

Osteoarthritis 

Inflammatory arthropathy 

Stroke or other neurological condition 

Other medical problems 

 

33 (66.0) 

7 (14.0) 

2 (4.0) 

2 (4.0) 

3 (6.0) 

0 (0.0) 

4 (8.0) 

0 (0.0) 

1 (2.0) 

3 (6.0) 

1 (2.0) 

0 (0.0) 

4 (8.0) 

 

32 (72.7) 

3 (6.8) 

1 (2.3) 

0 (0.0) 

1 (2.3) 

0 (0.0) 

5 (11.4)  

1 (2.3) 

1 (2.3) 

2 (4.5) 

0 (0.0) 

0 (0.0) 

3 (6.8) 

 

0.48 

0.26 

0.64 

0.18 

0.37 

NA 

0.58 

0.28 

0.93 

0.75 

0.35 

NA 

0.83 

Medication use, n (%) 

None 

Not pain-related 

 

26 (50.0) 

14 (26.9) 

 

20 (45.5) 

14 (31.8) 

 

0.66 

0.60 
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Variable means were compared between participants with, or without LBP at six-months using t tests (continuous variable) or 𝑋2 tests (categorical variables).  

# Welch’s t test was performed. $ Other comorbid health conditions include Meniere’s disease/Vestibular migraine, T5-T8 thoracic compression fracture, endometriosis, 

hypothyroidism, pituitary microadenoma/prolactinoma, repetitive strain injury wrists, obstructive sleep apnoea.   

Statistically significant values are in bold font. 

LBP – low back pain; NRS – numerical rating scale; NSAID – non-steroidal anti-inflammatory drug.  

NSAID 

Acetaminophen 

Opioid 

Benzodiazepine 

Anti-depressant 

Anti-convulsant 

9 (17.3) 

9 (17.3) 

4 (7.7) 

3 (5.8) 

3 (5.8) 

2 (3.8) 

4 (9.1) 

5 (11.4) 

2 (4.5) 

0 (0.0) 

4 (9.1) 

1 (2.3)  

0.24 

0.41 

0.53 

0.11 

0.53 

0.66 

Healthcare Utilization, (mean±SD) 

General practitioner # 

Allied health 

Diagnostic tests 

 

0.8 (1.6) 

1.3 (2.4) 

0.2 (0.5) 

 

0.2 (0.5) 

1.4 (2.9) 

0.1 (0.4) 

 

0.02 

0.83 

0.39 

21-Item Depression, Anxiety, Stress Scale (mean±SD) 

Depression # 

Anxiety # 

Stress # 

 

8.4 (9.6) 

5.5 (5.4) 

13.1 (10.2) 

 

2.5 (3.2) 

2.3 (3.0) 

5.2 (5.0) 

 

< 0.001 

< 0.01 

< 0.001 

Pain Catastrophizing Scale (mean±SD) 

Rumination # 

Magnification # 

Helplessness # 

 

4.4 (4.2) 

3.2 (3.0) 

5.7 (5.3)  

 

2.2 (2.5)  

1.6 (2.0) 

3.2 (3.3) 

 

< 0.01 

< 0.01 

< 0.01 

Pain Self Efficacy Questionnaire (mean±SD) 43.8 (13.4) 51.9 (10.0) < 0.01 

Roland-Morris Disability Questionnaire (mean±SD) 7.0 (4.9)  4.2 (3.5) < 0.01 

Average pain intensity past week, NRS (mean±SD) 5.0 (1.9) 3.3 (1.8) < 0.001 

Worst pain intensity past week, NRS (mean±SD) 6.7 (2.1) 5.9 (1.8) 0.07 

Pain Interference, NRS (mean±SD) 

General activity 

Mood 

Walking ability # 

Normal work 

Relations with other people # 

Sleep # 

Enjoyment of life 

 

5.0 (2.8) 

4.8 (2.8) 

3.7 (3.2) 

4.6 (3.0) 

2.8 (3.2) 

4.9 (3.2) 

3.9 (2.8) 

 

3.7 (2.7) 

3.0 (2.7) 

2.7 (2.5) 

3.2 (2.7) 

1.3 (1.9) 

2.8 (2.4) 

2.6 (2.7) 

 

0.03 

< 0.01 

0.08 

0.02 

0.01 

< 0.001 

0.02 
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Table 2. Missing data within candidate predictor variables. 

Candidate Predictor Number of missing data (%) Reason 

SEP N80 component area (µV) 

SEP N150 component area (µV) 

SEP P260 component area (µV) 

 

2 (2%) 

2 (2%) 

2 (2%) 

 

Equipment failure 

L3 map volume (cm2) 

L5 map volume (cm2) 

L3/L5 centre of gravity overlap (cm) 

31 (25.8%) 

31 (25.8%) 

31 (25.8%) 

 

Unresolvable noise to signal ratio (N = 5) 

Consent not obtained (N = 13) 

Participant unable to tolerate (N = 7) 

Equipment failure (N = 6) 

 

BDNF genotype (0 = AA/AG, 1 = GG) 

BDNF serum concentration (ng/mL) 

0 (0%) 

30 (25%) 

 

Researcher error during phlebotomy (N = 10) 

Consent not obtained (N = 11) 

Simple plex Ella™ machine error (N = 9) 

 

PCS (0 – 52 scale) 

DASS-21 (0 – 63 scale) 

PSEQ (0 – 60 scale) 

 

2 (2%) 

7 (5.8%) 

3 (2.5%) 

 

Incorrect completion of questionnaire 

NRS score at T1 (0-10 scale) 

Previous history of low back pain (0 = no, 1 = yes) 

2 (2%) 

4 (3%) 

 

Incorrect completion of questionnaire 

 

Age (years 

Sex (0 = female, 1 = male) 

 

0 (0%) 

0 (0%) 

 

N/A 

BDNF, brain-derived neurotrophic factor; DASS-21, Depression, Anxiety and Stress Scale; L3, electrode recording site 3cm lateral to the L3 spinous process; L5, electrode 

recording site 1cm lateral to the L5 spinous process; PCS, Pain Catastrophising Scale; PSEQ, Pain Self-Efficacy Questionnaire; SEP, sensory evoked potential; T1, within 6 

weeks of acute low back pain onset; NRS, 11-point numerical rating scale. All variables were treated as continuous, with the exception of sex, previous history of low back 

pain and BDNF genotype. 



 

156 

 

Table 3. Candidate predictors selected ‘a priori’ and compared between participants, with (N = 52) or without (N = 44) low back pain (LBP) at six months.  

 

Statistically significant values in bold font; Values are numbers (%), means (SD), unadjusted odds ratios (ORs) with corresponding 95% confidence intervals (95% CIs), and 

p‐values from univariable logistic regression models. Values for each baseline characteristic are calculated from raw data. Odds ratio and P-Values are pooled following multiple 

imputation. The odds ratio is the increase in odds per unit increase in the predictor. AA/AG - G allele encodes Val, A allele encodes Met; BDNF – brain derived neurotrophic 

factor; CoG – centre of gravity; DASS – depression, anxiety, stress subscale; NRS – numerical rating scale; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy 

questionnaire. 

 

 

 Low back pain present at six months 

Characteristic at baseline Yes (N = 52) No (N = 44) OR (95% CI) P 

Gender: Female (%) 30 (58) 21 (48) 0.73 (0.34 – 1.58) 0.42 

Previous history of LBP: No (%) 13 (25)  9 (20) 0.71 (0.27 – 1.86) 0.48 

BDNF genotype: AA/AG (%) 23 (44) 12 (27) 0.42 (0.18 – 0.99) 0.05 

L3 map volume (cm2) 7.0 (3.0) 9.9 (4.0) 0.88 (0.78 – 1.00) 0.05 

L5 map volume (cm2) 7.5 (3.3) 8.3 (3.2) 0.96 (0.85 – 1.08) 0.49 

L3/L5 CoG Overlap (cm) 0.5 (0.5) 0.8 (0.6) 0.54 (0.26 – 1.14) 0.10 

Log-transformed N80 area (µV)  -3.4 (1.4) -1.9 (1.3) 0.49 (0.35 – 0.68) < 0.001 

Log-transformed N150 area (µV) -3.2 (1.3) -1.9 (1.3) 0.50 (0.36 – 0.70) < 0.001 

Log-transformed P260 area (µV)  -3.1 (1.2) -1.8 (1.4) 0.50 (0.35 – 0.71) < 0.001 

BDNF serum concentration (ng/mL) 52.1 (12.2) 50.7 (12.5) 1.00 (1.00 – 1.00) 0.39 

PCS (0 – 52 scale) 13.6 (11.7) 7.0 (7.0) 1.07 (1.02 – 1.13) 0.01 

DASS-21 (0 – 63 scale) 26.9 (22.0) 10.1 (8.2) 1.06 (1.02 – 1.10) 0.01 

PSEQ (0 – 60 scale) 43.5 (13.5) 51.0 (9.1) 0.95 (0.91 – 0.99) 0.01 

Average baseline pain intensity (0-10 scale) 5.0 (1.9) 3.3 (1.8) 1.57 (1.22 – 2.01) < 0.001 

Age (years) 39 (15) 40 (17) 1.00 (0.97 – 1.02) 0.92 
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Figure 3. Motor cortical maps for two representative participants at the L3 recording site normalized to peak motor evoked potential (MEP) 

amplitude. Figure 3A displays large volume corticomotor excitability during acute low back pain (LBP) in a participant who was recovered at 6-

months. Figure 3B displays small volume corticomotor excitability during acute LBP in another participant who experienced chronic/recurrent 

LBP at 6-months. The dashed lines indicate the location of the vertex (coordinate 0,0). The coloured scale represents the proportion of the maximum 

MEP amplitude. Warmer colours represent higher excitability. 
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Figure 4. Sensory evoked potentials (SEP) recorded in response to stimuli to the paraspinal muscles at baseline (average of approx. 500 traces) 

for two representative participants. The black trace displays high SEP excitability in the acute stage of low back pain (LBP) in a participant who 

was recovered at 6-months. The red trace displays low sensory evoked potential excitability in the acute stage of LBP in a participant who 

reported LBP at 6-months. 
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4.4.2. Incidence of chronic LBP 

Analysis of complete cases revealed that 54% of participants reported LBP at six-month 

follow-up (average pain intensity 3.9 [SD = 1.7], average RMDQ score 4.8 [SD = 5.4]) and 

could be considered to have persistent or recurring LBP. This is comparable to the incidence 

of chronicity in previous Australian estimates (Henschke et al., 2008). Of the 52 participants 

deemed to have LBP, only 12 participants (23%) had an RMDQ score ≥ 7. The remaining 

46% of participants were classified as recovered (average pain intensity 0.3 [SD = 0.5], 

average RMDQ score 0.9 [SD = 1.6]).  

4.4.3. Continuous data distribution and collinearity 

All variables were normally distributed except the N80, N150 and P260 SEP area and these 

variables were log-transformed. Baseline characteristics were then compared between 

participants who did (N=96), and did not (N=24), complete follow up at six months (Table 

4). Apart from N150 and P260 SEP area measures, no statistically significant differences at 

baseline were identified between participants who did, or did not, complete follow-up, 

however, the N80 SEP area did demonstrate a strong tendency (P = 0.06). Next, spearman’s 

correlation coefficients were calculated between all measures of cortical excitability (Table 

5). No strong correlation was identified between SEP and TMS measures. The N80 and N150 

(rs = 0.84, P = < 0.001), and N80 and P260 (rs = 0.85, P = <0.001) SEP area values were 

strongly correlated. As the N150 and P260 SEP area measurements may have impacted the 

missing at random assumption and demonstrated collinearity with the N80 SEP area they were 

excluded from further analyses. The remaining thirteen candidate predictors were subjected 

to the λ-1se variable selection procedure to identify relevant risk factors. 
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Table 4. Comparison of candidate predictors selected ‘a priori’ and compared between participants who did, and did not, complete six-month follow-up. 

Statistically significant values in bold font; Values are numbers (%), means (SD) compared between low back pain (LBP) participants who did, and did not follow-up, at 6 

months follow-up using t tests (continuous data, normally distributed) or Fishers exact test (categorical data). All values are calculated from raw data. AA/AG - G allele encodes 

Val, A allele encodes Met; BDNF – brain derived neurotrophic factor; CoG – centre of gravity; DASS – depression, anxiety, stress subscale; NRS – numerical rating scale; 

LBP – low back pain; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy questionnaire. 

 

 

 

Characteristic Completed follow-up (N = 96) Did not complete follow-up (N = 24) P-value 

Gender: Female (%) 53.1 33.3 0.08 

Previous history of LBP: No (%) 22.9 12.5 0.32 

BDNF genotype: AA/AG (%) 36.5 54.2 0.11 

L3 map volume (cm2) 8.4 (4.0) 10.0 (5.5) 0.13 

L5 map volume (cm2) 7.8 (3.5) 8.5 (4.2)  0.43 

L3/L5 CoG Overlap (cm) 0.7 (0.6)  0.5 (0.4) 0.21 

Log-transformed N80 area (µV)  -1.2 (0.7) -1.5 (0.6) 0.06 

Log-transformed N150 area (µV) -1.1 (0.6) -1.4 (0.6) 0.04 

Log-transformed P260 area (µV)  -1.1 (0.6) -1.4 (0.6) 0.03 

BDNF serum concentration (ng/mL) 52.2 (13.7) 50.9 (13.7) 0.71 

PCS (0 – 52 scale) 10.6 (10.3) 12.6 (8.9) 0.35 

DASS-21 (0 – 63 scale) 19.1 (19.3) 27.2 (24.7) 0.17 

PSEQ (0 – 60 scale) 47.1 (12.1) 42.5 (11.5) 0.10 

Average baseline pain intensity (0-10 scale) 4.2 (2.0) 4.6 (1.3) 0.37 

Age (years) 40 (16) 40 (12) 0.91 
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Table 5. Spearman’s correlation coefficients between measures of cortical excitability during acute low back pain.  

 
L3 map volume 

(cm2) 

L5 map volume 

(cm2) 

Log-transformed N80 

area (µV) 

Log-transformed 

N150 area (µV) 

Log-transformed 

P260 area (µV) 

L3/L5 CoG Overlap 

(cm) 

L3 map volume (cm2) - 0.82** 0.02 0.07 0.07 -0.15 

L5 map volume (cm2)  - -0.05 -0.06 -0.02 -0.29** 

Log-transformed N80 area (µV)   - 0.84** 0.85** 0.20 

 Log-transformed N150 area (µV)    - 0.90** 0.21* 

Log-transformed P260 area (µV)     - 0.20 

L3/L5 CoG Overlap (cm)      - 

All values are calculated from raw data. ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). 
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4.4.4. Risk factors associated with pain intensity at six months 

Higher baseline pain intensity (P = <0.001), higher depression and anxiety (DASS-21: P = 

0.31), higher pain catastrophizing (PCS: P = 0.39), lower N80 SEP area (P = 0.01) and lower 

L3 map volume (P = < 0.01) were the risk factors demonstrating the strongest association 

with pain intensity over the previous week (continuous outcome) at six months and thus were 

entered into a hierarchical regression model. The results of hierarchical regression modelling 

are presented in Table 6. Baseline pain intensity explained 22% of the variance in pain 

intensity at six-months. Addition of the DASS-21 and PCS instruments explained a further 

10% of the variance (F[2,88] = 4.99, P = 0.01) and the addition of novel neurobiological risk 

factors (N80 SEP area and L3 map volume) explained a further 15% of the variance in six-

month pain intensity (F[2,76] = 8.61, P = < 0.001). In combination, these five variables 

explained 47% (R2 = 0.47 95% CI = 0.31 – 0.60) of the total variance in six-month pain 

intensity.
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Table 6. Hierarchical linear regression model predicting six-month pain intensity. 

Statistically significant P-values in bold font. Hierarchical linear regression was performed with six-month pain intensity as the dependent variable. Predictors identified from 

the λ-1se variable selection procedure were entered into the model. Step 1 included average baseline pain intensity, step 2 included psychological risk factors and step 3 included 

measures of sensorimotor cortical excitability. The significance of the adjusted R2 change was calculated using a one-way ANOVA. All results reported in this table are pooled 

across the imputed datasets. B – unstandardized beta coefficient; CI – confidence interval; DASS-21 – 21 item depression, anxiety, stress subscale; PCS – pain catastrophizing 

scale.  

 

Variables entered 

R2 Adjusted R2 Significance of 

Adjusted R2 change 

B (95% CI) 

(final model) 

Significance of B 

Step 1 Average baseline pain intensity (0-10 scale) 0.22 0.22  0.33 (0.17 to 0.48) < 0.001 

Step 2 DASS-21 (0 – 63 scale)    0.14 (-0.13 to 0.41) 0.31 

 PCS (0 – 52 scale) 0.32 0.30 0.01 0.10 (-0.13 to 0.35) 0.39 

Step 3 L3 map volume (cm2)    -0.29 (-0.48 to -0.10) < 0.01 

 Log-transformed N80 area (µV) 0.47 0.44 < 0.01 -0.25 (-0.42 to -0.07) 0.01 
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4.4.5. Risk factors associated with disability at six months 

Higher pain catastrophizing (PCS: B = 0.47, 95% CI = 0.30 to 0.64, P = < 0.001) and older 

age (B = 0.24, 95% CI = 0.08 to 0.42, P = < 0.01) were the strongest risk factors associated 

with disability over the previous week (continuous outcome) at six months. These two factors 

explained 30% of the variance in disability outcome at six months (R2 = 0.30, 95% CI = 0.14 

to 0.46).  

4.4.6. Risk factors associated with the presence or not of LBP at six months 

When the dichotomous variable of LBP at six-months was designated on the basis of pain or 

disability above a threshold value (NRS ≥ 2 or RMDQ ≥ 7), six risk factors remained in the 

multivariable logistic regression model following λ-1se variable selection and ten-fold cross-

validation (Table 7). Lower primary sensory cortex excitability (N80 SEP area: P = < 0.01), 

lower corticomotor excitability (L3 map volume: P = 0.07), BDNF genotype MET allele 

carriers (P = 0.18), higher depression and anxiety (DASS-21 score: P = 0.01), no prior history 

of LBP (P = 0.11) and higher baseline pain intensity (P = < 0.01). The c-statistic for the 

multivariable model was 0.91 (95% CI 0.84 to 0.95). 
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Table 7.  Multivariate logistic prediction model of risk of low back pain at six months.  

Predictor B Odds Ratio (95% CI) Significance of B 

Log-transformed N80 area (µV) -0.79 0.45 (0.27 to 0.75) < 0.01 

L3 map volume (cm2) -0.21 0.81 (0.65 to 1.01) 0.07 

BDNF genotype (0 = AA/AG, 1 = GG) -0.87 0.41 (0.10 to 1.69) 0.22 

DASS-21 (0 – 63 scale) 0.07 1.07 (1.02 to 1.23) 0.01 

Average baseline pain intensity (0-10 scale) 0.54 1.71 (1.17 to 2.50) 0.01 

Previous history of LBP (0 = no, 1 = yes) -1.29 0.27 (0.05 – 1.61) 0.15 

Statistically significant values in bold font. All results reported in this table are pooled across the imputed datasets. The odds ratio is the increase in odds per unit increase in 

the predictor. AA/AG - G allele encodes Val, A allele encodes Met; B – unstandardized beta coefficient; BDNF – brain derived neurotrophic factor; CI – confidence interval; 

DASS-21 – 21 item depression, anxiety, stress subscale; GG – G allele encodes Val; LBP – low back pain. 

 



 

166 

 

4.4.7. Sensitivity analysis  

A sensitivity analysis was conducted to explore the effect of imputing missing six-month 

outcome data on study results. Participants who did not return for follow-up at six months 

were removed from the dataset and the analysis repeated. Risk factors included in the 

multivariable regression models following λ-1se variable selection were identical for all 

outcomes. The multivariable linear model predicting six-month pain intensity had a R2 value 

of 0.45 (95% CI = 0.29 – 0.60) and the linear model predicting six-month disability score had 

a R2 value of 0.32 (95% CI = 0.17 – 0.47). Goodness of fit for the multivariable logistic 

regression model was also comparable, demonstrating a c-statistic of 0.88 (95% CI = 0.81 to 

0.95).  

4.5. Discussion 

This prospective longitudinal cohort study is the first to investigate biological measures of 

sensorimotor cortical function and neuroplasticity as risk factors of six-month outcome after 

an acute episode of LBP. A novel finding was the identification of lower primary sensory 

cortex excitability (N80 SEP area) and lower corticomotor excitability (L3 map volume) in the 

acute stage of LBP as risk factors for higher pain intensity reported at six months. When 

these variables were combined with psychological factors (higher emotional distress) and 

symptom-related factors (no prior LBP history, higher baseline pain intensity), they explained 

a similar percentage of the variance in six month pain intensity (47%) as earlier models that 

integrate psychological and symptom-related factors (46%) (Kent & Keating, 2008), but 

uniquely, addition of the novel neurobiological risk factors explained a further 15% of the 

variance in six-month pain intensity. These findings provide further support for the 

importance of assessing diverse phenotypic traits, across a range of neurobiological, 

psychological, symptom-related, and demographic domains, when attempting to predict LBP 
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outcome. Previous studies utilising cluster analyses have shown stronger associations 

between LBP outcome and psychological factors when relevant biological factors are 

considered in tandem (Klyne et al., 2018a). For example, in a longitudinal study using cluster 

analyses, individuals with the worst recovery from acute LBP at six-month follow-up 

displayed higher depression-like symptoms in conjunction with higher serum concentrations 

of tumor necrosis factor (Klyne et al., 2018b). We caution readers not to infer causal 

relationships between any of the risk factors identified in this study and six-month LBP 

outcome. No attempt was made to identify, or control for, relevant confounders as the aim of 

this study was to identify novel risk factors of six-month LBP outcome, with a clear emphasis 

on neurobiological variables. As stated within the PROGRESS Initiative, prognostic factor 

research has many uses in healthcare and clinical research (Riley et al., 2013). The study data 

we report here identifies for the first time novel neurobiological risk factors of future LBP 

outcome. Future studies should assess their predictive value over established prognostic 

factors. 

The primary analysis aimed to identify the candidate predictors most strongly associated with 

pain intensity and disability at six months as continuous outcomes. These analyses revealed 

largely discrete risk factors for the outcomes of pain (strongest risk factors of lower sensory 

cortex excitability [N80 SEP area], lower corticomotor excitability [L3 map volume], higher 

baseline pain intensity with a lesser contribution from higher emotional distress and higher 

pain catastrophising) and disability (older age, higher pain catastrophizing), with no 

neurobiological risk factors identified for disability following the lasso variable selection 

procedure. Patient-reported outcomes of pain (e.g. NRS) and disability (e.g. RMDQ) are 

known to be weakly correlated with each other when LBP is chronic (Kovacs et al., 2004) 

and previous research has shown that disability is more closely aligned with psychological 

risk factors than is pain intensity. For example, in a large cohort study of people with chronic 
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LBP, psychological questionnaires thought to assess ‘pain-related distress’ explained 51% of 

the variance in disability, but only 35% of the variance in pain intensity (Campbell et al., 

2013). The absence of a relationship between sensorimotor cortex excitability and disability 

suggests other factors predict this outcome. This is an important consideration when 

interpreting the current findings. People who develop pain-related disability account for a 

significant proportion of the total healthcare costs associated with LBP, thus identifying risk 

factors of LBP-related disability is of critical importance (Engel et al., 1996; Hartvigsen et 

al., 2018). Previous studies have suggested a link between pain-related neurobiology (e.g. 

neuro-endocrine responses to pain (McBeth et al., 2007)), pain-specific neurophysiological 

and psychological processes that may in turn, drive pain-related disability. Future research 

should seek to identify and validate neurobiological risk factors for LBP-related disability. 

Our findings on the psychological and symptom-related risk factors for chronic LBP are 

consistent with prior work (Hayden et al., 2009; Linton, 2000; Pincus et al., 2002). We 

confirm previous findings that show higher emotional distress and higher pain in the acute 

stage of LBP are risk factors for the development of persistent or recurring LBP. The 

discovery that lower sensory cortex excitability and lower corticomotor excitability are risk 

factors for future LBP is novel. When N80 SEP area, L3 map volume and BDNF genotype 

were combined with psychological (higher emotional distress) and symptom-related (no prior 

LBP history, higher baseline pain intensity) factors, the multivariable logistic regression 

model could discriminate between those with and without LBP at 6-months follow-up (c-

statistic 0.91 [0.84 to 0.95]).  

The discovery that low primary sensory cortex excitability and low corticomotor excitability 

in the acute stage of LBP are risk factors for worse LBP outcome at six-months builds on a 

growing body of evidence that suggests measures of brain structure and function are 

important risk factors of LBP outcome. For example, in sub-acute LBP, greater functional 
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connectivity of corticostriatal circuitry is associated with chronic LBP at 1-year (Baliki et al., 

2012; Mansour et al., 2013). Using causal inference analyses, we have shown that low 

sensory cortex excitability (N80 SEP area) in acute LBP is a cause, and not an 

epiphenomenon, of chronic pain (Jenkins et al., 2022). Further research is required to 

determine if these neurobiological risk factors are modifiable. 

Despite a robust and rigorous approach to data collection and analyses, this study has some 

limitations. First, MEPs used to quantify corticomotor excitability were obtained by 

delivering TMS at 100% of stimulator output over the M1 during a sub-maximal paraspinal 

muscle contraction. Although this methodology has been reported previously (Schabrun et 

al., 2017; Schabrun et al., 2014; Tsao et al., 2011) recent methodological developments have 

shown that pseudo-randomly delivering 90 stimuli over a 5 x 7 cm grid with a high-intensity 

coil reliably maps the M1 paraspinal muscle representation and minimises acquisition times 

(ICC = 0.82 [95% CI 0.66 – 0.91]) . This approach should be considered in future studies and 

may decrease participant attrition and missing data. Second, despite some evidence 

suggesting as few as five EPV may provide adequate statistical power for logistic regression 

(Vittinghoff & McCulloch, 2007), the most commonly accepted rule for minimising 

overfitting encourages EPV of twenty or more and our sample size does not achieve this 

(Moons et al., 2019). As recommended by the TRIPOD statement, penalized regression was 

applied to address this limitation of the study, and results of the logistic model underwent ten-

fold cross-validation to minimise optimism (Moons et al., 2015; Moons et al., 2019). 

However, additional, large-scale studies are needed to confirm and validate our findings. 

Third, missing data were present within some candidate predictors and no outcome data were 

available for 24 participants. To limit the impact of missing data on our findings, missing 

values were imputed using the MICE procedure (Stef van & Karin, 2011) and a sensitivity 

analysis identified no differences between models developed with or without imputed 
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outcome data. Fourth, the outcome measures for pain and disability asked participants to 

report these features over the past week, and we cannot determine whether LBP had persisted 

since the acute episode (i.e., defined as chronic) or had reoccurred as a new discrete episode 

(i.e., defined as recurrent). For this reason, we refer to our dichotomised results as risk factors 

for future LBP and cannot determine whether risk factors differ between chronic or recurring 

LBP. Finally, the dichotomous outcome of future LBP was based on a threshold value of ≥ 2 

on the NRS or ≥ 7 on the RMDQ scale, as used in prior studies predicting LBP outcome (Hill 

et al., 2008; Traeger et al., 2016). There remains no widely accepted cut-off for classifying 

LBP outcome based upon subjective pain and disability scores and transforming a continuous 

subjective measure into discrete categories remains challenging (Hush et al., 2009). The 

arbitrary cut-off chosen in this study to define recurrent or future LBP may not optimally 

reflect the experience of individuals with LBP and continuous outcomes remain preferable, 

consistent with our primary analysis (Stanton et al., 2008). 

4.6. Conclusion 

This study identified novel risk factors relating to cortical function and neuroplasticity for the 

development of future LBP. Neurobiological risk factors, when added to a multivariable 

linear regression model, explained a further 15% of the variance in six-month pain intensity. 

Future research should seek to determine whether the neurobiological risk factors identified 

in this study are modifiable causal mechanisms.  

 

 

 

 

 



 

171 

 

4.7. Supplemental File Two 

Least absolute shrinkage and selection operator (lasso) technique 

Candidate predictors underwent a variable selection procedure using the least absolute 

shrinkage and selection operator (lasso) technique (Tibshirani, 1996). This is a variation from 

the procedures described in the published study protocol. Penalized regression is the 

preferred variable selection procedure and decreases the likelihood of overfitting (Helmrich 

et al., 2019). First, continuous variables across all imputed datasets were scaled to standard 

scores (z-scores). Next, the optimal lasso penalty λ was chosen for each imputed data set 

using ten-fold cross-validation based on the deviance. To obtain parsimonious models, λ was 

chosen to be one standard error larger than the optimal λ (Thao & Geskus, 2019). This 

procedure shrinks some coefficients to zero, selecting a subset of predictors in each imputed 

dataset. The frequency with which each predictor was selected across all datasets was 

calculated. A series of candidate models were generated with increasing numbers of included 

predictors, starting with the most commonly selected predictor. For these candidates, model 

fit was assessed using Akaike’s Information Criterion (AIC). The model producing the 

smallest combined AIC across all imputed datasets was selected as the final model.  

Cross-validation  

Models predicting dichotomized outcomes perform optimistically within their derived sample 

(Steyerberg, 2008). We subjected the multivariable model to a ten-fold cross-validation 

procedure to internally validate our findings (Helmrich et al., 2019; Steyerberg, 2008). This 

involved splitting the sample ten-fold, with all previously specified imputation and variable 

selection procedures repeated in 90% of the sample. The model derived from 90% of the 

sample is then tested on the remaining 10%. 

Software Availability 
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An R package, miPredict, implementing the model selection procedure described here is 

available from GitHub: https://github.com/humburg/miPredict 
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Chapter 5: Developing a causal model of low back pain outcome 

As identified in Chapter four novel risk factors relating to cortical function and 

neuroplasticity were associated with the development of future LBP and explained a further 

15% of the variance in six-month pain intensity. We concluded that future research should 

seek to determine whether these risk factors were potentially modifiable causal mechanisms. 

As described in Chapter One, Section Three, observational study data can be used to draw 

causal inferences when there is a clearly articulated hypothesis, an attempt to emulate the 

clinical trial that could answer the causal question of interest, careful attention to minimizing 

selection and information bias, and a deliberate and rigorous plan to control for confounding. 

Therefore, the aim of this chapter was to describe the development of a causal model to 

investigate whether sensorimotor cortex function (exposure) during the acute stage of LBP 

has a causal effect on the development of chronic LBP (outcome).  

This work has been published in BMJopen (Impact Factor = 2.692). 

Jenkins, L., Chang, W. J., Buscemi, V., Cunningham, C., Cashin, A., McAuley, J. H., Liston, 

M., & Schabrun, S. M. (2019). Is there a causal relationship between acute stage 

sensorimotor cortex activity and the development of chronic low back pain? a protocol and 

statistical analysis plan. BMJ open, 9(12), e035792. https://doi.org/10.1136/bmjopen-2019-

035792  

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis.  
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5.1. Abstract 

Background: Why some people develop chronic pain following an acute episode of low 

back pain is unknown. Recent cross-sectional studies have suggested a relationship between 

aberrant sensorimotor cortex activity and pain persistence. The UPWaRD cohort study is the 

first prospective, longitudinal investigation of sensorimotor cortex activity in low back pain. 

This paper describes the development of a causal model and statistical analysis plan for 

investigating the causal effect of sensorimotor cortex activity on the development of chronic 

low back pain. Methods and analysis: Sensorimotor cortex activity was assessed within 6 

weeks of low back pain onset using somatosensory evoked potentials and transcranial 

magnetic stimulation mapping techniques. Chronic low back pain is defined as ongoing pain 

(Numerical rating score ≥ 1) or disability (Roland Morris Disability Questionnaire score ≥ 3) 

at six months follow up.  Variables that could confound the relationship between 

sensorimotor cortex activity and chronic low back pain were identified using a directed 

acyclic graph and content expertise was used to specify known causal paths. The statistical 

model was developed ‘a priori’ to control for confounding variables identified in the DAG, 

allowing an unbiased estimate of the causal effect of sensorimotor activity in acute low back 

pain on the development of chronic pain. The statistical analysis plan was finalized prior to 

follow-up of all participants and initiation of analysis. Ethics and dissemination: Ethics and 

dissemination Ethical approval has been obtained from Western Sydney University Human 

Research Ethics Committee (H10465) and from Neuroscience Research Australia (SSA: 

16/002). Dissemination will occur through presentations at national and international 

conferences and publications in international peer reviewed journals. Registration details: 

ACTRN12619000002189 [retrospectively registered]. Keywords: aetiology; causal 

inference; confounding; directed acyclic graph; electroencephalography; low back pain; 

motor cortex; sensory cortex; transcranial magnetic stimulation. 
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5.2. Strengths and limitations   

▪ The causal objective for data obtained from the UPWaRD study is made explicit and 

transparent within this protocol and analysis plan. 

▪ Acknowledging the causal goal of this research can inform scientific discussion of future 

results. 

▪ Detailed description of confounder selection using a directed acyclic graph is 

transparently reported ‘a-priori’. 

▪ A causal analysis in observational data can be viewed as an attempt to emulate a 

hypothetical trial — “the target trial”. Currently, it remains challenging to sufficiently 

define sensorimotor cortex activity as an “intervention”. 

▪ There can be no guarantee that a causal model incorporates all confounders. 

  



 

178 

 

5.3. Background 

Low back pain (LBP) is the most common form of persistent musculoskeletal pain and a 

leading cause of disability (Vos et al., 2017). In 2012, the direct health care costs of LBP in 

Australia were estimated at $4.8 billion (Victoria, 2013), while in the USA, this figure 

approaches $50 billion (Deyo & Weinstein, 2001). Most of these costs are associated with 

chronic LBP, that is, pain that has persisted for more than three months. It is not understood 

why up to 40% of people with acute LBP develop chronic LBP (L. d. C. M. Costa et al., 

2009). Interventions to prevent the development of chronic LBP have not been effective 

(Traeger et al., 2019). Identifying the causal mechanisms that explain why some people 

develop chronic LBP may guide the development of targeted treatment and is considered a 

research priority (Lee et al., 2016; Maher et al., 2017).  

Causes of a health condition are defined as characteristics or events necessary for the 

condition to occur (Rothman et al., 2008), i.e. “had the exposure differed, the outcome would 

have differed” (Shrier & Platt, 2008). Aberrant sensorimotor cortex activity in the acute stage 

of LBP is one characteristic postulated to have a causal relationship with the development of 

chronic pain (Chang et al., 2019; Diers et al., 2007; Schabrun et al., 2015). Cross-sectional 

studies have shown larger activity and a shift in the SI representation of the back (Diers et al., 

2007) and enlarged, overlapped and shifted M1 representations of the back muscles in 

chronic LBP compared with pain-free individuals (Tsao et al., 2011; Tsao et al., 2008), and 

these changes are associated with pain, functional impairment and symptom chronicity 

(Elgueta-Cancino et al., 2018; Flor et al., 1997; Flor et al., 1995; Tsao et al., 2008). Further, 

preliminary evidence suggests sensorimotor cortex activity in acute LBP is lower in patients 

with acute clinical LBP than in pain-free controls (Chang et al., 2019). Despite these findings, 

no study has investigated the causal relationship between sensorimotor cortex activity in 

acute LBP and the development of chronic pain. 
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Recent conceptual advances have outlined methods for estimating the causal effect of an 

exposure on a health outcome using observational data (Lederer et al., 2019). Two major 

considerations when attempting to estimate causal effect include how a particular target trial 

is emulated with observational data and the appropriate selection of confounding variables 

(Hernán, 2018; Hernán MA, 2020). Identification and inclusion of confounding variables in a 

statistical model is essential to estimate causal effects (Hernán MA, 2020). Confounding 

occurs when an exposure and outcome share a common cause (Greenland & Morgenstern, 

2001; Herbert, 2014; Pearl, 2010). Data driven identification of confounding variables such 

as P-value based and model-based variable selection methods ignore the causal structure 

underlying the hypothesis and subsequently do not aid in causal inference (Lederer et al., 

2019). Rather, expert knowledge is required to specify the causal structure (Hernan & 

Robins, 2010). Causal models can be represented visually using directed acyclic graphs 

(DAGs) (Greenland, 2003; Hernán et al., 2004; Lederer et al., 2019; Pearl, 2009; Shrier & 

Platt, 2008). A DAG provides a graphical representation of a mathematically rigorous method 

for minimizing confounding bias within observational research (Rothman et al., 2008; Shrier 

& Platt, 2008). Whilst there can be no certainty a causal model incorporates all known 

confounders, this approach to identifying confounding bias and developing a causal model 

makes assumptions explicit and transparent, promoting informed scientific discussion 

(Hernán, 2018).  

Using data from the UPWaRD prospective, longitudinal cohort study, this paper reports the 

development of a causal model to investigate whether sensorimotor cortex activity (exposure) 

in the acute stage of LBP has a causal effect on the development of chronic LBP (outcome). 

First we describe the protocol for data collection and development of a DAG, detailing the 

explicit assumptions for identification of confounding variables within a causal model of 

chronic LBP (Lederer et al., 2019). Second, we report a pre-specified statistical analysis plan 
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in line with the STROBE (Strengthening the Reporting of Observational Studies in 

Epidemiology) Statement (Vandenbroucke et al., 2007).  

5.4. Methods 

5.4.1. Design 

The UPWaRD study is a multicentre, prospective, longitudinal, cohort study of people 

presenting with acute LBP (National Health and Medical Research Council of Australia, 

Grant ID: 1059116). The study received ethical approval from Western Sydney University 

Human Research Ethics Committee (H10465) and from Neuroscience Research Australia 

(SSA: 16/002), was registered with the Australian and New Zealand Clinical Trials Registry 

(ACTRN12619000002189 [pre-results]) and the full study protocol has been published. The 

study enrolled 120 participants with acute LBP, with each participant undergoing a battery of 

neurophysiological and psychological tests at baseline with follow up completed at six 

months.  

5.4.2. Patient and public involvement 

Patients and the public were not involved in the design of this protocol and statistical analysis 

plan. Patient advocacy groups (Chronic Pain Australia, Pain Australia) provided support for 

recruitment through dissemination of recruitment flyers in newsletters, websites and social 

media. Individual test results will be provided to participants on request and a summary of the 

overall outcomes of the study will be available to all participants on completion of the trial. 

5.4.3. Objective 

The primary aim of the UPWaRD study was to determine whether sensorimotor cortex 

activity, an individuals capacity for neuroplasticity, and psychosocial features, assessed 

during an acute episode of LBP could predict six-month LBP outcome. As predictive models 

have different aims to studies investigating causal inference, this paper outlines the statistical 
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analysis plan for using data obtained from the UPWaRD study to investigate whether 

sensorimotor cortex activity has a causal effect in the development of chronic LBP.  

5.4.4. Hypothesis 

Null hypothesis: Sensorimotor cortex activity in the acute stage of LBP (T1) does not cause 

chronic LBP at six months. The null hypothesis will be rejected if either SI or M1 activity 

demonstrates a significant causal relationship with chronic LBP (pain or disability) at six-

month follow-up (T2). 

5.4.5. Inclusion criteria 

Participants were eligible for inclusion in the study if the following criteria were met: 

▪ 18 years or older and experiencing acute non-specific LBP - defined as pain in the region 

of the lower back, superiorly bound by the thoracolumbar junction and inferiorly by the 

gluteal fold; 

▪ Experiencing a new episode of acute LBP defined as pain present for more than 24 hours 

and less than six weeks’ duration following a period of at least one-month pain-free; 

▪ Did not have known or suspected serious spinal pathology (for example, fracture, 

malignancy, inflammatory or infective diseases of the spine; cauda equina syndrome or 

neurological disorder); 

▪ Did not have a history of previous lumbar spinal surgery (e.g. spinal fusion, intervertebral 

disc replacement); 

▪ Did not report suspected or confirmed pregnancy and/or were less than six months’ post-

partum; 

▪ Did not present with suspected radicular pain (dominant leg pain, positive neural tissue 

provocation tests and/or any two of altered strength, reflexes, or sensation for the same 
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nerve root, assessed clinically); 

▪ Were free from the presence of another painful condition (e.g., fibromyalgia, neuropathy, 

rheumatoid arthritis); 

▪ Did not report serious comorbidities affecting sensorimotor function or causing 

neurological deficit (e.g., multiple sclerosis, spinal cord injury); 

▪ Did not report a history of psychological disorders requiring medication for symptom 

control (e.g., major depressive disorder, bipolar disorder, schizophrenia); 

▪ Demonstrated no contraindications for the application of transcranial magnetic 

stimulation; 

▪ Provided written informed consent to participate and were able to speak and read English. 

5.4.6. Outcome variables: Pain and disability 

Primary outcome 

The primary outcome is pain intensity. Self-reported pain scores are determined using the 

Brief Pain Inventory (BPI) at T1 and T2 (Cleeland & Ryan, 1991). Participants are asked to 

score their pain intensity on average over the previous week using an eleven-point numerical 

rating scale (NRS: 0 = “no pain”, 10 = “worst pain imaginable”). Pain intensity scores at T2 

will also be dichotomized to determine “recovered” and “non-recovered” participants. A NRS 

score of 0 will be classified as recovered LBP and a NRS score ≥ 1 will be classified as 

chronic LBP (Kamper et al., 2010). 

Secondary outcome 

The secondary outcome is disability. Self-reported disability will be determined using the 24-

point Roland Morris Disability Questionnaire (RMDQ) at T1 and T2 (Roland & Morris, 

1983). This questionnaire detects the level of disability experienced as a result of LBP. 
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Disability scores at T2 will be dichotomized with a RMDQ score ≤ 2 classified as recovered 

LBP and a RMDQ score ≥ 3 classified as chronic LBP (Kamper et al., 2010). 

5.4.7. Exposure variables: sensorimotor cortex activity 

Sensory cortex activity in the acute stage of LBP will be assessed using the peak-to-peak area 

of the N80 and N150 components of the sensory evoked potential (SEP). Motor cortex activity 

will be assessed using transcranial magnetic stimulation (TMS) derived map volume of the 

paraspinal muscles at the L3 and L5 spinal level. These procedures have been outlined in 

detail in the UPWaRD study protocol. In brief: 

SEPs are recorded in response to two blocks of 500 non-noxious electrical stimuli applied via 

a constant current stimulator (Digitimer, DS7AH) to the paraspinal muscles 3cm lateral to the 

L3 spinous process, ipsilateral to the side of worst LBP. Electroencephalography (EEG) is 

recorded using gold plated cup electrodes (Digitimer, Reusable Au and Ag EEG Cup 

Electrodes) positioned over SI (3 cm lateral and 2 cm posterior to Cz) on the side 

contralateral to worst LBP and referenced to Fz according to the International 10/20 EEG 

placement system (Homan et al., 1987). The N80 component is thought to represent activity in 

SI (between the first major downward deflection of the curve after stimulation and the first 

major negative peak, N80), the N150 component is thought to represent activity in the 

secondary sensory cortex (SII) (between the first negative peak, N80, and second negative 

peak, N150) (Bromm & Lorenz, 1998; Chang et al., 2019; Diers et al., 2007; Flor et al., 1997). 

L3 and L5 map volume is the measure of total excitability of the corticomotor representation 

of the paraspinal muscles recorded at L3 and L5 level (Larivière et al., 2003; O’connell et al., 

2007). Participants undergo a standardised TMS mapping procedure (Chang et al., 2019; 

Schabrun et al., 2014). Single-pulse, monophasic TMS is delivered to the M1 contralateral to 

the side of worst LBP (Magstim 200 stimulator/7 cm figure-of-eight coil; Magstim Co. Ltd. 
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Dyfed, UK). The stimulator intensity is set to 100%, with an inter-stimulus interval of ~5s. 

Surface electromyography (EMG) is recorded from the paraspinal muscles with an electrode 

(silver-silver chloride disposable electrodes; Noraxon USA Inc, AZ, USA) placed 

longitudinally, 3cm lateral to the L3 spinous process and 1cm lateral to the L5 spinous 

process, ipsilateral to the side of worst LBP. Five stimuli are delivered over pre-marked scalp 

sites on a 6x7cm grid, commencing at the vertex, determined using the International 10/20 

System (Homan et al., 1987). EMG traces of the five motor evoked potentials recorded at 

each scalp site are averaged then superimposed over the respective scalp sites to construct a 

topographical representation of the paraspinal muscle (Schabrun et al., 2017). All TMS data 

is analysed using MATLAB 7 (The MathWorks, USA).  

5.4.8. Identifying sources of confounding 

A directed acyclic graph was constructed using DAGitty software (Textor et al., 2016) to 

identify all variables that have a plausible, causal effect on the relationship between 

sensorimotor cortex activity (the exposure) and chronic LBP (the outcome) (Shrier & Platt, 

2008). Figure 1 details all variables included within the DAG. The DAG outlines explicit 

assumptions made by the investigators (Lederer et al., 2019), informed by expert opinion and 

current literature including the work of Hodges et al. (2019), Brumagne et al. (2019) and 

Traeger, Hübscher, et al. (2016). Table 1 details data collected from the UPWaRD study that 

can be used to control for the identified confounding variables. Procedures for obtaining these 

variables are outlined in detail in the UPWaRD study protocol. 



 

185 

 

 

Figure 1. Directed Acyclic Graph to identify confounding variables. Confounding variables are in red boxes. Blue box is the outcome. Green 

box is the exposure. Clear circles are variables that were unobserved yet assumed to have a causal effect on exposure and outcome. 
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Table 1. Confounding variables identified from the DAG 

Assessment domain Confounding variable 

Predisposing factors (1) Age 

(2) Sex 

(3) Previous history of low back pain: Participants are asked the following question: “Have you experienced low back pain 

in the past?” 

(4) BDNF genotype: Cheek swabs taken on the day of baseline testing are used to prepare genomic DNA (Isohelix DNA 

Isolation Kit). 

(5) Socioeconomic status: Participant postal code is converted into a SEIFA score (Pink, 2011). 

(6) Cultural diversity: Participants are asked the following question: “How do you define your identity, in ethnic or cultural 

terms?” 

Blood biomarkers (7) BDNF serum concentration: Peripheral venous blood is drawn into serum tubes (BD Vacutainer, SST II Advance). 

BDNF serum concentration is measured using an enzyme-linked immunosorbent assay (ELISA) (Simple Plex 

Cartridge Kit, Biotrend). 

(8) Pro-inflammatory cytokines: Serum samples obtained from the UPWaRD study will also be analysed for TNF, IL-1β, 

IL-6, and CRP. Zero is allocated for values below the test sensitivity (Klyne et al., 2018).  

Psychological variables (9) PCS: Assesses catastrophizing thoughts about pain. The PCS includes 13 items, scored on a 5-point scale. 

(10) DASS-21: Includes three 7 item subscales with higher scores indicating greater depression, anxiety and/or stress. 
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(11) PSEQ: Evaluates the confidence of an individual in their ability to perform a range of functional activities whilst in 

pain. A total score between 0 and 60 is calculated, higher scores indicate greater self-efficacy beliefs. 

Sensitisation  (12) Local sensitivity: PPT is measured using a hand-held pressure algometer (Somedic, Hörby, Sweden). The probe (size 

1cm2) is applied perpendicular to the skin until the participant reports the sensation has changed from pressure to pain. 

PPT is measured three times ipsilateral to the side of the worst LBP, 3cm lateral to the L3 spinous process, with the 

average used for analysis. 

(13) Distal sensitivity: PPT is measured as above on the thumb nail of the hand ipsilateral to the side of the worst LBP. 

BDNF – brain derived neurotrophic factor, CRP – C-reactive protein, DASS-21 – Depression, anxiety and stress scale, IL-1β – interleukin-1β, 

IL-6 – interleukin-6, LBP – low back pain, PCS – Pain catastrophising scale, PPT – pressure pain threshold, PSEQ – Pain self-efficacy 

questionnaire, SEIFA – Socio-economic index for area, TNF – tumor necrosis factor
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5.4.9. Limitations 

The DAG methodology is not without limitation, establishing the directionalities of effects in 

addition to model misspecifications can result in errors, potentially leading to incorrect 

inferences (Lederer et al., 2019). Simpler and more sparse DAGs represent stronger 

assumptions, as every omission of a variable and its causal pathway represents an assumption 

of one or more causal null hypotheses (Greenland, 2017). Further, DAGs do not account for 

the effect of unmeasured confounding. The effect of unmeasured confounding on the study 

results will be analysed using a sensitivity analysis. A sensitivity analysis determines how 

important unmeasured confounding would need to be to alter study conclusions 

(VanderWeele & Ding, 2017). 

5.4.10. Sample size 

G*Power (Version 3.0.10, University of Kiel, Germany) was used to calculate the required 

sample size for estimating the causal effect of baseline sensorimotor activity on chronic LBP 

(Faul et al., 2007). The minimum sufficient adjustment set identified 16 confounding 

variables that will be controlled for in the causal model. According to the sample size 

calculation, one hundred and eleven participants are required to detect an effect size of 0.2 

with 80% power, using an alpha level of 0.05, with sixteen confounding variables. This 

calculation is based on detecting a medium effect for a multiple linear regression (Ferguson, 

2009).  

5.4.11. Missing data 

Completeness of data obtained from the UPWaRD study at T1 and T2 will be reported as 

recommended by the STROBE statement (Vandenbroucke et al., 2007). Cases with missing 

values will be removed from the dataset if follow-up rates are higher than 95% at T2. If 

missing data exceeds 5%, multiple imputation will be performed (Moons et al., 2015). The 
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methods used for combining all reported estimates following multiple imputation will be 

reported (i.e. Rubin’s rule) (Holder et al., 2009; Moons et al., 2015). Where data are missing 

at random (i.e., missing randomly, conditional on covariates), estimates based on multiple 

imputation are unbiased (Kenward & Carpenter, 2007).  

5.4.12. Evaluation of demographics and baseline characteristics: 

Data analysis will be performed in R (The R Foundation for Statistical Computing, a 

statistical software) (Core Team, 2013). Continuous variables will be presented through 

centrality measures (mean, median), and dispersion (SD and IQR) according to the 

distribution, and categorical variables through frequencies and percentages.  

5.4.13. Statistical analyses: 

The primary outcome, pain intensity, will be entered in to a linear regression model as the 

continuous dependent variable. Separate multivariable linear regression models for the 

exposure variables (N80, SEP component, N150 SEP component, L3 map volume and L5 map 

volume) will be developed. Confounding variables identified by the DAG will be adjusted for 

in each linear regression model. Linearity assumptions and model fit will be assessed 

(Hulley, 2007; Moons et al., 2015). The regression coefficient and corresponding 95% 

confidence intervals will be reported and presented in tabular form as recommended by item 

number 16a of the STROBE statement (Vandenbroucke et al., 2007). The probability 

threshold for statistical significance will be set at p < 0.05. 

To further explore a possible causal effect of sensorimotor cortex activity during acute LBP 

on the development of chronic LBP, pain intensity scores at six-month follow-up will be 

dichotomized into chronic LBP (NRS score ≥ 2) or recovered LBP (NRS score ≤1). Separate 

logistic regression models will be created to investigate the causal effect of sensorimotor 

cortex activity measures and chronic LBP. Adjusted and unadjusted odds ratios with 
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corresponding confidence intervals will be reported once confounders identified by the DAG 

are entered into the model. To explore the effect of unmeasured confounding a sensitivity 

analysis will be performed and reported (VanderWeele & Ding, 2017). 

The analysis plan will then be repeated to model the causal effect of sensorimotor cortex 

activity and the secondary outcome, disability. Any deviations from this protocol will be 

noted in the final manuscript.  

5.5. Discussion 

This manuscript details an ‘a-priori’ reported protocol and statistical plan for investigating 

causal inference using data derived from the UPWaRD prospective cohort study. A DAG is 

presented for the selection of confounding variables, ensuring analytical transparency. Whilst 

DAGs come with known limitations such as the potential for misspecification, they present 

clearly the assumptions made by the authors, facilitating correction or future improvements 

during pre- and post-publication peer review (Lederer et al., 2019). Confounding variables 

entered into a multivariable regression analysis will determine whether sensorimotor cortex 

activity in the acute stage of LBP has a causal relationship with the development of chronic 

LBP.  
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Chapter 8  General discussion  

Chapter 6: Low somatosensory cortex excitability in the acute 

stage of low back pain causes chronic pain 

As described in Chapter One, Section Three, there is a paucity of literature that attempts to 

identify causal mechanisms underpinning the transition from acute to chronic LBP, despite 

this being considered a research priority. Recent conceptual advances for estimating the 

causal effect of an exposure on a health outcome using observational data are described 

within Chapter One, Section Three and Chapter Five of this thesis. Based on these conceptual 

advances aim of this chapter was to investigate the causal relationship between acute stage 

sensorimotor cortex excitability and LBP outcome at six-month follow-up.  

The contents of this chapter have been published in The Journal of Pain (Q1, Impact Factor = 

5.383, ranked 4/110 in Anaesthesiology and Pain Medicine, 19/156 Neurology). 

Jenkins, L. C., Chang, W. J., Buscemi, V., Liston, M., Skippen, P., Cashin, A. G., McAuley, J. 

H., & Schabrun, S. M. (2022). Low Somatosensory Cortex Excitability in the Acute Stage of 

Low Back Pain Causes Chronic Pain. The journal of pain, 23(2), 289–304. 

https://doi.org/10.1016/j.jpain.2021.08.003  

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis.  
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6.1. Abstract 

Determining the mechanistic causes of complex biopsychosocial health conditions such as 

low back pain (LBP) is challenging, and research is scarce. Cross-sectional studies 

demonstrate altered excitability and organisation of the somatosensory and motor cortex in 

people with acute and chronic LBP, however, no study has explored these mechanisms 

longitudinally or attempted to draw causal inferences. Using sensory evoked potential area 

measurements and transcranial magnetic stimulation derived map volume we analysed 

somatosensory and motor cortex excitability in 120 adults experiencing acute LBP. 

Following multivariable regression modelling with adjustment for confounding, we identified 

lower primary (OR = 2.08, 95% CI = 1.22 to 3.57) and secondary (OR = 2.56, 95% CI = 1.37 

to 4.76) somatosensory cortex excitability significantly increased the odds of developing 

chronic pain at six-month follow-up. Corticomotor excitability in the acute stage of LBP was 

associated with higher pain intensity at 6-month follow-up (B = -0.15, 95% CI: -0.28 to -

0.02) but this association did not remain after confounder adjustment. These data provide 

evidence that low somatosensory cortex excitability in the acute stage of LBP is a cause of 

chronic pain. Perspective: This prospective longitudinal cohort study design identified low 

sensorimotor cortex excitability during the acute stage of LBP in people who developed 

chronic pain. Interventions that target this proposed mechanism may be relevant to the 

prevention of chronic pain. Key words: Low back pain, acute to chronic, corticomotor, 

somatosensory, confounding 

 

6.2. Introduction 

Low back pain (LBP) is the leading cause of years lost to disability worldwide (Vos et al., 

2017) with an economic burden comparable to cardiovascular disease, cancer, mental health, 
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and autoimmune diseases (Maniadakis & Gray, 2000). Up to 40% of people who experience 

an episode of acute LBP (defined as pain lasting greater than 24 hours but less than six 

weeks, preceded by one pain free month) (De Vet et al., 2002; Stanton et al., 2008) develop 

chronic pain (defined as pain persisting longer than three months) (L. d. C. M. Costa et al., 

2009; Henschke et al., 2008), and interventions designed to prevent the development of 

chronic LBP during have not been effective (Bell & Burnett, 2009; George et al., 2003; 

Heymans et al., 2004; Sahar et al., 2007; Traeger et al., 2019).  A critical issue is the lack of 

robust mechanistic explanations for chronic LBP; in 85 – 95% of LBP cases (Deyo & 

Weinstein, 2001; Hollingworth et al., 2002; Woolf & Pfleger, 2003), a pathoanatomical cause 

cannot be determined and the condition is labelled ‘non-specific’ (Hartvigsen et al., 2018; 

Henschke et al., 2009). Identifying the causal mechanisms of chronic LBP is a recognised 

research priority that would guide the development of targeted treatment and prevention 

strategies.  

Determining the mechanistic causes of complex biopsychosocial health conditions such as 

LBP is challenging, and research is scarce. Psychological factors, such as distress, pain-

related fear and low self-efficacy, have been identified as potential causes of persistent 

disability following acute LBP (Lee et al., 2015). However, studies investigating these factors 

frequently use cross-sectional designs and rarely control for confounding variables, leading 

some experts to suggest these factors are a consequence, rather than a cause, of chronic LBP 

(Lee et al., 2015). Interventions attempting to prevent the development of chronic LBP 

through reduction of psychological risk factors have also been ineffective (George et al., 

2003; Traeger et al., 2019). Taken together, these data suggest other mechanisms must play a 

role in the development of chronic LBP (Lee et al., 2015; Traeger et al., 2019).  

Aberrant sensorimotor cortex excitability in the acute stage of LBP is one mechanism 

hypothesised to have a causal relationship with chronic LBP (Chang et al., 2019; Diers et al., 
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2007; Schabrun et al., 2015). Cross-sectional studies demonstrate altered excitability and 

organisation of the primary somatosensory (SI) and primary motor (M1) cortex in people 

with acute and chronic LBP (Ung et al., 2014; Zhao et al., 2017) and these changes are 

associated with pain severity, functional impairment and symptom chronicity (Elgueta-

Cancino et al., 2018; Flor et al., 1997; Tsao et al., 2008). For example, processing of non-

noxious sensory inputs is supressed, and corticomotor excitability lower, in people with acute 

LBP compared with healthy controls, and individuals who display lower SI excitability in the 

acute stage of LBP experience worse pain than those who display higher SI excitability 

(Chang et al., 2019). Further, longitudinal research using experimental pain models suggests 

that individuals who display low corticomotor excitability soon after pain onset experience 

worse pain and slower recovery than those who display high corticomotor excitability 

(Seminowicz et al., 2019). Despite these findings, no study has investigated whether there is 

evidence for a causal relationship between acute-stage sensorimotor cortex  excitability and 

the development of chronic LBP (Marwan et al., 2012).  

Recent conceptual advances have outlined methods for estimating the causal effect of an 

exposure on a health outcome using observational data (Hernán MA, 2020; Lederer et al., 

2019; Pearl, 2000). Using longitudinal data obtained from the UPWaRD (Understanding 

persistent Pain Where it ResiDes) cohort, we implemented these conceptual advances to 

investigate the causal relationship between acute stage sensorimotor cortex excitability and 

LBP outcome at six-month follow-up. Directed acyclic graphs (DAGs) were used to identify 

possible confounders of the exposure (sensorimotor cortex excitability) - outcome (pain and 

disability at six months) relationship and minimise confounding bias. We hypothesised that 

acute-stage sensorimotor cortex excitability would demonstrate a causal relationship with 

chronic LBP when confounders were controlled. 
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6.3. Methods 

6.3.1. Study design 

The UPWaRD study was a multicentre, prospective, longitudinal, cohort study of people 

presenting with acute LBP (National Health and Medical Research Council of Australia, 

Grant ID: 1059116). Participants underwent a battery of neurophysiological and 

psychological tests at baseline (within 6 weeks of pain onset) with follow-up at six-months. 

Consistent with recommendations for transparency and reproducibility (Cashin et al., 2020; 

Ioannidis, 2005) the protocol for data collection and the statistical analysis plan were 

registered with the Australian and New Zealand Clinical Trials Registry 

(ACTRN12619000002189) and published ‘a priori’. This study reports the findings from the 

analysis plan in accordance with the STROBE guidelines (Vandenbroucke et al., 2007). Any 

deviation from the planned analyses is noted. 

6.3.2. Study Population 

One hundred and twenty people experiencing an acute episode of LBP were recruited from 

local hospitals in South Eastern and South Western Sydney local health districts, New South 

Wales, Australia, primary care practitioners (e.g. general practitioners and physiotherapists), 

newspaper/online advertisements, flyers and social media sites such as Facebook. Participants 

were included if they experienced pain in the region of the lower back, superiorly bound by 

the thoracolumbar junction and inferiorly by the gluteal fold (Müller et al., 2019). 

Participants remained eligible for inclusion if they had pain referred beyond this region that 

was not radicular pain from neural tissue involvement. Pain must have been present for more 

than 24 hours and persisted for less than six weeks following a period of at least one-month 

pain-free (De Vet et al., 2002; Müller et al., 2019; Stanton et al., 2008; Williams et al., 2014). 

One-month pain-free is considered appropriate to differentiate between LBP “flares” (usually 
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one week or less of increased pain superimposed on a recurrent or chronic course), recurrent 

episodes or chronic LBP (De Vet et al., 2002). All participants with pain referred beyond the 

inferior gluteal fold underwent a physical examination by a trained physiotherapist (study 

staff) to identify any sensory or motor deficit of the lower extremity. Participants with 

suspected lumbosacral radiculopathy characterised by the presence of weakness, loss of 

sensation, or loss of reflexes associated with a particular nerve root, or a combination of 

these, were excluded (Buchbinder et al., 2018). Individuals who presented with suspected 

serious spine pathology (e.g. fracture, tumour, cauda equina syndrome), other major 

diseases/disorders (e.g. schizophrenia, chronic renal disorder, multiple sclerosis), a history of 

spine surgery, any other chronic pain conditions or contraindications to the use of transcranial 

magnetic stimulation (TMS) were excluded (Keel et al., 2001). Participants were free to seek 

and utilise treatment throughout the study. Four assessors performed all study related 

procedures at laboratories located at Western Sydney University or Neuroscience Research 

Australia, New South Wales, Australia. All procedures were approved by Western Sydney 

University (H10465) and Neuroscience Research Australia (SSA: 16/002) Human Research 

Ethics Committees and conducted in accordance with the Declaration of the World Medical 

Association. All patients gave written informed consent. 

6.3.3. Primary and secondary outcomes 

Pain and disability were assessed six months after the baseline assessment to determine if 

participants had developed chronic LBP. The primary outcome was pain intensity and the 

secondary outcome disability. Participants completed the Brief Pain Inventory (Cleeland & 

Ryan, 1991) and were asked to score their pain intensity on average over the previous week 

using an 11-point numerical rating scale (numeric rating scale [NRS]: 0=‘no pain’, 10=’worst 

pain imaginable’). Participants were considered to have developed chronic pain if they 

reported a NRS score ≥ 1 at six-month follow-up (Kamper et al., 2010). Disability was 
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assessed using the 24-Item Roland Morris Questionnaire (RMDQ) scored from 0 (no 

disability) to 24 (high disability) (Roland & Morris, 1983). Participants who scored ≥ 3 on 

the RMDQ at six-month follow-up were considered to have developed chronic disability 

(Kamper et al., 2010). We chose these stringent definitions as we were interested in ‘true’ 

recovery, i.e. individuals who reported no on-going pain or disability at 6-months follow-up. 

Further, as this study aimed to identify causal mechanisms, a cut-off for pain and disability 

that reflected patient expectations of complete recovery was chosen (Kamper et al., 2010). 

6.3.4. Exposure variables: Sensorimotor cortex excitability 

The corticomotor response to TMS was assessed using a standardised mapping procedure 

(O’connell et al., 2007; Schabrun et al., 2014; Tsao et al., 2011). Surface electromyography 

(EMG) was recorded from the paraspinal muscles 3 cm lateral to the spinous process of L3 

and 1 cm lateral to the spinous process of L5 using disposable Ag/AgCL electrodes (Noraxon 

USA Inc, Arizona, USA) (Larivière et al., 2003; O'Connell et al., 2007). Ground electrodes 

were placed over the anterior superior iliac spine bilaterally. EMG data were amplified 

1000x, filtered 20-1000 Hz and sampled at 2000 Hz using a Micro1401 data acquisition 

system and Spike2 software (CED Limited, Cambridge, UK). 

Single-pulse, monophasic stimuli (Magstim 200 stimulator/7 cm figure-of-eight coil; 

Magstim Co. Ltd. Dyfed, UK) were delivered over M1 contralateral to the side of the worst 

LBP. The coil was placed tangentially to the skull with the handle pointing posterior-laterally 

at 45 degrees from midline (Brasil-Neto et al., 1992; Kaneko et al., 1996; Mills et al., 1992). 

Participants wore a cap marked with a 6 x 7 cm grid oriented to the vertex (point 0, 0). The 

vertex was determined using the International 10/20 System, and aligned with the centre of 

the cap (Herwig et al., 2003). The cap was tightly fitted, and the position regularly checked to 

ensure placement consistency. Starting at the vertex, five stimuli were delivered over each 

site on the grid with an inter-stimulus interval of 6 s. A long inter-stimulus interval was 
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selected to ensure TMS did not induce changes in M1 or SI neural activity (Malcolm et al., 

2006; Mathias et al., 2014; Van De Ruit et al., 2015). As 120% of active motor threshold for 

paraspinal muscles often exceeds the maximum stimulator output, all stimuli were delivered 

at 100% while participants activated the paraspinal extensor muscles to 20 ± 5% of their 

EMG recorded during a maximum voluntary contraction (MVC) (determined as 20% of the 

highest root mean square [RMS] EMG for 1 s during three, 3 s maximal muscle contractions 

performed against manual resistance in sitting) (Schabrun et al., 2017; Schabrun et al., 2014; 

Tsao et al., 2011). Feedback of real-time RMS EMG of paraspinal extensor muscles and the 

target level was displayed on a monitor (Tsao et al., 2010). All TMS procedures adhered to 

the TMS checklist for methodological quality (Chipchase et al., 2012).  

TMS map data were analysed offline using MATLAB 2019a (The MathWorks, USA). Motor 

evoked potential (MEP) onset and offset for each individual trace were visually identified 

then averaged at each scalp site. The amplitude of paraspinal MEPs was measured as the 

RMS EMG amplitude, between the onset and offset of the MEP, from which the background 

RMS EMG was removed (55–5 ms preceding stimulation) (Tsao et al., 2011). Paraspinal 

MEP amplitudes were normalized to the peak MEP amplitude and superimposed over the 

respective scalp sites to generate a topographical map. A scalp site was considered active if 

the normalised MEP amplitude was equal to or greater than 25% of the peak response (Chang 

et al., 2019). Normalised values below 25% of the peak response were removed and the 

remaining values rescaled from 0 to 100% (Schabrun et al., 2014, Tsao et al., 2011). Map 

volume was calculated as the sum of normalized MEP amplitudes recorded at all active scalp 

sites (Wassermann et al., 1992). 

Electroencephalography sensory evoked potentials (SEPs) were conducted after the TMS 

mapping procedure for all participants, following a period of at least ten minutes rest. SEPs 

were recorded using gold plated cup electrodes positioned over SI (3cm lateral and 2cm 
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posterior of Cz) on the hemisphere contralateral to the side of worst LBP and referenced to Fz 

using the International 10/20 System (Homan et al., 1987). The side of worst LBP was 

determined on the day of baseline testing by asking the participant “on average over the past 

24 hours which side of your back is most painful?” If the participant was unable to determine 

a more painful side, and reported central LBP at all times over the previous 24 hours, SEPs 

were recorded on the hemisphere contralateral to the dominant hand (Chang et al., 2019; 

Zapała et al., 2020). Electrode impedance was maintained at <5 kΩ. Electroencephalography 

(EEG) signals were amplified 50,000 times, band pass filtered between 5 and 500Hz, and 

sampled at 1,000 Hz using a Micro1401 data acquisition system and Signal software (CED 

Limited, Cambridge, UK).  

SEPs were recorded in response to two blocks of 500 non-noxious electrical stimuli. 

Participants were seated comfortably in a chair with feet on the floor and arms relaxed. A 

single bipolar electrode (silver-silver chloride disposable electrodes; Noraxon USA, Arizona, 

USA) was positioned 3cm lateral to the L3 spinous process, ipsilateral to the side of the worst 

LBP and a constant current stimulator (Digitimer Ltd, Hertfordshire, UK DS7AH) delivered 

the electrical stimulation. Anodal stimulation was applied to the inferior attachment of the 

bipolar electrode. Stimulation intensity was increased in 1mA increments until the perceptual 

threshold was reached. The testing intensity was set at three times perceptual threshold. If this 

intensity evoked pain, it was decreased in 1mA increments until the stimulus became non-

noxious. The electrical stimuli had a pulse duration of 1ms and were delivered at a frequency 

of 2Hz with a variable interval schedule of 20%. Participants were asked to sit still with their 

eyes closed, but remain awake, during the procedure. Figure 1 displays the SEP test 

paradigm described here.  

Individual SEP traces were manually inspected and those considered to contain eye 

movements, muscle artefacts or electrical interference were rejected. Less than 15% of all 
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SEP traces were excluded. Remaining traces from the two SEP blocks were averaged for 

each participant and the average used for analysis. The averaged wave form was full-wave 

rectified and the area under the curve mean amplitude (µV) determined for the N80 (between 

the first major downward deflection of the curve after stimulus onset and the first peak, N80) 

and N150 (between the first and second peak, N80 and N150 respectively) time windows. The 

SEP area measurement was chosen for analysis as it is less susceptible to signal-to-noise ratio 

concerns (Clayson et al., 2013), and considered superior to peak-based measures for 

assessing event-related potentials (Diers et al., 2007; Kappenman & Luck, 2016; Picton et al., 

2000; Woodman, 2010). Previous electrophysiological research suggests distinct EEG 

components reflect sensory afferent processing within discrete cortical regions (Babiloni et 

al., 2001) - the N80 SEP time window is thought to reflect processing in SI, while the N150 

SEP time window is thought to reflect processing in the secondary somatosensory cortex 

(SII)  (Diers et al., 2007; Flor et al., 1997).
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Figure 1A. Somatosensory evoked potentials (SEP) are measured in response to two blocks of 500 non-noxious electrical stimuli. A single bipolar 

electrode was positioned 3cm lateral to the L3 spinous process, ipsilateral to the side of the worst LBP and a constant current stimulator delivered 

the electrical stimulation. B. SEP waveforms are recorded using gold plated cup electrodes positioned over SI (3cm lateral and 2cm posterior of 

Cz) on the hemisphere contralateral to the side of worst LBP and referenced to Fz using the International 10/20 System. C. Example of a SEP trace 

demonstrating the N80 and N150 peaks recorded from the paraspinal muscles (average of 500 traces) from a single participant. 
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6.3.5. Identifying sources of confounding  

Variables thought to confound the relationship between an acute episode of LBP and the 

development of chronic LBP were graphically represented using causal directed acyclic 

graphs (DAGs). DAGs incorporate expert content knowledge to explicitly represent 

assumptions about the causal relationships between variables, providing a non-parametric 

framework to identify the minimum sufficient set of variables that must be measured and 

controlled to obtain unconfounded causal effect estimates (Greenland et al., 1999). Following 

a meeting between study investigators and content experts, causal DAGs were developed 

using DAGitty (Textor et al., 2016) and the following variables were identified as 

confounders: predisposing factors, physical activity, baseline symptoms, comorbidity, 

sensitisation, blood biomarkers, treatment, hypothalamic-pituitary-adrenal axis/cortisol and 

psychological variables (see Chapter 5: 5.4.8, Figure 1). The sufficient set of covariates to 

minimise confounding bias included predisposing factors, blood biomarkers, psychological 

variables and sensitisation.  

Predisposing factors 

A range of predisposing factors were assessed including age, sex, previous history of LBP, 

socioeconomic status and cultural and linguistic diversity. Further, heritability of LBP is 

estimated to be between 30 – 60% (Livshits et al., 2011; MacGregor et al., 2004), therefore, 

brain-derived neurotrophic factor (BDNF), a high priority candidate gene thought to encode 

numerous mediators of pain processing was also considered a predisposing factor 

(Baumbauer et al., 2020; Ren & Dubner, 2007; Zhou et al., 2008). Participants self-reported 

their age and sex (male/female) on the day of baseline testing. Participants were considered to 

have a previous history of LBP if they answered “yes” to the question: “Have you 

experienced low back pain in the past”? Each participant’s postal code was converted into a 
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socioeconomic index for areas (SEIFA) score, with higher scores representing, on average, 

higher socioeconomic status for people living within that postal code (Statistics, 2018). Each 

participant was asked the question: “How do you define your identity, in ethnic or cultural 

terms?” If the participant identified a cultural or ethnic background other than “English”, 

“Caucasian” or “Australian” they were considered culturally and linguistically diverse for the 

purpose of this study. To determine each participants BDNF genotype, buccal swabs were 

taken on the day of baseline testing (Isohelix DNA Isolation Kit) and used to prepare 

genomic DNA samples (Cirillo et al., 2012). Samples were immediately frozen and stored at 

−80°C. Samples were polymerase chain reaction-amplified and sequenced by the Australian 

Genome Research Facility (AGRF); see (Clarke et al., 2014). Consistent with prior 

investigations (Baumbauer et al., 2020; Lang et al., 2005; Mata et al., 2010), BDNF was 

coded as a dichotomous variable (AA/AG or GG). The more common G allele encodes the 

Val, while the A allele encodes Met. In the current sample, 72 (60%) participants were coded 

GG and 48 (40%) coded AA/AG. According to the Hardy–Weinberg Equilibrium, this 

observed distribution is consistent with the expected rate (χ2 = 1.27, df = 1, P = 0.26). 

Blood biomarkers 

Peripheral venous blood was drawn into serum tubes (BD, SST II Advance) through 

venepuncture of the median cubital vein by a phlebotomy-trained member of the research 

team at baseline assessment. The sample was clotted (30 min, room temperature) then 

separated by centrifugation (2500 rpm, 15 min). The samples were pipetted into 50 μL 

aliquots and stored at -80°C until analysis. After thawing, the Simple plex Ella™ platform 

was used to analyse the specific expression of C-reactive protein (CRP), tumour necrosis 

factor (TNF), interleukin-1β (IL-1β), interleukin-6 (IL-6) and circulating BDNF. Samples 

were prepared and loaded into the cartridge according to a standard procedure provided by 

the manufacturers (Protein Simple, CA, USA). All steps in the immunoassay procedure were 
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carried out automatically and scans were processed with no user activity. Cartridges included 

built-in lot–specific standard curves. Single data (pg/mL) for each sample were automatically 

calculated. The limits of detection for each biomarker were as follows: (1) CRP: 1.24 pg/ml, 

(2) TNF: 0.278 pg/ml, (3) IL-1β: 0.064 pg/ml, (4) IL-6: 0.26 pg/ml and (5) BDNF: 5.25 

pg/ml. Zero was allocated for values below the test sensitivity. Sixty-eight participants (76%) 

were below the test sensitivity for IL-1β and 28 participants (31%) were below the level of 

test sensitivity for IL-6. The volume of missing serum data (Appendix 1) in combination with 

a large proportion of serum concentration below the level of test sensitivity for IL-1β and IL-

6 violated assumptions of multiple imputation despite attempts at data transformation. IL-1β 

and IL-6 serum concentration values were subsequently excluded from further analyses. 

Psychological variables 

Psychological screening questionnaires were administered to each participant at baseline 

assessment and  included the total score of the 21-item depression, anxiety, stress subscale 

(DASS-21) (Antony et al., 1998), pain catastrophizing scale (PCS) (Sullivan et al., 1995), and 

pain self-efficacy questionnaire (PSEQ) (Nicholas, 2007). These self-reported questionnaires 

measure emotional and cognitive domains of the participant’s pain experience.  

Sensitisation 

Pressure pain thresholds (PPTs) were measured locally (3cm lateral to the L3 spinous 

process, ipsilateral to side of greatest LBP) and distally (thumbnail of the hand ipsilateral to 

side of greatest LBP) to represent peripheral and widespread mechanical pain sensitivity, 

respectively. A hand-held pressure algometer with probe size 1cm2 (Somedic, Hörby, 

Sweden), was applied perpendicular to the skin and the participant reported when the 

sensation first changed from pressure to pain. The average of three trials was used for 

analysis. 
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6.3.6. Statistical analyses 

G*Power (V.3.0.10, University of Kiel, Germany) was used to calculate the required sample 

size for estimating the causal effect of acute stage sensorimotor cortex excitability on 

outcome (Faul et al., 2007). According to the sample size calculation, 111 participants were 

required to detect an effect size of 0.2 with 80% power, using an alpha level of 0.05, with 16 

confounding variables included within the sufficient adjustment set. This calculation is based 

on detecting a medium effect for a multiple linear regression (Ferguson, 2009).   

Statistical analyses were performed using R software (The R Foundation for Statistical 

Computing, a statistical software) (Core Team, 2013). All missing data were imputed using 

the Multivariate Imputation by Chained Equations (MICE) procedure (52). Supplemental 

File Three details the number of participants with missing data for each variable measured in 

this study. The imputation model was adapted to the type of variables. Incomplete 

dichotomous variables were imputed using a logistic regression model, while predictive mean 

matching was used to impute incomplete continuous variables. All variables displayed 

normal distribution except the N80 and N150 SEP area and serum concentration of CRP. 

Therefore, these variables were first log-transformed before conducting further analyses. All 

available data, including the outcome variables were used in the imputation procedure (van 

Buuren & Groothuis-Oudshoorn, 2011). Thirty imputed data sets were generated. All 

analyses were performed on each imputed dataset and results were pooled using Rubin’s 

rules (Rubin, 2004). 

Baseline data for both the exposure and confounding variables were compared between those 

who developed chronic pain or chronic disability and those who recovered at follow-up using 

chi-squared (categorical variables) or independent t tests (continuous variables). 

Homogeneity of variance was assessed using Levene’s test and for variables that did not meet 

the equal variance assumption a Welch’s t test was performed.  
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To investigate the effect of acute-stage sensorimotor cortex excitability on pain intensity and 

disability, linear regression models were created. In these models, pain intensity or RMDQ 

score was entered as the continuous dependent variable of interest and N80 area, N150 area, L3 

map volume or L5 map volume was entered as the independent variable. Unstandardized beta 

coefficients were reported for the linear models. Logistic regression models were used to 

investigate the effect of sensorimotor cortex excitability on chronic pain or chronic disability. 

The dichotomized NRS or RMDQ score was entered as the dependent variable and odds 

ratios (OR) reported. Confounders identified by the DAG were entered into the models as 

covariates and adjusted for in the final estimate of effect. False Discovery Rate (FDR) 

corrections were performed on all P-values within each model. This correction controls for 

the expected fraction of significant tests (i.e., P < 0.05) in which the null hypothesis would 

actually be true (Benjamini & Hochberg, 1995).  

A sensitivity analysis was performed to explore the influence of unmeasured confounding on 

the observed causal effect (VanderWeele & Ding, 2017). This was achieved by calculating 

the E-value, using the R package: “EValue” (VanderWeele & Ding, 2017). The E-value 

defines the minimum strength of association that an unmeasured confounder would need to 

have with both sensorimotor cortex evoked excitability and chronic LBP to fully explain 

away the exposure-outcome relationship, conditional on measured covariates (VanderWeele 

& Ding, 2017). A secondary sensitivity analysis was completed to explore the effect of 

missing data. In this analysis (Supplemental File Four) the statistical analysis plan was 

repeated on complete cases, without imputation.  

6.4. Results 

6.4.1. Study flow  

Between April 2015 and January 2019, 498 participants who presented with LBP were 
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screened and 120 participants were included in the study sample (see Chapter 3: 3.4.1, 

Figure 1). Two hundred and seven participants (41.5%) were ineligible because they had 

chronic LBP, two participants were excluded because they had previous spinal surgery and 

three were excluded because physical examination suggested the presence of lumbosacral 

radiculopathy. Of the 286 eligible participants, 94 (32.9%) failed to respond to contact 

attempts organising baseline assessment and 72 (25.2%) declined participation after 

reviewing the study information sheet.   

Follow-up at six months was completed in 96 participants (80%). Missing follow-up cases 

were due to the participant failing to respond to multiple contact attempts. In the complete 

case analysis, 67 participants (70%) had a NRS score of ≥ 1 and 35 (36%) had a RMDQ 

score ≥ 3. Following multiple imputation, 87 participants (73%) had a NRS score of ≥ 1 and 

47 (39%) had a RMDQ score ≥ 3 and were considered to have developed chronic pain or 

chronic disability.  

6.4.2. Acute-stage sensorimotor cortex excitability is lower in those who develop chronic 

pain  

Between group differences for somatosensory cortex and corticomotor excitability are 

presented in Table 1 (chronic pain) and Table 2 (chronic disability). The N80 SEP area during 

the acute stage of LBP was smaller in participants who developed chronic pain (PFDR = < 

0.001) and a similar finding was observed for the N150 SEP area (PFDR = < 0.001), (Figure 4). 

There were no between-group differences for N80 and N150 SEP area during acute LBP when 

outcome was defined by chronic disability (Figure 5). Map volume at the L3 recording site 

was smaller during the acute stage of LBP in participants who developed chronic pain (PFDR 

= 0.01, Figure 6) and in participants who developed chronic disability (PFDR = 0.03, Figure 

7). Map volume at the L5 recording site did not differ between groups. 
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Table 1. Baseline characteristics of participants when outcome is defined by perceived pain at 6-month follow-up. Chronic pain (N = 87) was 

defined by the presence of pain (NRS ≥ 1) and recovery by the absence of pain (N = 33, NRS=0) at six-month follow up. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Variable means were compared between non-recovered and recovered low back pain participants using t tests (continuous variable) or 𝑋2 tests (categorical variables).  
$ Welch’s t test was performed.  

Statistically significant values are in bold font 

Continuous data described as pooled mean ± pooled SD. Categorical data described as percent.  

AA/AG - G allele encodes Val, A allele encodes Met; BDNF – brain derived neurotrophic factor; CRP - C-reactive protein; DASS – depression, anxiety, stress subscale; FDR 

– false discover rate; LBP – low back pain; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy questionnaire; TNF - tumor necrosis factor. 

 

Characteristic Recovered (N = 33) Chronic pain (N = 87) PFDR value 

Sex: Female (%) 46.9 50.0 0.92 

Previous history of LBP: No (%) 25.0 19.3 0.92 

BDNF genotype: AA/AG (%) 31.3 43.2 0.54 

Cultural diversity: No (%) 50.0 52.3 0.92 

L3 map volume (cm2) 10.4 (3.7) 8.1 (4.0) 0.01 

L5 map volume (cm2) 8.4 (2.8) 7.9 (3.4) 0.66 

Log-transformed N80 SEP area (µV)  -1.6 (1.4) -3.3 (1.4) < 0.001 

Log-transformed N150 SEP area (µV)  -1.6 (1.2) -3.1 (1.3) < 0.001 

Age (years) $ 34.3 (11.9) 41.7 (15.4) 0.02 

Socioeconomic status (SEIFA score) 1023.5 (51.1) 1025.3 (61.2) 0.92 

BDNF serum concentration (pg/mL) 47946.2 (11919.4) 52517.5 (12987.0) 0.15 

Log-transformed CRP (pg/mL)  14.2 (1.2) 14.7 (1.2) 0.13 

TNF (pg/mL) 6.7 (1.6) 7.7 (1.9) 0.02 

PCS score $ 6.2 (6.9) 12.7 (10.4) 0.001 

DASS-21 score $ 10.4 (11.4) 24.3 (21.2) < 0.001 

PSEQ score $ 52.8 (8.2) 43.8 (12.3) < 0.001 

Local sensitivity (kPa) 914.2 (355.4) 868.6 (353.3) 0.69 

Distal sensitivity (kPa) 639.6 (261.4) 679.3 (244.0) 0.66 
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Table 2. Baseline characteristics of participants when outcome is defined by disability. Chronic disability (N = 47) was defined by RMDQ ≥ 3 

and recovery by RMDQ score of ≤ 2 (N = 73) at six-month follow up. 
 

Variable means were compared between non-recovered and recovered low back pain participants using t tests (continuous variable) or 𝑋2 tests (categorical variables).  
$ Welch’s t test was performed.  

Statistically significant values are in bold font 

Continuous data described as pooled mean ± pooled SD. Categorical data described as percent.  

AA/AG - G allele encodes Val, A allele encodes Met; BDNF – brain derived neurotrophic factor; CRP - C-reactive protein; DASS – depression, anxiety, stress subscale; FDR 

– false discover rate; LBP – low back pain; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy questionnaire; TNF - tumor necrosis factor. 

Characteristic Recovered (N = 73) Chronic disability (N = 47) PFDR value 

Sex: Female (%) 52.1 44.9 0.62 

Previous history of LBP: No  (%) 23.9 16.3 0.38 

BDNF genotype: AA/AG (%) 45.1 32.7 0.38 

Cultural diversity: No  (%) 49.3 55.1 0.57 

L3 map volume (cm2) 9.5 (3.8) 7.5 (4.1) 0.03 

L5 map volume (cm2) 8.3 (3.1) 7.7 (3.6) 0.45 

Log-transformed N80 SEP area (µV)  -2.6 (1.5) -3.2 (1.5) 0.11 

Log-transformed N150 SEP area (µV)  -2.6 (1.5) -2.9 (1.5) 0.32 

Age (years) $ 
36.8 (13.4) 43.9 (16.0) 0.04 

Socioeconomic status (SEIFA score) 1021.3 (58.4) 1030.1 (58.8) 0.54 

BDNF serum concentration (pg/mL) 49478.9 (12394.7) 53935.0 (13100.9) 0.15 

Log-transformed CRP (pg/mL)  14.4 (1.1) 14.7 (1.3) 0.28 

TNF (pg/mL) 7.2 (1.8) 7.8 (1.9) 0.15 

PCS score $ 
8.3 (8.5) 14.9 (10.7) < 0.001 

DASS-21 score $ 14.1 (16.1) 30.1 (21.5) < 0.001 

PSEQ score $ 49.3 (10.6) 41.7 (12.5) < 0.001 

Local sensitivity (kPa) 868.8 (346.0) 898.0 (365.7) 0.70 

Distal sensitivity (kPa) 661.8 (260.3) 678.8 (232.1) 0.71 
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Figure 4. Violin plots displaying the log-transformed distribution of baseline primary (N80) 

and secondary (N150) sensory evoked potential area under the curve mean amplitude (µV) 

values, divided into those who recovered from their episode of acute LBP and those who 

developed chronic pain (NRS ≥ 1) at six-month follow-up. Boxplots represent median 

(horizontal line), 25th and 75th percentiles (box), and 10th and 90th percentiles (lines outside 

the box). Raw values were log-transformed prior to analysis.  
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Figure 5. Violin plots displaying the log-transformed distribution of baseline primary (N80) 

and secondary (N150) sensory evoked potential area under the curve mean amplitude (µV) 

values, divided into those who recovered from their episode of acute LBP and those who 

developed chronic disability (RMDQ ≥ 3) at six-month follow-up. Boxplots represent 

median (horizontal line), 25th and 75th percentiles (box), and 10th and 90th percentiles (lines 

outside the box). Raw values were log-transformed prior to analysis. 
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Figure 6. Violin plots displaying the distribution of baseline map volume (cm2) from the L3 

and L5 electromyographic recording sites, divided into those who recovered from their episode 

of acute LBP and those who developed chronic pain (NRS ≥1) at six-month follow-up. 

Boxplots represent median (horizontal line), 25th and 75th percentiles (box), and 10th and 90th 

percentiles (lines outside the box). 
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Figure 7. Violin plots displaying the distribution of baseline map volume (cm2) from the L3 

and L5 electromyographic recording sites, divided into those who recovered from their episode 

of acute LBP and those who developed chronic disability (RMDQ ≥ 3) at six-month follow-

up. Boxplots represent median (horizontal line), 25th and 75th percentiles (box), and 10th and 

90th percentiles (lines outside the box).  

 

6.4.3. Older age, higher serum concentrations of TNF and pain-related psychological 

status in the acute stage of LBP are associated with chronic pain and chronic disability 

Table 1 and Table 2 also present baseline characteristics for confounding variables. Older 

participants were more likely to develop chronic pain (PFDR = 0.02) and chronic disability 

(PFDR = 0.04). Amongst the blood biomarkers analysed, participants who developed chronic 

pain had higher serum concentrations of TNF (PFDR = 0.02) in the acute stage of LBP, but 

this was not observed when the outcome was chronic disability. Participants who developed 

chronic pain or chronic disability demonstrated lower levels of pain self-efficacy, higher 

DASS-21 scores and higher PCS scores (PFDR = < 0.01). No between-group differences were 
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observed for any other variable. 

6.4.4. Lower acute-stage somatosensory cortex excitability increases the likelihood of 

developing chronic pain but not chronic disability 

The effects of acute-stage somatosensory cortex excitability on six-month LBP outcome are 

described in Table 3 and Table 4. Acute-stage N80 (log-transformed; B = -0.56, 95% CI: -

0.82 to -0.30, PFDR = < 0.001) and N150 (log-transformed; B = -0.52, 95% CI: -0.81 to -0.23, 

PFDR = 0.001) SEP area were associated with six-month pain intensity (continuous variable). 

After adjustment for confounding, N80 (B = -0.31, 95% CI: -0.60 to -0.03, PFDR = 0.06) and 

N150 (B = -0.36, 95% CI = -0.66 to -0.07, PFDR = 0.06) SEP area in the acute stage of LBP 

demonstrated an inverse relationship with six-month pain intensity. However, this effect did 

not reach statistical significance following FDR correction.   

Logistic regression models showed smaller N80 SEP area in the acute stage of LBP increased 

the likelihood of developing chronic pain (dichotomised variable) after adjustment for 

confounding variables (OR = 2.08, 95% CI = 1.22 to 3.57, PFDR = 0.02). Similarly, a smaller 

N150 SEP area at baseline increased the likelihood of developing chronic pain after adjustment 

for confounding variables (OR = 2.56, 95% CI = 1.37 to 4.76, PFDR = 0.02). Individual 

participant data for SEPs are displayed in Figure 8. No effect of somatosensory cortex 

excitability on chronic disability was observed after adjustment for confounding.   

6.4.5. Lower acute-stage corticomotor excitability does not increase the likelihood of 

developing chronic pain or disability 

The effect of acute-stage corticomotor excitability on six-month LBP outcome is described in 

Table 3 and Table 4. An association between map volume at the L3 recording site and six-

month pain intensity was observed (B = -0.15, 95% CI: -0.28 to -0.02, PFDR = 0.03), however, 

this effect did not remain after adjustment for confounding. Thus, L3 map volume 
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demonstrated no causal effect on the development of chronic pain. Map volume at the L5 

recording site showed no association with six-month pain intensity (continuous variable) or 

chronic pain (dichotomised variable). No statistically significant association was observed 

between L3 map volume (OR = 1.18, 95% CI: 1.01 to 1.35, PFDR = 0.06) or L5 map volume 

(OR = 1.14, 95% CI: 1.00 to 1.30, PFDR = 0.06) and chronic disability (dichotomised 

variable). Individual participant data for TMS map volume are displayed in Figure 9.  

6.4.6. Sensitivity analysis 

Table 4 presents E-Values used to explore the effect of unmeasured confounding. An E-

Value of 2.24 (E-Value of CI = 1.44) and 2.58 (E-Value of CI = 1.62) were calculated for the 

log-transformed N80 and N150 SEP area respectively, providing plausible evidence for a true 

causal effect. For example, for the N80 SEP area, an unmeasured confounder would have to 

be associated with both the exposure and outcome by a risk ratio of 2.24-fold, through 

pathways independent of multiple measured confounders (i.e. predisposing factors, blood 

biomarkers, psychological variables and sensitisation) to explain away the observed effect. 

Smaller E-Values were observed for corticomotor excitability variables suggesting greater 

sensitivity to unmeasured confounding.  

As shown in Supplemental File Four, the results of the complete cases analysis mirror 

that of the imputed data. Linear regression models demonstrated the same statistically 

significant effects following FDR correction. Logistic regression models demonstrated ORs 

and corresponding confidence intervals similar to the imputed data. The loss of effect for 

adjusted N80 and N150 SEP area measures on chronic pain development following FDR 

correction suggests the reduction in sample size decreased statistical power to detect an effect. 

In combination, these findings suggest missing data did not impact the results.  
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Table 3. Adjusted and unadjusted linear regression models to test the effects of baseline sensorimotor cortex activity on pain intensity and RMDQ 

score at six-month follow-up. 

Outcome Model Exposure B (95% CI) PFDR 

Pain Intensity Unadjusted Log-transformed N80 SEP area  -0.56 (-0.82, -0.30) < 0.001 

  Log-transformed N150 SEP area  -0.52 (-0.81, -0.23) 0.001 

  L3 map volume -0.15 (-0.28, -0.02) 0.03 

  L5 map volume -0.06 (-0.20, 0.08) 0.38 

 Adjusted1 Log-transformed N80 SEP area  -0.31 (-0.60, -0.03) 0.06 

  Log-transformed N150 SEP area  -0.36 (-0.66, -0.07) 0.06 

  L3 map volume -0.11 (-0.23, 0.02) 0.14 

  L5 map volume -0.02 (-0.15, 0.11) 0.80 

RMDQ score Unadjusted Log-transformed N80 SEP area  -0.35 (-0.95, 0.25) 0.56 

  Log-transformed N150 SEP area  -0.26 (-0.91, 0.38) 0.56 

  L3 map volume -0.13 (-0.41, 0.15) 0.56 

  L5 map volume 0.01 (-0.33, 0.35) 0.96 

 Adjusted1 Log-transformed N80 SEP area  -0.24 (-0.84, 0.36) 0.58 

  Log-transformed N150 SEP area  -0.34 (-0.93, 0.25) 0.58 

  L3 map volume -0.12 (-0.37, 0.13) 0.58 

  L5 map volume 0.01 (-0.29, 0.31) 0.92 
 

1 Adjusted for predisposing factors, blood biomarkers, psychological variables and sensitisation. 

Statistically significant values are in bold font 

B – unstandardized beta coefficient, CI – confidence interval, FDR – false discovery rate, SEP – sensory evoked potential 
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Table 4. Adjusted and unadjusted logistic regression models to test the effects of baseline sensorimotor activity on chronic pain (NRS ≥ 1) and 

chronic disability (RMDQ ≥ 3) at six-month follow-up. 

Outcome Model Exposure OR (95% CI) PFDR E-Value E-Value of CI 

Chronic pain &  Unadjusted Log-transformed N80 SEP area  2.00 (1.43, 2.78) < 0.001 2.18 1.68 
  Log-transformed N150 SEP area  1.96 (1.39, 2.78) < 0.001 2.15 1.64 

  L3 map volume 1.11 (0.98, 1.27) 0.12 1.29 1.00 

  L5 map volume 1.05 (0.92, 1.20) 0.49 1.19 1.00 

 Adjusted 1 Log-transformed N80 SEP area  2.08 (1.22, 3.57) 0.02 2.24 1.44 

  Log-transformed N150 SEP area  2.56 (1.37, 4.76) 0.02 2.58 1.62 

  L3 map volume 1.14 (0.93, 1.39)  0.28 1.33 1.00 

  L5 map volume 1.00 (0.80, 1.25) 0.99 1.00 1.00 

Chronic disability #  Unadjusted Log-transformed N80 SEP area  1.35 (1.00, 1.79) 0.06 1.60 1.00 

  Log-transformed N150 SEP area  1.20 (0.90, 1.61) 0.20 1.43 1.00 

  L3 map volume 1.18 (1.01, 1.35) 0.06 1.39 1.08 

  L5 map volume 1.14 (1.00, 1.30)  0.06 1.33 1.00 

 Adjusted 1 Log-transformed N80 SEP area  1.41 (0.88, 2.27) 0.16 1.64 1.00 

  Log-transformed N150 SEP area  1.39 (0.88, 2.22) 0.16 1.64 1.00 

  L3 map volume 1.30 (0.99, 1.69) 0.16 1.54 1.00 

  L5 map volume 1.19 (0.97, 1.45) 0.16 1.41 1.00 
 

& Chronic pain in this logistic model was defined as NRS score ≥ 1 at 6-month follow up. 
#  Chronic disability in this logistic model was defined as RMDQ score ≥ 3 at 6-month follow up. 

1 Adjusted for predisposing factors, blood biomarkers, psychological variables and sensitisation. 

Statistically significant values are in bold font 

CI – confidence interval, FDR – false discovery rate, OR – odds ratio, SEP – sensory evoked potential.  
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Figure 8. Somatosensory evoked potentials (SEP) recorded in response to stimuli of lumbar paraspinal muscles at baseline (average of 500 traces) 

for two representative participants. The black trace displays high SEP excitability in the acute stage of low back pain (LBP) in a participant who 

was recovered at 6-months (NRS=0, RMDQ=0). The red trace displays low SEP excitability in the acute stage of LBP in a participant who was 

not recovered at 6-months (NRS=6, RMDQ=5).   
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Figure 9. Transcranial magnetic stimulation maps for two representative participants at the L3 recording site normalized to peak motor evoked 

potential (MEP) amplitude. Figure 9A displays high corticomotor excitability (larger map volume) in the acute stage of low back pain (LBP) in 

a participant who was recovered at 6-months (NRS=0, RMDQ=0). Figure 9B displays low corticomotor excitability (smaller map volume) in 

the acute stage of LBP in a participant who was not recovered at 6-months (NRS=4, RMDQ=8). The dashed lines indicate the location of the 

vertex (coordinate 0,0). The coloured scale represents the proportion of the maximum MEP amplitude. Warmer colours represent higher 

excitability. 
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6.5. Discussion 

This study is the first prospective, longitudinal, cohort study to investigate neurophysiological 

mechanisms underpinning the transition from acute to chronic LBP using rigorous methods from 

the causal inference field (Hernán MA, 2020). Our findings demonstrate that a smaller N80 and 

N150 SEP area, reflecting lower somatosensory cortex excitability, during an acute episode of 

LBP increases the likelihood that an individual will develop chronic pain. This effect remains 

after adjustment for predisposing factors (age, sex, previous history of LBP, socioeconomic status 

and cultural and linguistic diversity), blood biomarkers (CRP, TNF, BDNF), psychological 

variables (DASS-21, PCS, PSEQ) and pressure pain sensitivity (local and distal PPT), suggesting 

the observed effect is robust to confounding bias. Thus, lower somatosensory cortex excitability 

during the acute stage of LBP may represent a physiologically relevant causal mechanism 

underpinning the development of chronic LBP.  

Previous research has identified brain regions responsible for processing acute pain including the 

thalamus, primary and secondary somatosensory cortices, insular and anterior cingulate cortex 

(SI, SII, IC, ACC) (Apkarian et al., 2005). Brain responses to painful stimuli in healthy, pain-free 

people result in transmission of afferent nociceptive information via spinothalamic pathways to 

the thalamus, SI, SII, IC and ACC. When painful stimuli are processed by people suffering 

chronic pain these brain areas decrease in activation incidence (Apkarian et al., 2005). In the 

current study, lower SI and SII excitability in response to non-noxious stimuli applied to the 

painful lumbar region during acute LBP contributed to the development of chronic LBP.  

During chronic pain, the decreased activation incidence of thalamus, SI, SII, IC and ACC is 

contrasted by increased activation incidence of the pre-frontal cortex (PFC) compared with pain 

processing in healthy, pain-free individuals (Apkarian et al., 2005; Derbyshire, 1999; Peyron et 
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al., 2000). It is widely agreed that chronic pain states have stronger affective, motivational, and 

cognitive components and this underpins the preferential activation of the PFC (Apkarian et al., 

2005; Geuter et al., 2020). Whilst activity within the PFC was not directly measured in our study, 

psychological functions associated with these regions were. People who developed chronic LBP 

had higher levels of depression, anxiety and stress, higher levels of pain catastrophizing and 

lower levels of pain self-efficacy during their acute LBP episode than those who recovered. The 

tendency to have a stronger affective response to an acute episode of LBP may be a result of 

decreased activation of brain regions such as SI and SII and a shift in activation towards PFC 

regions (Diers et al., 2007). Previous research provides support for this theory, suggesting white-

matter network connectivity between dorsal medial PFC, amygdala and nucleus accumbens 

during sub-acute LBP accounts for 60% of the variance in chronic LBP development at three year 

follow up (Vachon-Presseau et al., 2016).  

Through the causal analyses of longitudinal, observational data undertaken here, we provide 

empirical evidence for these existing theories, and generate new hypotheses for potential 

treatment targets (Mansell et al., 2013). Specifically, our data suggest low excitability within 

somatosensory regions may be a key causal factor underpinning the development of chronicity. 

These unique findings suggest interventions designed to elevate somatosensory cortex 

excitability in the acute stage of pain may interfere with the development of chronic pain, 

providing a new area of research focus. For example, excitatory repetitive transcranial magnetic 

stimulation (Cavaleri et al., 2019), and sensorimotor retraining (Bagg et al., 2017) are promising, 

non-invasive treatments, that could be optimised to target low somatosensory cortex excitability 

in the acute stage of LBP. Exploring interventions that can target the neurophysiological 

mechanisms of chronic LBP is particularly important given interventions that influence the 
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psychosocial aspects of pain processing such as intensive education or cognitive behavioural 

therapy, do not seem sufficient to prevent or treat chronic LBP when applied in isolation (de C 

Williams et al., 2020; Traeger et al., 2019). 

Baseline corticomotor excitability demonstrated an association with six-month pain intensity. 

Participants with higher six-month pain intensity had a smaller M1 map volume at the L3 

recording site, but not the L5 recording site, in the acute stage of LBP. Smaller map volume of 

the paraspinal extensor muscles, indicating reduced corticomotor excitability, has been observed 

previously in people with acute (Chang et al., 2019), and chronic LBP (Schabrun et al., 2017) 

when compared to healthy controls. Previous studies have suggested reduced corticomotor 

excitability may represent an attempt to limit provocative movements thus minimising the threat 

(actual or potential) of further pain and injury (Hodges & Tucker, 2011; Lund et al., 1991). It is 

hypothesised this could reduce short-term pain intensity but contribute to long-term 

consequences, including increased load on spinal structures, long-term reductions in movement, 

and decreased movement variability (Hodges & Tucker, 2011). While our data provide some 

support for this theory, adjustment for the sufficient set of confounding variables removed the 

observed association between acute stage corticomotor excitability and six-month pain intensity, 

suggesting other factors present during acute stage LBP are more likely to cause chronic LBP. 

Appropriate consideration of confounding is essential in observational studies attempting to draw 

causal inferences, thus this finding should be considered a non-causal association (Hernán MA, 

2020; Pearl, 2000). The finding that somatosensory cortex excitability had a causal effect on 

chronic LBP development, whilst corticomotor activity did not, is not entirely unexpected. 

Previous research has suggested SI and M1 act independently during pain processing (Schabrun 

et al., 2013). During acute, experimental muscle pain, reduced SI excitability occurs prior to 
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reduced motor output, via processes that are non-linear and involve longer information 

processing times (Schabrun et al., 2013). Our data provide further support for a complex and 

independent relationship between somatosensory and corticomotor excitability during pain.  

This study is not without limitations. First, although missing data are inevitable in longitudinal 

trials, the presence of incomplete cases represents a threat to the validity of the results. To control 

for this, missing values were imputed (Stef van & Karin, 2011). The multiple imputation 

procedure used in this study is thought to produce the least biased regression coefficient estimates 

and is recommended for use in practice (Ambler et al., 2007). A sensitivity analysis 

(Supplemental File Four) demonstrated no difference between regression models with and 

without imputed data, suggesting the impact of missing data on the study results was negligible. 

Second, although the use of DAGs is the only approach to confounder adjustment that make 

causal assumptions explicit and transparent (Hernán MA, 2020; Lederer et al., 2019), DAG 

development is reliant on expert content knowledge and may not include unknown/unmeasured 

confounders (Lederer et al., 2019). The DAG used to develop the causal model for this study is 

publicly available and can be used as a foundation for future research. Further, in line with 

recommendations from the STROBE statement, we performed and reported a sensitivity analysis 

to explore the effect of unmeasured confounding. As E-values were large in the current study for 

confounder-adjusted estimates of SI and SII effect sizes, unmeasured confounding acting through 

pathways that were not controlled, is unlikely to explain the causal effect of acute stage 

somatosensory cortex excitability on chronic pain development (Hernán, 2018; Vandenbroucke et 

al., 2017). Finally, SI and SII activity may have been lower in a pre-pain state for the participants 

who developed chronic pain, representing a predisposition to chronic pain. This cannot be 

elucidated from the current study. 
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Finally, this study provides evidence that low somatosensory cortex excitability in the acute stage 

of LBP causes chronic pain. Future research should confirm the causal interpretation of this study 

with interventions designed to elevate somatosensory cortex excitability in the acute stage of LBP 

using randomized controlled study designs. Future research should also seek to identify other 

physiological and biological causal mechanisms underpinning chronic pain development and 

expand upon the causal model of chronic LBP developed in this study.  
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6.6. Supplemental File Three 

Table S3.1. Participants with missing data for each variable. 

 Number of missing data (%) Reason 

Somatosensory cortex excitability 

SEP N80 component area 

SEP N150 component area 

 

2 (1.7) 

2 (1.7) 

 

Equipment failure (N=2) 

Equipment failure (N=2) 

Corticomotor excitability 

L3 map volume 

L5 map volume 

 

 

31 (25.8) 

31 (25.8) 

 

Unresolvable noise to signal ratio (N = 5) 

Consent not obtained (N = 13) 

Participants unable to tolerate (N = 7)  

Equipment failure (N = 6) 

Predisposing factors  

Age 

Sex 

Previous history of low back pain  

Socioeconomic status 

Cultural diversity 

BDNF genotype 

 

0 (0.0) 

0 (0.0) 

4 (3.3) 

4 (3.3) 

5 (4.2) 

0 (0.0) 

 

NA 

NA 

Incorrect completion of questionnaire (N=4) 

Incorrect completion of questionnaire (N=4) 

Incorrect completion of questionnaire (N=5) 

NA 

Blood biomarkers 

BDNF, CRP, TNF serum concentration 

 

 

30 (25.0) 

 

Researcher error during phlebotomy (N = 10)  

Consent not obtained (N = 11)  

Simple plex Ella™ machine error (N = 9) 

Psychological variables 

PCS 

DASS-21 

PSEQ 

 

2 (1.7) 

7 (5.8) 

3 (2.5) 

 

Incorrect completion of questionnaire (N=2) 

Incorrect completion of questionnaire (N=7) 

Incorrect completion of questionnaire (N=3) 

Sensitisation 

Local PPT 

Distal PPT 

 

2 (1.7) 

3 (2.5) 

 

Equipment failure (N=2) 

Equipment failure (N=2) 

Thumbnail PPT contraindicated (N=1) 

 

BDNF - brain-derived neurotrophic factor; CRP – C-reactive protein; DASS-21 - Depression, Anxiety and Stress Scale; NA – not applicable; PCS - Pain 

Catastrophising Scale; PPT – pressure pain threshold; PSEQ - Pain Self-Efficacy Questionnaire; SEP - sensory evoked potential; TNF – tumor necrosis factor 
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6.7. Supplemental File Four 

Complete case analysis - Table S4.1. Baseline characteristics of participants with complete data when outcome is defined by perceived pain at 6-month follow-

up. Chronic pain (N = 67) was defined by the presence of pain (NRS ≥ 1) and recovery by the absence of pain (N = 29, NRS=0) at six-month follow up. 

 

 

Variable means were compared between non-recovered and recovered low back pain participants using t tests (continuous variable) or 𝑋2 tests (categorical variables).  
$ Welch’s t test was performed. Statistically significant values are in bold font. Continuous data described as pooled mean ± pooled SD. Categorical data described 

as percent. AA/AG - G allele encodes Val, A allele encodes Met; BDNF – brain derived neurotrophic factor; CRP - C-reactive protein; DASS – depression, anxiety, 

stress subscale; FDR – false discover rate; LBP – low back pain; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy questionnaire; TNF - tumor necrosis 

factor. 

Characteristic Recovered (N = 29) Chronic pain (N = 67) PFDR value 

Gender: Female (%) 48.2 55.2 0.88 

Previous history of LBP: No  (%) 28.6 21.2 0.86 

BDNF genotype: AA/AG (%) 31.0 38.8 0.86 

Cultural diversity: No  (%) 53.6 59.1 0.95 

L3 map volume (cm2) 9.6 (3.8) 7.9 (4.0) 0.22 

L5 map volume (cm2) 7.8 (2.6) 7.9 (3.9) 0.96 

Log-transformed N80 SEP area (µV)  -1.6 (1.3) -3.2 (1.4) < 0.001 

Log-transformed N150 SEP area (µV)  -1.6 (1.2) -3.0 (1.4) < 0.001 

Age (years) $ 33.9 (11.9) 42.1 (16.4) 0.02 

Socioeconomic status (SEIFA score) 1023.7 (51.3) 1021.7 (64.5) 0.96 

BDNF serum concentration (pg/mL) 48189.3 (11343.6) 54030.1 (14462.4) 0.22 

Log-transformed CRP (pg/mL)  14.2 (1.3) 14.8 (1.4) 0.22 

TNF (pg/mL) 6.88 (1.8) 7.8 (2.0) 0.16 

PCS score $ 6.0 (7.1) 12.5 (10.9) < 0.01 

DASS-21 score $ 8.4 (7.5) 23.8 (21.0) < 0.001 

PSEQ score $ 52.5 (8.5) 44.8 (12.7) < 0.01 

Local sensitivity (kPa) 943.0 (367.1) 835.0 (361.3) 0.31 

Distal sensitivity (kPa) 641.3 (269.0) 638.5 (216.6) 0.96 
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Complete case analysis - Table S4.2. Baseline characteristics of participants with complete data when outcome is defined by disability. Chronic disability (N = 

35) was defined by RMDQ ≥ 3 and recovery by RMDQ score of ≤ 2 (N = 61) at six-month follow up. 

 

 

Variable means were compared between non-recovered and recovered low back pain participants using t tests (continuous variable) or 𝑋2 tests (categorical 

variables).  
$ Welch’s t test was performed.  

Statistically significant values are in bold font 

Continuous data described as mean ± SD. Categorical data described as percent.  

AA/AG - G allele encodes Val, A allele encodes Met; BDNF – brain derived neurotrophic factor; CRP - C-reactive protein; DASS – depression, anxiety, stress 

subscale; FDR – false discover rate; LBP – low back pain; PCS – pain catastrophizing scale; PSEQ – pain self-efficacy questionnaire; TNF - tumor necrosis 

factor.

Characteristic Recovered (N = 61) Chronic disability (N = 35) PFDR value 

Gender: Female (%) 55.7 49.0 0.71 

Previous history of LBP: No  (%) 26.7 17.6 0.65 

BDNF genotype: AA/AG (%) 41.0 28.6 0.52 

Cultural diversity: No  (%) 55.0 61.8 0.71 

L3 map volume (cm2) 9.3 (4.0) 6.6 (3.3) 0.03 

L5 map volume (cm2) 8.3 (3.3) 6.9 (3.9) 0.28 

Log-transformed N80 SEP area (µV)  -2.4 (1.5) -3.2 (1.5) 0.10 

Log-transformed N150 SEP area (µV)  -2.4 (1.5) -2.85 (1.47) 0.34 

Age (years) $ 36.6 (13.9) 44.9 (17.0) 0.06 

Socioeconomic status (SEIFA score) 1019.2 (59.6) 1027.8 (62.5) 0.65 

BDNF serum concentration (pg/mL) 50573.7 (13232.0) 55156.8 (14449.8) 0.34 

Log-transformed CRP (pg/mL)  14.4 (1.3) 14.9 (1.4) 0.29 

TNF (pg/mL) 7.40 (2.0) 7.8 (1.9) 0.65 

PCS score $ 8.0 (8.6) 15.0 (11.6) 0.01 

DASS-21 score $ 14.0 (16.0) 28.2 (21.6) 0.01 

PSEQ score $ 50.6 (9.6) 40.9 (13.6) < 0.01 

Local sensitivity (kPa) 854.9 (352.5) 887.8 (388.2) 0.71 

Distal sensitivity (kPa) 641.4 (254.2) 635.9 (193.4) 0.91 
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Complete case analysis - Table S4.3. Adjusted and unadjusted linear regression models, including only complete cases, to test the effects of baseline sensorimotor cortex 

activity on pain intensity and RMDQ score at six-month follow-up. 

 

Outcome Model Exposure B (95% CI) PFDR 

Pain Intensity Unadjusted Log-transformed N80 SEP area  -0.58 (-0.85, -0.31) < 0.001 

  Log-transformed N150 SEP area  -0.54 (-0.83, -0.25) < 0.01 

  L3 map volume -0.18 (-0.30, -0.06) 0.01 

  L5 map volume -0.06 (-0.20, 0.08) 0.41 

 Adjusted1 Log-transformed N80 SEP area  -0.14 (-0.55, 0.26) 0.63 

  Log-transformed N150 SEP area  -0.23 (-0.63, 0.17) 0.49 

  L3 map volume -0.16 (-0.35, 0.02) 0.32 

  L5 map volume -0.03 (-0.22, 0.17) 0.77 

RMDQ score Unadjusted Log-transformed N80 SEP area  -0.42 (-1.02 ,0.17) 0.36 

  Log-transformed N150 SEP area  -0.33 (-0.96 ,0.30) 0.41 

  L3 map volume -0.18 (-0.45, 0.09) 0.36 

  L5 map volume 0.06 (-0.24 ,0.37) 0.69 

 Adjusted1 Log-transformed N80 SEP area  -0.42 (-1.28, 0.45) 0.44 

  Log-transformed N150 SEP area  -0.62 (-1.47, 0.23) 0.29 

  L3 map volume -0.46 (-0.88, -0.04) 0.13 

  L5 map volume -0.11 (-0.56, 0.35) 0.63 
1 Adjusted for predisposing factors, blood biomarkers, psychological variables and sensitisation. 

Statistically significant values are in bold font 

B – unstandardized beta coefficient, CI – confidence interval, FDR – false discovery rate, SEP – somatosensory evoked potential 
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Complete case analysis - Table S4.4. Adjusted and unadjusted logistic regression models, including only complete cases, to test the effects of baseline sensorimotor activity 

on chronic pain and chronic disability at six-month follow-up. 

 

&  Chronic pain in this logistic model was defined as NRS score ≥ 1 at 6-month follow up. 
#  Chronic disability in this logistic model was defined as RMDQ score ≥ 3 at 6-month follow up. 
1 Adjusted for predisposing factors, blood biomarkers, psychological variables and sensitisation. 
n b  L3 map volume logistic regression models were not adequately powered to detect a meaningful effect. Therefore, we controlled for age, DASS, TNF and local PPT, a 

single variable from each confounder category. Despite this, no meaningful effects were observed, therefore this is unlikely to impact study conclusions.   

Statistically significant values are in bold font 

CI – confidence interval; DASS – depression, anxiety, stress subscale; FDR – false discovery rate; OR – odds ratio; PPT – pressure pain threshold; SEP – somatosensory 

evoked potential; TNF – tumor necrosis factor 

Outcome Model Exposure OR (95% CI) PFDR E-Value E CI 

Chronic pain &  Unadjusted Log-transformed N80 SEP area  2.08 (1.52, 3.03) < 0.001 2.24 1.76 

  Log-transformed N150 SEP area  2.04 (1.45, 2.94) < 0.001 2.21 1.70 

  L3 map volume n b  1.11 (0.98, 1.28) 0.15 1.29 1.00 

  L5 map volume 0.99 (0.85, 1.15) 0.91 1.08 1.00 

 Adjusted 1 Log-transformed N80 SEP area  3.45 (1.30, 14.29) 0.08 3.12 1.54 

  Log-transformed N150 SEP area  7.14  (2.04, 100.00) 0.07 4.79 2.21 

  L3 map volume n b  1.16 (0.93, 1.49) 0.23 1.37 1.00 

  L5 map volume 1.12 (0.67, 2.00) 0.61 1.31 1.00 

Chronic disability # Unadjusted Log-transformed N80 SEP area  1.37 (1.03, 1.85) 0.07 1.62 1.14 

  Log-transformed N150 SEP area  1.22 (0.92, 1.67) 0.18 1.44 1.00 

  L3 map volume n b  1.25 (1.06, 1.52) 0.04 1.48 1.21 

  L5 map volume 1.14 (0.98, 1.35) 0.15 1.33 1.00 

 Adjusted 1 Log-transformed N80 SEP area  2.00 (0.99, 5.00) 0.22 2.18 1.00 

  Log-transformed N150 SEP area  1.69 (0.93, 3.45) 0.22 1.93 1.00 

  L3 map volume n b  1.16 (0.93, 1.56) 0.23 1.37 1.00 

  L5 map volume 1.45 (0.93, 3.70) 0.23 1.70 1.00 
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Complete case analysis - Figure S4.1. Violin plots displaying the log-transformed 

distribution of baseline primary (N80) and secondary (N150) sensory evoked potential area 

under the curve mean amplitude (µV) values, divided into those who recovered from their 

episode of acute LBP and those who developed chronic pain (NRS ≥ 1) at 6-months follow 

up. Boxplots represent median (horizontal line), 25th and 75th percentiles (box), and 10th and 

90th percentiles (lines outside the box). Raw values were log-transformed prior to analysis. 
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Complete case analysis - Figure S4.2. Violin plots displaying the log-transformed 

distribution of baseline primary (N80) and secondary (N150) sensory evoked potential area 

under the curve mean amplitude (µV) values, divided into those who recovered from their 

episode of acute LBP and those who developed chronic disability (RMDQ ≥ 3) at 6-months 

follow up. Boxplots represent median (horizontal line), 25th and 75th percentiles (box), and 

10th and 90th percentiles (lines outside the box). Raw values were log-transformed prior to 

analysis. 
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Complete case analysis - Figure S4.3. Violin plots displaying the distribution of baseline map 

volume (cm2) from the L3 and L5 electromyographic recording sites, divided into those who 

recovered from their episode of acute LBP and those who developed chronic pain (NRS ≥ 1) 

at six-month follow-up. Boxplots represent median (horizontal line), 25th and 75th percentiles 

(box), and 10th and 90th percentiles (lines outside the box). 
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Complete case analysis - Figure S4.4. Violin plots displaying the distribution of baseline 

map volume (cm2) from the L3 and L5 electromyographic recording sites, divided into those 

who recovered from their episode of acute LBP and those who developed chronic disability 

(RMDQ ≥ 3) at six-month follow-up. Boxplots represent median (horizontal line), 25th and 

75th percentiles (box), and 10th and 90th percentiles (lines outside the box). 
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Chapter 7: Sex differences in the serum proteomic profile during 

acute low back pain predict future low back pain 

As described in Chapter One, Section Four, plasticity of diverse biological systems, including 

the human proteome, is associated with persistent pain. Human DNA can be considered as 

the architectural plan for a home, whilst the proteins can be thought of as the bricks, cement, 

plumbing and paint, essentially everything that makes up the house. Human proteins 

therefore reflect a central intermediary between genotype and phenotype and are of particular 

interest in the search for potential biomarkers of pain chronicity. To date, no study has 

explored the serum proteomic profile of people experiencing an acute LBP episode. This 

limits our understanding of the multiple systems involved in the transition from acute to 

chronic LBP and their interactions (e.g. neuro-immune). Therefore, the primary aim of this 

chapter was to investigate the serum proteomic profile of participants experiencing an acute 

LBP episode and identify serum proteins associated with recovery or ongoing pain at three-

month follow-up.  

The contents of this chapter have been submitted to PAIN.  

Minor formatting changes have been made to this manuscript to ease interpretation for the 

reader of this thesis.  
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Significance:  

This study explores the serum proteomic profile of people experiencing an acute low back 

pain (LBP) episode using mass-spectrometry. Proteins differentially expressed during the 

acute stage of LBP were typically involved in immune, inflammatory, complement or 

coagulation responses. Sex differences in protein expression in the acute stage of LBP 

predicted future LBP. 
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7.1. Abstract 

Background: Growing evidence suggests that pain and injury engage biological processes 

and systems that extend beyond the nervous system. The molecular processes driving the 

transition from acute to chronic low back pain (LBP) remain poorly understood. Methods: 

Serum collected from 59 participants experiencing an acute LBP episode first underwent 

trypsin digestion and fractionation using hydrophobic interaction chromatography. The 

fractionated peptides were then analysed using mass-spectrometry (MS) and MS spectra were 

searched again in the Swissprot database for protein identification. Proteomic data were 

explored using multivariable statistics and bioinformatics pathway analysis. Results: 

Proteome-wide analysis using MS identified 216 serum proteins confidently. Sex differences 

in protein abundance changes were evident upon inspection of fold changes. Multivariable 

data analysis identified 21 serum proteins during the acute episode that correctly classified 

93% of males and 23 serum proteins that correctly classified 90% of females with ongoing 

LBP at three months. Pathway analysis suggested the differentially expressed proteins during 

acute LBP were frequently involved in immune, inflammatory, complement or coagulation 

responses. Conclusions: Biological processes during an acute LBP episode may contribute to 

resolution, or persistence, of LBP symptoms at three months, however, these processes differ 

between males and females. This work provides an early foundation for research exploring 

strategies targeting distinct immune system processes in males and females that may interfere 

with the transition from acute to chronic LBP.  
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7.2. Introduction 

Low back pain (LBP) is the most common musculoskeletal pain condition with an estimated 

one-month prevalence of approximately 23% (Hoy et al., 2012; Manchikanti et al., 2014). 

Worldwide, LBP is the leading cause of years lived with disability (Vos et al., 2017), 

resulting in substantial economic burden (Dagenais et al., 2008). Specific causes of LBP such 

as vertebral fracture, axial spondyloarthritis, malignancy and infection are rare, with 

estimates suggesting serious pathology is present in less than 1% of individuals presenting to 

primary care (Henschke et al., 2009). For most individuals with LBP, the specific cause of 

their symptoms is unknown and the condition is diagnosed as “non-specific” LBP (Maher et 

al., 2017).  

Socioeconomic, occupational and psychological risk factors for the development of chronic 

(symptoms lasting three months or more) LBP have been extensively studied  (Cancelliere et 

al., 2016; Foster et al., 2010; Lagersted-Olsen et al., 2016; Manek & MacGregor, 2005), 

however these factors explain, at best, a moderate proportion of the variance in LBP outcome 

(Linton, 2000; Pincus et al., 2002; Pincus et al., 2006). This has led to exploration of the 

biological mechanisms underpinning LBP, focussing largely on the peripheral (Roussel et al., 

2013; Woolf, 2011) and central nervous systems (Apkarian et al., 2011; Baliki et al., 2012; 

Wand et al., 2011). Despite advances in our understanding of peripheral and central pain 

processing in the nervous system, the molecular mechanisms involved in the transition from 

acute to chronic LBP remain poorly understood. Limited exploration of the molecular 

mechanisms of LBP is one factor that could contribute to the lack of efficacy of current 

analgesic medications (Chou et al., 2017).  

It is increasingly accepted that pain and injury engage biological processes and systems that 

extend beyond the nervous systems (Hodges et al., 2019). For example, elevated serum levels 
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of C-reactive protein during acute LBP is associated with better recovery at six-month 

follow-up (Klyne et al., 2018), and epigenetic mechanisms such as increased methylation of 

the secreted protein, acidic, rich in cysteine promoter are associated with chronic LBP 

(Tajerian et al., 2011). Recently, substantial differences in the time-course of transcriptomic 

changes was demonstrated between people who recovered from their acute LBP episode and 

those with persistent symptoms at three-month follow-up (Parisien et al., 2022). Specifically, 

neutrophil activation–dependent elevation of the inflammatory response during the acute 

stage of LBP was only observed in participants who had recovered by three months (Parisien 

et al., 2022). Further research investigating the diverse molecular processes driving the 

transition from acute to chronic LBP is therefore warranted. 

The human ‘proteome’ refers to the total protein complement encoded by a given genome 

(Wasinger et al., 1995). Analysis of the human proteome, frequently using mass 

spectrometry, is common in cardiovascular, cancer and neurodegenerative research 

(Aebersold & Mann, 2003; Geyer et al., 2017). In females with chronic widespread pain, 

upregulated proteins commonly involved in immune, inflammatory and metabolic processes, 

have been linked to pain intensity, hypersensitivity and psychological distress (Wåhlén et al., 

2020). Other tissues and fluids including saliva, serum, urine and cerebrospinal fluid have 

also been studied with proteomic methods, with differentially expressed proteins linked to the 

severity or persistence of neuropathic pain (Lind et al., 2019), fibromyalgia (Ciregia et al., 

2019; Furer et al., 2018; Ruggiero et al., 2014), rotator cuff related shoulder pain (Sejersen et 

al., 2015), osteoarthritis (Balakrishnan et al., 2014) and chronic LBP (Lim et al., 2017). 

To our knowledge, no study has explored the serum proteomic profile of individuals 

experiencing an acute episode of LBP or attempted to identify plausible serum proteomic 

biomarkers of poor LBP outcome. Therefore, the primary aim of this study was to investigate 

the serum proteomic profile in individuals experiencing an acute episode of LBP and 
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compare differences in the acute-stage serum proteomic profile between individuals with, and 

without, ongoing LBP symptoms at three-month follow-up. The secondary aim was to 

investigate the relationship between serum proteomic profiles in the acute stage of LBP and 

depression and anxiety, pressure pain sensitivity and descending pain modulation.  

7.3. Methods 

7.3.1. Experimental design 

This study used a sub-sample of participants from the Understanding persistent Pain Where it 

ResiDes (UPWaRD) longitudinal cohort who provided a serum sample at baseline 

assessment (ACTRN12619000002189). This study included a total of 59 participants 

matched in age, sex and recovery status (30 females [mean age 42 ± 15]; 29 males [mean age 

38±16]) who experienced an acute LBP episode. Of the 59 participants, 15 male and 15 

female participants were considered recovered from their LBP episode (average NRS = 0.30 

± 0.47), while 14 male and 15 female participants were considered not recovered (average 

NRS = 4.0 ± 1.7) at three-month follow-up. Sample sizes were not estimated for this study 

because of the explorative approach used to identify serum protein abundance with mass 

spectrometry. However, the LBP cohort described in this study (N=59) is similarly sized to 

other human “omics” studies that have identified between group differences (Dorsey et al., 

2019; Olausson et al., 2016; Theken et al., 2019; Wåhlén et al., 2020).  

Participants were recruited from local hospitals in South Eastern and South Western Sydney 

local health districts, New South Wales, Australia, primary care practitioners (e.g. general 

practitioners and physiotherapists), newspaper/online advertisements, flyers and social media 

sites such as Facebook. Ethical clearance was obtained from the institutional Human 

Research Ethics Committee (Western Sydney University: H10465 and Neuroscience 

Research Australia: SSA: 16/002). All procedures were conducted in accordance with the 
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Declaration of the World Medical Association and all participants provided written informed 

consent. 

7.3.2. Participants 

Participants were recruited and assessed within six weeks of onset of an acute low back pain 

(LBP) episode. The episode must have been preceded by a period of at least one-month pain-

free (De Vet et al., 2002; Müller et al., 2019; Stanton et al., 2008; Williams et al., 2014). LBP 

must have been present for at least 24 hours and was defined as pain in the region of the 

lower back, superiorly bound by the thoracolumbar junction and inferiorly by the gluteal fold 

(Müller et al., 2019). Participants remained eligible if they had pain referred beyond this 

region that was not caused by lumbosacral radiculopathy. Lumbosacral radiculopathy was 

defined as pain within a dermatomal associated distribution, with or without neurological 

signs of spinal nerve involvement such as dermatome associated sensory loss, impaired motor 

function or attenuated reflexes. Individuals who presented with suspected serious spine 

pathology (e.g. fracture, tumour, cauda equina syndrome), other major diseases/disorders 

(e.g. schizophrenia, chronic renal disorder, multiple sclerosis), a history of spine surgery or 

any other chronic pain conditions were excluded. Any participant consuming analgesic or 

anti-inflammatory medication prescribed by their physician at the time of sample collection 

were also excluded from this study. Participants were asked to rate their “average” level of 

LBP over the previous seven days using an 11-point numeric rating scale (NRS: 0=‘no pain’, 

10=’worst pain imaginable’) on the day of baseline testing (Cleeland & Ryan, 1991). 

Characteristics of the participants included in this study are summarised in Table 1.  

7.3.3. Health and medication usage 

Full details of data collected from participants within the UPWaRD LBP cohort are described 

elsewhere. All participants self-reported general health characteristics including age (years), 
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weight (kg) and height (m). Body mass index was then calculated (BMI: kg/m2). Participants 

self-selected comorbid health conditions other than LBP from a list including “other” and 

reported all medications they were currently using (both prescribed and “over-the-counter”). 

Participants reported if they had experienced LBP at any time in the past (yes/no) and 

provided the date they believed their current pain episode had begun. Average pain intensity 

over the week preceding baseline testing was reported by all participants using an 11-point 

NRS.  

7.3.4. Sample preparation 

Peripheral venous blood was drawn into serum tubes (BD, SST II Advance) through 

venepuncture of the median cubital vein at baseline assessment. The sample was clotted (30 

min, room temperature) then separated by centrifugation (2500 rpm, 15 min). Samples were 

pipetted into 50 μL aliquots and immediately stored at -80°C. After thawing, de-identified 

serums from all 59 participants were prepared by digesting 3µl of serum (57µg ul-1 +/-7µg) 

in 50µl of 50mM AMBIC, 2M urea, 10mM DTT at pH 8 using trypsin at 25°C for 16 hours 

in a 1:100 enzyme to protein ratio. Digestion was halted by acidification. Serum peptides 

were fractionated using hydrophobic interaction chromatography (HILIC) according to the 

manufacturers protocol (PolyLC Inc, MD, USA) with the additional parameter of decreasing 

solvent releasing increasingly hydrophilic peptides. Five fractions with decreasing solvent 

were prepared (unbound fraction, 25%,50%,70%, and 100% sequential solvent extraction) 

with peptides released by 70% acetonitrile in 15mM ammonium acetate fraction being 

evaluated further. 

7.3.5. Mass Spectrometry of Samples 

Digested and fractionated peptides were reconstituted in 5μL 0.1% formic acid and separated 

by nano-LC using an Ultimate 3000 HPLC and autosampler (Dionex, Amsterdam, 
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Netherlands). The sample, (0.6μL from 5μl), was loaded onto a micro C18 pre-column (300 

μm×5mm, Dionex) with H2O:CH3CN (98:2, 0.1% TFA) at 10μL min−1. After washing, the 

pre-column was switched (Valco 10 port valve, Dionex) into line with a fritless nanocolumn 

(75μm id×12 cm) containing reverse phase C18 media (1.9μm, 120 ̊A, Dr. Maisch GmbH 

HPLC). Peptides were eluted using a linear gradient of H2O:CH3CN (98:2, 0.1% formic 

acid) to H2O:CH3CN (64:36, 0.1% formic acid) at 250nlmin−1over 90 min. The QExactive 

(Thermo Electron, Bremen,Germany) mass spectrometer (MS) was run in DDA mode as 

previously described (Wasinger et al., 2020). 

7.3.6. Protein identification relative quantitation 

Protein dataset-peak lists were generated from raw files using Mascot Daemon v2.5.1 (Matrix 

Science, London, UK, www.matrixscience.com). All MS/MS spectra were searched against 

Swissprot (downloaded February 2018; 556,568 sequences for protein identification with the 

following criteria: 1) species, Human; 2) allowed 1 missed cleavage; 3) variable 

modifications, Oxidation (M), phosphorylation (S, T, Y); 4) peptide tolerance, ±5 ppm; 5) 

Fragment tolerance, ±0.05 Da; 6) peptide charge+2 and +3; and 7) enzyme specificity, semi-

tryptic. A decoy database search was also performed. Only proteins identified from the 

Swissprot database, controlled by the Benjamini-Hochberg procedure for multiple 

comparisons, with two or more unique peptides were included in further analysis.  

7.3.7. Three-month low back pain outcome 

Participants completed the NRS at three months, providing an average pain intensity score for 

the week preceding follow-up assessment. At three-months follow-up participants who 

reported a NRS score ≥ 2 on average over the previous week were considered to have 

developed chronic or recurrent LBP (i.e. not recovered) whereas participants who reported a 

NRS score of 0 or 1 were considered recovered. This threshold value of ≥ 2 on the NRS was 
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chosen as it reflects cut-offs used in previous LBP prognostic research (Hill et al., 2008; 

Hush et al., 2009; Traeger et al., 2016). 

7.3.8. Depressive symptoms 

Participants completed the 21-item Depression, anxiety and stress subscale (DASS-21 

(Lovibond & Lovibond, 1996)) on the day of baseline testing. The questionnaire evaluates 

symptoms of depression, anxiety and tension-stress, consisting of 21 items with responses 

quantified on a four-point Likert scale ranging from 0 (“not at all”) to 4 (“applied to me very 

much, or most of the time”). A total score between 0 and 63 was calculated, where higher 

scores indicate higher levels of depression, anxiety and/or stress (Antony et al., 1998; 

Parkitny et al., 2012). 

7.3.9. Pressure pain sensitivity and descending pain modulation 

On the day of baseline testing all LBP participants in the UPWaRD cohort completed 

numerous laboratory measures. Two measures of pain sensitivity and their association with 

serum protein expression during acute LBP were explored in this study based on previous 

research identifying an association between these factors in a cohort of females experiencing 

chronic widespread pain (Wåhlén et al., 2020).  

Pressure pain thresholds (PPT) were assessed using a handheld pressure algometer (Somedic, 

Hӧrby, Sweden, probe size 1cm2) at the site of worst LBP (side of greatest pain on 

palpation). Pressure was applied at a rate of 40 kilo Pascals per second (KpA/s) and 

participants used a hand-held trigger to indicate when the sensation of pressure first changed 

to one of pain. Three measures were obtained and averaged for analysis.  

Descending pain modulation was assessed using an established conditioned pain modulation 

(CPM) paradigm (Klyne et al., 2015). First, heat pain threshold (HPT) was measured 

(Thermal Sensory Analyzer, TSA-2001, Q-Sense-CPM, Medoc Ltd, Ramat Yishai, Israel) 
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using a 30 x 30 mm Peltier-based thermode placed on the skin of the ventral aspect of the 

forearm opposite the side of worst pain. The temperature started at 32°C and increased at a 

rate of 0.5°C/s. Participants were instructed to push a button when the sensation of heat first 

changed to one of pain. Three measures were obtained and used as the average HPT. Next, 

three PPTs were measured at the site of LBP before the application of heat pain (test stimulus 

1). Heat pain 1°C greater than the participants HPT, was then applied to the ventral forearm 

opposite the side of LBP via the thermode, 10cm distal to the medial epicondyle and 

maintained for the duration of the test (conditioning stimulus). Three consecutive PPTs were 

re-measured 30 seconds post heat application (test stimulus 2). Participants were instructed to 

rate their pain on a numerical rating scale (0–100) at 0 s, 30 s and immediately following the 

final PPT measurement. Pain scores were maintained between 50 and 80 during testing. The 

conditioning stimulus was adjusted by 1°C as required to achieve a pain score within this 

range. The CPM response was calculated as test stimulus 2 minus test stimulus 1. A positive 

value indicates a normal CPM response. This CPM paradigm has shown good intra-session 

reliability (Lewis et al., 2012). 

7.3.10. Statistical Analysis 

Descriptive statistics: Baseline data describing the cohort were compared between recovered 

and non-recovered, or male and female participants using chi squared (categorical variables) 

or independent t tests (continuous variables). Homogeneity of variance was assessed using 

Levene’s test and for variables that did not meet the equal variance assumption a Welch’s t 

test was performed. 

Protein identification: Scaffold Software (version 4.8.7, Proteome Software Inc., Portland, 

OR) was used to compare the shotgun proteomic results using spectral counting. Peptide 

identifications were accepted if they could be established at greater than 95% probability 

using the Scaffold delta-mass correction. Expression changes across samples were measured 
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via spectral count, normalised by total ion count with missing values kept at zero and recoded 

as not detected (ND) during further analysis18, 19. Proteins which were present in <50% of 

recovered or non-recovered groups were excluded from further functional analysis.  

Multivariable data analysis: Orthogonal partial least squares (OPLS) analysis was performed 

using SIMCA software version 17 (Umetrix AB, Umea, Sweden). A discriminant analysis 

(OPLS-DA) was used to explore the longitudinal relationship between serum proteins (X-

variables) and three-month LBP outcome (dichotomous outcome). OPLS regression was used 

to explore the longitudinal relationship between serum proteins (X-variables) and average 

pain intensity at three-month follow-up, or the cross-sectional relationship with baseline 

PPTs, baseline CPM or baseline DASS-21 scores (continuous outcomes; Y-variables). The 

procedures involved in multivariable data analysis (MVDA) using OPLS regression and 

reporting results from OPLS models have been described in detail elsewhere (Bylesjö et al., 

2006; Wåhlén et al., 2017; Wold et al., 2001).  

In brief, OPLS is a form of supervised multivariable data analysis, suitable for variable 

(biomarker) selection (Wheelock & Wheelock, 2013). OPLS models reduce the 

dimensionality of many variables into latent variables of interest. The latent variables are 

termed principal components, reflecting the coordinates of the original observation following 

reduction in dimensionality. Variance that is unrelated to the hypothesis is reduced into latent 

variables termed orthogonal components (Diez et al., 2010; Wheelock & Wheelock, 2013).  

The first step of the analysis undertaken in this study was a principal components analysis. 

This was performed to identify outliers. Any participants deemed critical outliers based on 

Hotelling’s T2, T2Crit (0.99%), were excluded from further analysis.  

OPLS was used for the regression analysis in this study (Eriksson et al., 2006), and all 

variables were mean centred and scaled for unified variance (UV-scaling). All variables with 
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a low minimum/maximum ratio or high skewness were log-transformed prior to fitting the 

OPLS models. The variable influence on projection (VIP) measure indicates the relevance of 

each X-variable pooled over all dimensions and the group of variables that best explain the Y-

variable. A VIP ≥ 1.0 combined with jack-knifed 95% confidence intervals in the regression 

coefficients plot not including zero were considered significant for this study. Coefficients 

were used to note the direction of the relationship (positive or negative). In the first step of 

the MVDA, of the 216 total identified proteins, 70 were present in at least 50% of both the 

recovered and non-recovered participant serum samples and were entered into the OPLS 

models. After the removal of any outliers, proteins with a VIP value ≥ 1.0 with jack-knifed 

confidence intervals in the coefficients plot not including zero were included in the next step 

of the analyses (Quenouille, 1949; Tukey, 1958). To determine the relative importance of 

these significant proteins, a separate regression was made only including these significant 

proteins as X-variables. In the tables, p(corr) for each significant variable is also presented. 

This is the loading of each variable scaled as a correlation coefficient, thus standardizing the 

range from –1.0  to +1.0 (Wheelock & Wheelock, 2013).  

Multivariable model fit: R2 describes the goodness of fit explained by a principal component, 

whilst Q2 describes the goodness of prediction – the amount of total variation of the variables 

that can be predicted by a principal component using cross-validation (CV) methods 

(Eriksson et al., 2006). R2 should not be considerably higher than Q2. It is generally accepted 

that a difference of 0.2 – 0.3 between R2 and Q2 suggests an overfitted model (Wheelock & 

Wheelock, 2013). Cross-validated analysis of variance (CV-ANOVA) was used to validate 

the models (seven-fold cross-validation). The P-value obtained from the CV-ANOVA is used 

to represent statistical significance. Finally, the score plot shows the observations (e.g. 

recovered or non-recovered LBP), and by combining the score plot and loading plot, 

important variables can be linked to specific proteins or within group separations. 
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Results of this study are reported in line with recommendations for multi-variable modelling 

suggested by Wheelock and Wheelock (i.e. R2, Q2, number of principal/orthogonal 

components, CV-ANOVA, and P-value) (Wheelock & Wheelock, 2013). 

Pathway analysis: This study also uses bioinformatics analyses to visualise and contextualise 

interactions between the significant proteins identified in the multivariable data analysis 

(Wilkins et al., 2007). Protein network analysis was conducted using the online Search Tool 

for the Retrieval of Interacting Genes/Proteins (STRING) database Version 11.0 (Szklarczyk 

et al., 2019). Protein accession numbers obtained from the UniProt database for significant 

proteins in the MVDA models were entered in the STRING search engine (multiple proteins) 

using the following parameters: Organism = Homo sapiens, Network type = full STRING 

network, required interaction score = medium confidence (0.400), and FDR stringency = ≤ 

0.01.  

7.4. Results 

7.4.1. Study population 

In line with our study methodology, this cohort was matched in age, sex and three-month 

LBP outcome. Rates of self-reported medication use were comparable between males (N=13, 

44.8%) and females (N=15, 51.7%) at baseline. Baseline data describing the characteristics of 

recovered or non-recovered participants is presented in Table 1. The types of medication 

used by participants are listed in Supplemental File Five: Table S1. At baseline assessment, 

8 (27.6 %) females and 8 (28.6 %) males reported at least one comorbid health condition 

(Table 2). The types of comorbidities are listed in Supplemental File Five: Table S2.  

 



 

252 

 

 

Table 1. Participant characteristics at baseline compared between three-month recovery status. 

Continuous data described as mean and standard deviation. Categorical data described as number and percent. Variable means were compared between non-recovered and 

recovered low back pain participants using t tests (continuous variable) or 𝑋2 tests (categorical variables). # Welch’s t test performed. 

 

Characteristic Recovered (N=30) Not recovered (N=29) P-value 

Age (years) 39.4 (16.7) 40.4 (15.1) 0.81 

BMI (kg/m²) 24.4 (4.1) 25.0 (5.0) 0.65 

Medication use (yes, %) 17 (56.7) 11 (39.3) 0.19 

Previous LBP (yes, %) 23 (79.3) 20 (74.1) 0.64 

Comorbidity (yes, %) 9 (30.0) 7 (25.9) 0.73 

Pain duration (days) 18.6 (11.1) 15.1 (9.3) 0.28 

Baseline pain intensity (NRS) 3.8 (1.9) 5.0 (1.6) 0.01 

Depressive symptoms (DASS-21)#  9.4 (8.7) 15.3 (16.0) 0.10 

Pressure pain threshold (KpA)# 1005.2 (407.7) 894.9 (279.3) 0.23 

Conditioned pain modulation (KpA) 92.3 (178.5) 39.7 (168.1) 0.26 
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Table 2. Participant characteristics at baseline compared between sex. 

Continuous data described as mean and standard deviation. Categorical data described as number and percent. Variable means were compared between males and female 

participants using t tests (continuous variable) or 𝑋2 tests (categorical variables). 

Characteristic Female (N=30) Male (N=29) P-value 

Age (years) 41.6 (15.3) 38.1 (16.4) 0.40 

BMI (kg/m²) 23.3 (4.4) 26.1 (4.3) 0.02 

Medication use (yes, %) 15 (51.7) 13 (44.8) 0.60 

Previous LBP (yes, %) 19 (67.8) 24 (85.7) 0.11 

Comorbidity (yes, %) 8 (27.6) 8 (28.6) 1.00 

Pain duration (days) 16.8 (11.0) 17.3 (9.8) 0.88 

Baseline pain intensity (NRS) 4.3 (1.8) 4.5 (1.9) 0.78 

Depressive symptoms (DASS-21) 14.1 (15.5) 10.5 (9.8) 0.31 

Pressure pain threshold (KpA) 787.5 (250.7) 1120.1 (364.9) <0.001 

Conditioned pain modulation (KpA) 82.7 (122.2) 48.0 (217.2) 0.46 
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7.4.2. Protein identification 

A total of 216 serum proteins were identified confidently (2 peptide/protein identification and 

significance set at PFDR < 0.05) (Supplemental File Five: Table S3). Of these identified 

proteins, 70 were present in at least 50% of both the recovered and non-recovered participant 

serum samples and were therefore eligible for multivariable data analysis. Visual inspection 

of the fold changes reported in Supplemental File Five: Table S3 highlights differences in 

protein abundance level between sex and three-month recovery status, thus male and female 

participants were first analysed separately. 

7.4.3 Multivariable data analysis  

Serum protein abundance levels during acute low back pain are associated with three-month 

low back pain outcome  

The remaining 70 proteins were first compared between male participants who had recovered 

or not recovered at three-month follow-up using OPLS-DA. No critical outliers were present 

upon inspection of Hotelling’s T2. Twenty-one proteins had a VIP > 1.0 with jack-knife CI 

not crossing zero (Table 3). The model including 21 proteins had one principal component 

and was statistically significant (R2=0.67, Q2=0.62, CV-ANOVA: P≤0.001), (Figure 1). 

Serum protein concentrations of Albumin, Coagulation factor XII, Vitronectin, Afamin, 

Vitamin D-binding protein, Complement factor B, Apolipoprotein LI and Complement 

component C8 gamma chain were upregulated in non-recovered males, whilst all other 

proteins identified as significant in males were downregulated. The final, OPLS-DA model 

had a cross-validated classification accuracy of 93% in male participants. The loading plot in 

Figure 2 displays the significant serum proteins identified in males.
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Table 3. Significant serum proteins in the OPLS-DA model of male participants recovered or non-recovered from low back pain at three-month follow-up.   

Protein name Accession Number VIPpred p(corr) B NR (N=14) R (N=15) 
Fold Change  

(NR vs R) 

Serum albumin (ALB) a P02768 2.25 0.32 -0.09 8.12 (0.11) 7.84 (0.12) ↑ 1.04 

Kininogen-1 (KNG1) a P01042 1.86 -0.78 0.09 5.78 (0.14) 6.15 (0.14) ↓ 0.94 

Fibrinogen alpha chain (FGA) a P02671 1.86 -0.84 0.09 6.74 (0.31) 7.55 (0.21) ↓ 0.89 

Coagulation factor XII (F12) P00748 1.75 0.26 -0.07 4.83 (1.42) 1.32 (2.28) ↑ 3.66 

Complement factor H (CFH) a P08603 1.60 -0.74 0.05 6.12 (0.21) 6.33 (0.17) ↓ 0.97 

Immunoglobulin lambda constant 2 (IGLC2) a P0DOY2 1.59 -0.68 0.06 4.15 (2.28) 4.99 (2.03) ↓ 0.83 

Gelsolin (GSN) P06396 1.56 -0.69 0.05 4.72 (1.40) 5.19 (1.45) ↓ 0.91 

Complement C4-A (C4A) P0C0L4 1.55 -0.69 0.06 6.36 (0.40) 6.84 (0.17) ↓ 0.93 

Clusterin (CLU) a P10909 1.51 -0.63 0.08 6.07 (0.12) 6.38 (0.14) ↓ 0.95 

Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1) a P19827 1.51 -0.62 0.06 6.20 (0.36) 6.28 (1.75) ↓ 0.99 

Vitronectin (VTN) P04004 1.46 0.63 -0.05 5.57 (1.62) 5.34 (1.49) ↑ 1.04 

Afamin (AFM) P43652 1.46 0.63 -0.05 3.48 (2.29) 0.98 (2.03) ↑ 3.55 

Immunoglobulin J chain (IGJ) P01591 1.41 -0.65 0.07 5.29 (0.49) 6.16 (0.28) ↓ 0.86 

Vitamin D-binding protein (GC) P02774 1.36 0.59 -0.05 5.76 (1.69) 5.07 (2.08) ↑ 1.14 

Haptoglobin (HP) a P00738 1.36 -0.57 0.06 6.41 (0.40) 6.83 (0.22) ↓ 0.94 

Complement factor B (CFB) a P00751 1.33 -0.56 0.04 5.89 (0.29) 5.73 (1.60) ↑ 1.03 

Apolipoprotein LI (APOL1) O14791 1.30 -0.57 0.05 5.91 (0.34) 5.82 (1.62) ↑ 1.02 

Apolipoprotein A-I (APOA1) P02647 1.25 -0.51 0.06 6.68 (0.28) 7.04 (0.25) ↓ 0.95 

Plasma kallikrein (KLKB1) P03952 1.05 -0.38 0.05 4.78 (1.41) 5.10 (1.43) ↓ 0.94 

Complement component C8 gamma chain (C8G) P07360 1.02 0.43 -0.05 4.77 (1.40) 2.07 (2.63) ↑ 2.30 

Apolipoprotein E (APOE) P02649 1.01 -0.47 0.01 6.01 (0.32) 6.16 (0.25) ↓ 0.98 

Accession numbers are derived from the protein data base UniProt (www.uniprot.org). Variable influence on projections (VIP) indicates the importance of the covariable. 

p(corr) is the loading of each variable scaled as a correlation coefficient. B is the regression coefficient. Recovered participants were coded as 0, and non-recovered 

participants were coded as 1. Fold change is a univariable measure whereby a value greater than 1 indicates a protein was upregulated in the non-recovered group (↑ = 

upregulated, ↓ = downregulated). Please note that fold change does not necessarily correspond to p(corr): i.e. a positive fold change, is not automatically equal to a positive 

p(corr). Protein abundance is reported as the log10 scaled mean ± standard deviation. a Indicates the protein was considered significant in male and female groups. R: 

recovered; NR: not-recovered. 
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Figure 1. Score plot demonstrating within group separation for male participants. Black markers represent male participants who were recovered 

at three-month follow-up and red markers represent male participants that were considered not recovered at three-month follow-up (NRS≥2).  
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Figure 2. Loading plot displaying the significant proteins (VIP>1.0) associated with three-month LBP recovery status in male participants. The 

protein abbreviations in the plot match the protein names in Table 3.
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All 70 proteins were then analysed in a separate OPLS-DA model for female participants. 

Again, no critical outliers were present. After inspection of VIP scores, 23 proteins were 

considered significant amongst females and retained in the model (Table 4). The model 

predicting three-month LBP outcome in females with 23 differentially expressed proteins had 

one principal component and one orthogonal component (R2=0.65, Q2=0.41, CV-ANOVA: 

P=0.01), (Figure 3). Serum concentrations of Albumin, Kininogen-1, Fibrinogen alpha chain, 

Complement factor H, Immunoglobulin lambda constant 2, Clusterin, Haptoglobin and 

Complement factor B were significantly downregulated in non-recovered males, but 

upregulated in non-recovered females. Inter-alpha-trypsin inhibitor heavy chain H1 was 

significantly downregulated in both males and females. The loading plot in Figure 4 displays 

the significant serum proteins identified in females. The final, OPLS-DA model had a cross-

validated classification accuracy of 90% in female participants. 
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Table 4. Significant serum proteins in the OPLS-DA model of female participants recovered or non-recovered from low back pain at three-month follow-up.   

 

Accession numbers are derived from the protein data base UniProt (www.uniprot.org). Variable influence on projections (VIP) indicates the importance of the covariable. p(corr) is the loading of each variable scaled as 
a correlation coefficient. B is the regression coefficient. Recovered participants were coded as 0, and non-recovered participants were coded as 1. Fold change is a univariable measure whereby a value greater than 1 

indicates a protein was upregulated in the non-recovered group (↑ = upregulated, ↓ = downregulated). Please note that fold change does not necessarily correspond to p(corr): i.e. a positive fold change, is not 

automatically equal to a positive p(corr). Protein abundance is reported as the log10 scaled mean ± standard deviation. a Indicates the protein was considered significant in male and female groups. R: recovered; NR: 
not-recovered. 

Protein name Accession Number VIPpred p(corr) B NR (N=15) R (N=15) 
Fold Change  

(NR vs R) 

Alpha-1-antitrypsin (SERPINA1) P01009 1.67 -0.57 0.27 4.78 (1.97) 5.84 (0 30) ↓ 0.82 

Apolipoprotein D (APOD) P05090 1.49 0.55 -0.18 3.44 (2.53) 2.25 (2.49) ↑ 1.53 

Ig alpha-1 chain C region (IGHA1) P01876 1.46 0.61 -0.22 6.74 (0.43) 6.36 (0 28) ↑ 1.06 

Complement factor H (CFH) a P08603 1.44 0.48 -0.02 6.18 (0.21) 5.99 (0 24) ↑ 1.03 

Alpha-1B-glycoprotein (A1BG) P04217 1.43 0.38 -0.06 5.97 (1.69) 5.85 (0.48) ↑ 1.02 

Beta-2-glycoprotein 1 (APOH) P02749 1.41 -0.19 0.18 4.05 (2.10) 5.13 (0 26) ↓ 0.79 

Serum albumin (ALB) a P02768 1.35 -0.23 0.00 7.97 (0.27) 8.11 (0 19) ↓ 0.98 

Immunoglobulin lambda-1 light chain (IGL1) P0DOX8 1.32 0.47 -0.08 3.61 (2.65) 3.58 (2 26) ↑ 1.01 

Alpha-2-HS-glycoprotein (AHSG) P02765 1.32 -0.57 0.13 6.47 (1.83) 7.06 (0 56) ↓ 0.92 

Kininogen-1 (KNG1) a P01042 1.31 0.48 -0.08 5.92 (0.24) 5.72 (0 26) ↑ 1.03 

Immunoglobulin lambda constant 2 (IGLC2) a P0DOY2 1.29 0.32 -0.08 3.33 (2.82) 1.38 (2 38) ↑ 2.41 

Complement factor B (CFB) a P00751 1.26 0.20 -0.03 5.58 (1.58) 5.77 (0 30) ↓ 0.97 

Hemopexin (HPX) P02790 1.25 0.36 -0.07 5.66 (1.59) 5.76 (0 32) ↓ 0.98 

Complement C1s subcomponent (C1S) P09871 1.17 0.43 -0.10 5.26 (1.48) 5.05 (1.42) ↑ 1.04 

Ig mu chain C region (IGHM) P01871 1.15 0.27 0.01 5.35 (1.53) 5.56 (0 33) ↓ 0.96 

Antithrombin-III (SERPINC1) P01008 1.14 0.37 -0.07 4.55 (1.88) 3.69 (2 32) ↑ 1.23 

Complement C3 (C3) P01024 1.10 0.23 0.04 6.65 (0.34) 6.51 (0 30) ↑ 1.02 

Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1) a P19827 1.10 0.17 0.05 5.95 (1.68) 6.23 (0 35) ↓ 0.96 

Inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2) P19823 1.05 0.18 -0.14 6.35 (0.28) 6.20 (0 23) ↑ 1.02 

Transthyretin (TTR) P02766 1.05 -0.54 0.10 3.03 (2.58) 4.20 (2 19) ↓ 0.72 

Fibrinogen alpha chain (FGA) a P02671 1.04 0.31 0.03 7.15 (0.53) 6.76 (0 53) ↑ 1.06 

Clusterin (CLU) a P10909 1.02 0.28 0.03 6.16 (0.27) 6.12 (0 18) ↑ 1.01 

Haptoglobin (HP) a P00738 1.01 0.31 -0.01 6.68 (0.38) 6.57 (0 31) ↑ 1.02  
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Figure 3. Score plot demonstrating within group separation for female participants. Black markers represent female participants who were 

recovered at three-month follow-up and red markers represent female participants that were considered not recovered at three-month follow-up 

(NRS≥2). 
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Figure 4. Loading plot displaying the significant proteins (VIP>1.0) associated with three-month LBP recovery status in female participants. 

The protein abbreviations in the plot match the protein names in Table 4.
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Protein network analysis of the significant serum proteins predicting three-month LBP 

outcome in male and female participants 

The 21 proteins associated with three-month LBP outcome in males were entered into the 

STRING database, and twenty were included in the network analysis. Immunoglobulin 

lambda constant 2 was not identified by the search engine. The enriched network comparing 

non-recovered males to recovered males consisted of 20 nodes and 103 edges (Figure 5). The 

average local clustering coefficient was 0.75 and the protein-protein interaction enrichment 

score was deemed statistically significant (P≤1.0E-16). 

Amongst females, the 23 significant proteins were entered into the STRING database and 20 

were included in the network analysis. Ig alpha-1 chain C region, Immunoglobulin lambda 

constant 2, and Ig mu chain C region were not identified by the search engine. The enriched 

network comparing non-recovered females to recovered females consisted of 20 nodes and 

127 edges. The average local clustering coefficient was 0.80 and the protein-protein 

interaction enrichment score was statistically significant (P≤1.0E-16) (Figure 6).  

Serum protein abundance levels during acute low back pain are associated with three-month 

pain intensity 

Using an OPLS model the longitudinal relationship between baseline serum protein 

expression and three-month pain intensity (continuous outcome: NRS) was explored in male 

participants. The 21 significant proteins listed in Table 3 were entered into an OPLS model 

with continuous pain intensity as the outcome of interest. All 21 serum proteins displayed a 

VIP value > 1.0 with jack-knifed CI not crossing zero. The model had one predictive 

component that explained 48% of the variation in males three-month pain intensity (R2=0.48, 

Q2=0.38, CV-ANOVA: P=0.002).  

The same process was repeated for female participants. Of the 23 proteins entered into the 
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OPLS model (Table 4), 14 remained significant with a VIP value > 1.0 and jack-knife CI not 

crossing zero: Alpha-1-antitrypsin, Apolipoprotein D, Complement factor H, Albumin, 

Immunoglobulin lambda-1 light chain, Alpha-2-HS-glycoprotein, Immunoglobulin lambda 

constant 2, Complement factor B, Hemopexin, Inter-alpha-trypsin inhibitor heavy chain H1, 

Fibrinogen alpha chain, Clusterin and Haptoglobin. The model including 14 proteins had one 

principal component and one orthogonal component (R2=0.71, Q2=0.52, CV-ANOVA: 

P=0.001).   
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Figure 5. Pathways analysis of group differences between males considered recovered or non-recovered at three months. The functional protein network was derived from significant serum proteins. STRING version 

11 was used to create the network analysis (https://string-db.org/). Abbreviations used for each protein are listed in Table 3. In the network, each protein is represented by a node (circles), coloured according to its 
biological processes (legend to the left of figure). The protein–protein interaction is represented by an edge visualized as a coloured line. Known interactions were from curated databases (turquoise) or experimentally 

determined (pink). Predicted interactions (coloured line) were identified from gene neighbourhoods (green), gene fusion (red) and gene co-occurrence (dark blue), and other interactions were identified using text 

mining (yellow), co-expression (black), and protein homology (purple). 
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Figure 6. Pathways analysis of group differences between females considered recovered or non-recovered at three months. The functional protein network was derived from significant serum proteins. STRING version 

11 was used to create the network analysis (https://string-db.org/). Abbreviations are listed in Table 4. In the network, each protein is represented by a node (circles), coloured according to its biological processes 
(legend to the left of figure). The protein–protein interaction is represented by an edge visualized as a coloured line. Known interactions were from curated databases (turquoise) or experimentally determined (pink). 

Predicted interactions (coloured line) were identified from gene neighbourhoods (green), gene fusion (red) and gene co-occurrence (dark blue), and other interactions were identified using text mining (yellow), co-
expression (black), and protein homology (purple).
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Serum protein abundance levels and depression, anxiety and stress during an acute episode 

of low back pain 

Baseline DASS scores were not associated with serum protein abundance levels in males 

after exclusion of two missing data points and two critical outliers (one principal component 

and one orthogonal component, R2=0.69, Q2=-0.39, CV-ANOVA: P=1.00). In females, two 

missing data points and one critical outlier were excluded and the OPLS model again 

demonstrated no association between baseline serum protein abundance levels and 

depression, anxiety or stress (one principal component and one orthogonal component, 

R2=0.80, Q2=-0.14, CV-ANOVA: P=1.00). 

Serum protein abundance levels and pressure pain threshold during an acute episode of low 

back pain 

Using an OPLS model the cross-sectional association between serum protein abundance 

levels and PPTs during an acute episode of LBP was explored. In males, thirteen proteins 

were associated with baseline PPTs at the site of LBP (Table 5). The significant model had 

one principal and one orthogonal component (R2=0.55, Q2=0.33, CV-ANOVA: P=0.04). The 

score plot (Figure 7) and loading plot (Figure 8) suggest that four proteins: Serum amyloid 

A-4 protein, Vitronectin, Serum albumin and Prothrombin, were associated with lower PPTs. 

The thirteen significant proteins were entered into the STRING database. The enriched 

network consisted of 13 nodes and 42 edges. The average local clustering coefficient was 

0.71 and the protein-protein interaction enrichment score was statistically significant 

(P≤1.0E-16) (Figure 9). Amongst female participants there was no evidence to suggest serum 

protein abundance levels were associated with PPTs during an acute LBP episode (one 

principal component and one orthogonal component: R2=0.11, Q2=0.01, CV-ANOVA: 

P=0.88).  
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Serum protein abundance levels and descending pain modulation during an acute episode of 

low back pain 

Serum protein abundance levels were not associated with the CPM response at baseline in 

males after exclusion of two participants with missing CPM data at baseline and exclusion of 

two participants considered critical outliers (one principal component, R2=0.50, Q2=0.19, 

CV-ANOVA: P=1.00). Similarly, baseline CPM response was not associated with serum 

protein abundance in females after removal of one participant with missing CPM baseline 

data and one participant deemed a critical outlier in the OPLS model (one principal 

component, R2=0.59, Q2=0.13, CV-ANOVA: P=0.17). 
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Table 5. Serum proteins significantly associated with baseline pressure pain thresholds at the site of low back pain in male participants. 

Accession numbers are derived from the protein data base UniProt (www.uniprot.org). Variable influence on projections (VIP) indicates the importance of the covariable. 

p(corr) is the loading of each variable scaled as a correlation coefficient. B is the regression coefficient. Pressure pain threshold (Y-variable) remained a continuous variable 

for the OPLS analysis.  

 

 

 

 

 

 

Protein name Accession Number VIPpred p(corr) B 

Cystatin-C (CST3) P01034 1.79 0.55 0.21 

Serum amyloid A-4 protein (SAA4) P35542 1.68 -0.63 -0.26 

Alpha-1B-glycoprotein (A1BG) P04217 1.67 0.67 0.18 

Complement component C9 (C9) P02748 1.51 0.62 0.24 

Kininogen-1 (KNG1) P01042 1.49 0.30 0.15 

Apolipoprotein A-I (APOA1) P02647 1.40 0.37 0.16 

Fibrinogen alpha chain (FGA) P02671 1.17 0.26 0.03 

Immunoglobulin J chain (IGJ) P01591 1.13 0.21 0.10 

Gelsolin (GSN) P06396 1.11 0.41 -0.05 

Vitronectin (VTN) P04004 1.09 -0.14 -0.06 

Complement component C8 alpha chain (C8A) P07357 1.05 0.28 0.22 

Serum albumin (ALB) P02768 1.05 -0.15 0.09 

Prothrombin (F2) P00734 1.04 -0.31 0.09 
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Figure 7. Score plot showing within-group separation in males experiencing an acute low back pain episode, based on their pressure pain 

threshold at the site of low back pain. Larger circles with warmer colours represent higher pressure pain thresholds at the site of low back pain.  
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Figure 8. Loading plot displaying 13 significant proteins associated with baseline pressure pain threshold at the site of low back pain in males. 

Four of the proteins (SAA4, F2, VTN, ALB) were associated with greater sensitivity to pressure (i.e. lower pressure pain threshold). The protein 

abbreviations in the plot match the protein names in Table 5. 
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Figure 9. Pathways analysis of group proteins significantly associated with baseline pressure pain thresholds at the site of low back pain in male participants The functional protein network was 

derived from significant serum proteins. STRING version 11 was used to create the network analysis (https://string-db.org/). Abbreviations are listed in Table 5. In the network, each protein is 

represented by a node (circles), coloured according to its biological processes (legend to the left of figure). The protein–protein interaction is represented by an edge visualized as a coloured 

line. Known interactions were from curated databases (turquoise) or experimentally determined (pink). Predicted interactions (coloured line) were identified from gene neighbourhoods (green), 

gene fusion (red) and gene co-occurrence (dark blue), and other interactions were identified using text mining (yellow), co-expression (black), and protein homology (purple).  
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Sensitivity analysis 

A sensitivity analysis was conducted to further understand sex differences in this data. First, 

the OPLS-DA model fitted in male participants including 21 significant proteins was tested 

on the female dataset. The model had a single principal component and was statistically 

significant (R2=0.68, Q2=0.62, CV-ANOVA: P≤0.001). The significant proteins that were 

identified in male participants correctly classified outcome in 37% of females. 

 Next, an OPLS-DA model was developed for all recovered participants with sex entered as 

the dichotomous outcome of interest. In the recovered participants, 25 proteins were 

considered significant predictors of sex (Supplemental File Five: Table S4). The OPLS-DA 

model including these significant proteins had one principal component (R2=0.66, Q2=0.60, 

CV-ANOVA: P=<0.001). The model correctly classified sex in 87% of recovered 

participants. The same process was repeated in non-recovered participants and 14 significant 

proteins were identified, 9 of which were also considered significant in the model predicting 

the sex of recovered participants (Immunoglobulin J chain, Fibrinogen alpha chain, 

Kininogen-1, Serum albumin, Clusterin, Vitronectin, Complement factor H, Apolipoprotein 

A-I, Inter-alpha-trypsin inhibitor heavy chain H1) (Supplemental File Five, Table S5). The 

OPLS-DA model including these significant proteins had one principal component (R2=0.26, 

Q2=0.20, CV-ANOVA: P=0.06) and correctly classified sex in 69% of non-recovered 

participants. 

7.5. Discussion 

This study explored the proteomic profile of people experiencing an acute LBP episode. Our 

data provide evidence to suggest sex-specific differences in the expression of proteins, 

measured from human serum, contribute to recovery or ongoing pain at three-month follow-

up. Our initial multivariable data analysis (OPLS-DA) identified 21 significant serum 
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proteins that correctly classified three-month LBP outcome in 93% of males, and 23 

significant serum proteins that correctly classified three-month LBP outcome in 90% of 

females. Using an OPLS model, these 21 significant proteins explained 48% of the variance 

in three-month continuous pain intensity in males. In female participants, 14 significant 

serum proteins explained 71% of the variance in three-month continuous pain intensity. 

Based upon our bioinformatics analysis, the types of proteins differentially expressed during 

an acute LBP episode appear to be commonly involved in immune, inflammatory, 

complement, coagulation, transport, and metabolic processes. 

Amongst male participants with ongoing LBP at three months, serum proteins involved in 

immune processes such as Fibrinogen alpha chain and Immunoglobulin J Chain were 

downregulated during acute LBP. Fibrinogen alpha chain has a major function in 

homeostasis, is involved in the early stages of wound repair and may facilitate an immune 

response via innate and T-cell mediated pathways. Immunoglobulin J Chain is thought to be 

involved in the recognition of phagocytosed substances, B-cell receptor signalling and 

activation of the complement cascade classical pathway that allows direct killing of microbes, 

disposal of immune complexes and regulation of an immune response. The impact of 

immunity on pain has been considered since early observations that individuals with chronic 

pain exhibit symptoms that parallel typical systemic illness such as lethargy, depression and 

anxiety (Ferreira et al., 1988; Maier et al., 1993). A growing body of evidence now highlights 

neuroimmune interaction as a plausible mechanism driving the transition from acute to 

chronic pain (Grace et al., 2014). For example, unregulated gliosis may sustain central 

sensitisation (Kleibeuker et al., 2008; Kleibeuker et al., 2007; Willemen et al., 2010) and 

immune cell mediators can influence neural pain processing for months after injury (Milligan 

et al., 2006).   

Our data also identified several proteins (Coagulation factor XII, Complement factor H, 
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Complement C4-A, Complement factor B, Complement component C8 gamma chain, Alpha-

1-antitrypsin, Complement C1s subcomponent, Complement C3) linked to complement and 

coagulation systems expressed during acute LBP in both male and female participants. The 

complement system represents an intricate immune surveillance system that attempts to 

discriminate between healthy tissue, cellular debris, apoptotic and foreign intruders, then 

regulates a response accordingly to maintain homeostasis (Ricklin et al., 2010). An imbalance 

between complement activation and regulation is associated with various immune, 

inflammatory, neurodegenerative and age-related disease (Pettigrew et al., 2009). Further, 

interactions between the complement and coagulation systems play a pivotal role in 

regulating inflammation (Oikonomopoulou et al., 2012). Potentially, the upregulation in 

Coagulation Factor XII, and downregulation of complement factors amongst non-recovered 

males during their acute LBP episode represents an attempt to regulate an immune-mediated 

inflammatory response. Recent work provides some support for this hypothesis, whereby 

neutrophil activation–dependent elevation of the inflammatory response during the acute 

stage of LBP exerted a protective effect against the transition to chronic LBP at three-month 

follow-up (Parisien et al., 2022). Similarly, elevation of systemic C-reactive protein during 

acute LBP has been linked to better long-term recovery (Klyne et al., 2018; Klyne, Barbe, & 

Hodges, 2021).  

Sex differences in immune function and pain processing have been documented for some 

time (Rosen et al., 2017) and several authors have highlighted the importance of sex on 

immunity and pain (Klein et al., 2015; Rosen et al., 2017). For example, females demonstrate 

a higher prevalence of inflammatory disorders such as rheumatoid arthritis, fibromyalgia, 

irritable bowel syndrome and temporomandibular joint disorder (Bernstein et al., 2006; 

LeResche et al., 1997; Østensen et al., 1997). Furthermore, females report a higher 

prevalence of LBP consistently across the lifespan (Hartvigsen et al., 2018; Hoy et al., 2012) 
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and are usually more severely affected by their LBP (Chenot et al., 2008).  

In our data, significant proteins identified in the multivariable data analysis and the derived 

functional protein networks suggest female participants express proteins involved in similar 

biological processes as males during acute LBP (immune, inflammatory, complement, 

coagulation, transport, and metabolic). However, our data suggest that for nearly all 

significant proteins identified in this study, proteins downregulated during acute LBP in non-

recovered males were upregulated in non-recovered females. For example, Fibrinogen alpha 

chain and Immunoglobulin lambda constant 2 were upregulated during acute LBP in females 

not recovered at three-month follow-up, as were inflammatory proteins such as Haptoglobin 

and Kininogen. Interestingly, a similar proteomic profile has been associated with chronic 

widespread pain and fibromyalgia in females (Ramírez-Tejero et al., 2018; Wåhlén et al., 

2020; Wåhlén et al., 2017). Specifically, high levels of haptoglobin and fibrinogen have been 

proposed as plausible biomarkers of fibromyalgia (Ramírez-Tejero et al., 2018), and several 

proteins involved in an acute phase response, the coagulation cascade, and the complement 

system are upregulated in females with fibromyalgia compared to pain-free controls (Wåhlén 

et al., 2020). Our sensitivity analysis provides further data to suggest protein expression 

differs in response to an acute LBP episode dependent on sex. When proteins predicting 

three-month LBP outcome in male participants were used to predict outcome in females, 

cross-validated classification accuracy was 37%. If there was no difference between sex in 

protein expression during acute LBP, or the difference was related to random noise in the 

study data, classification accuracy should have been 50% or greater when predicting outcome 

in the opposite sex with the same significant proteins. We also explored the magnitude of sex 

differences in the study data by attempting to predict sex in a multivariable model based on 

serum protein abundance levels. Significant proteins classified sex correctly in 87% of the 

recovered participants. Conversely, sex was correctly classified in 69% of the non-recovered 
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participants. However, our data suggests the cross-validated model predicting sex in non-

recovered participants explained a relatively small amount of variance with less certainty 

(R2=0.26, Q2=0.20, CV-ANOVA: P=0.06). Taken together, this sensitivity analysis provides 

further evidence to suggest sex differences in protein expression occur during acute LBP. 

Further, these sex differences appear to be more prominent in participants that recovered 

from their acute LBP episode. 

Immune system-related sex differences may explain these sex-specific observations.  For 

example, Sorge et al. (2015) determined that after spinal nerve injury in mice of both sexes, 

the application of glial inhibitors reversed allodynia in male, but not in female mice. Using a 

series of confirmatory studies across multiple laboratories, the authors speculate that female 

mice preferentially adopt an adaptive immune cell response to spinal nerve injury, whilst 

male mice are less able to mediate hypersensitivity through T-Cell infiltration (Sorge et al., 

2015). In the absence of adaptive immune cells, female mice use the male glial-dependent 

pathway to produce allodynia (Sorge et al., 2015), and this switching between sex-specific 

immune systems has been demonstrated in studies of opioid analgesia and hyperalgesia (Juni 

et al., 2010; Mogil et al., 1993; Mogil et al., 2003). Vacca et al. (2014) have also identified 

sex-dependent differences in proteins extracted from the sciatic nerve of male and female 

mice follow chronic constriction injury. In the injured mice 44 proteins were differentially 

expressed between sex. Furthermore, females typically demonstrate a more robust adaptive 

immune system then males (Rosen et al., 2017), females have greater cellular and humoral 

immune response to vaccination or infection (Fish, 2008), and females have higher amounts 

of CD4+ and CD8+ T-cells then males (Amadori et al., 1995). Further, acute testosterone 

administration to macrophages can inhibit tumour necrosis factor, nitric oxide and induce 

synthesis of interleukin-10 (D'agostino et al., 1999).  

Based on our data, we speculate, that males who recovered from an acute LBP episode could 
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more effectively upregulate an immune driven inflammatory response during LBP. This 

hypothesis is also supported by the work of Vacca et al. (2014), identifying higher 

accumulations in males than in females of several proteins associated with inflammation. In 

our study sample, this inflammatory response appears to be tightly controlled through 

regulation and interaction of the complement and coagulation systems, aiming to achieve 

homeostasis and subsequent recovery from injury to cell membranes and intracellular 

structures, possibly in the context of LBP a result of overload, overstretch, compression or 

anoxia. Conversely, due to sex-specific immune differences, females may have a 

predisposition towards a heightened immune response to injury and therefore to achieve the 

level of homeostasis needed for recovery, females must down-regulate their immune 

response. Females who are unable to achieve the level of molecular plasticity necessary to 

dampen this response are more likely to experience ongoing LBP at three-month follow-up. 

These findings highlight the potential need for distinct strategies targeting immune system 

processes to prevent the transition from acute to chronic LBP in males versus females (Sorge 

et al., 2015).  

Our study found no evidence to support a relationship between serum protein abundance 

levels and baseline depression, anxiety, and stress during acute LBP. Similarly, there was no 

evidence to suggest serum protein abundance levels were associated with an impaired CPM 

response. This lack of evidence for an association between serum protein abundance, 

psychological status and descending pain modulation could be explained by the relatively low 

levels of psychological distress in this cohort, and no obvious impairment in descending pain 

modulation. Interestingly, in males, thirteen proteins were associated with baseline PPTs, 

however no significant association between serum protein abundance levels and baseline 

PPTs was identified for females in our study. Previous literature has identified an association 

between PPTs and plasma proteins thought to be involved in immunity and inflammation in 
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females with fibromyalgia (Wåhlén et al., 2020). These authors dichotomised pressure pain 

thresholds as < 200KpA, or 201 – 300KpA in their multivariable data analysis and this may 

be one reason to explain why our results differ. Olausson et al. (2016) identified proteins 

linked to contractile, structure, stress and inflammatory processes in females with chronic 

widespread pain compared to clinically healthy controls. However, these authors analysed 

protein abundance levels from trapezius muscle biopsy samples, taken at the site of PPT 

testing. Given our study data measures serum protein abundance, this large difference in 

study methodology may explain the difference in our results (Olausson et al., 2016). 

Interestingly, one of the most significant proteins associated with PPT in males was Cystatin-

C. Upregulation of this protein has previously been linked to chronic LBP (Lim et al., 2017; 

Liu et al., 2006) and other authors have considered Cystatin-C as a biomarker of pain 

(Mannes et al., 2003). The observed association between the serum proteomic profile and 

PPT in males, but not females, may again provide further evidence of sex differences in pain 

phenotype, warranting further, longitudinal investigation in larger cohorts. 

Enhanced nervous system sensitivity (Leresche et al., 2013; Marcuzzi et al., 2016; Müller et 

al., 2019; O’Neill et al., 2011) and psychological distress (Campbell et al., 2013; Nicholas et 

al., 2008; M. K. Nicholas et al., 2019) occur more frequently once LBP has already persisted. 

Interestingly, some psychosocial factors are thought to disrupt the balance of the immune 

system (Dowlati et al., 2010; Segerstrom & Miller, 2004; Steptoe et al., 2007) and are 

associated with increased systemic inflammation (Edwards et al., 2008; Felger & Lotrich, 

2013; Klyne et al., 2018; Kubera et al., 2011; Slavich & Irwin, 2014). This relationship 

between psychological factors and biological mediators/moderators of systemic inflammation 

is considered reciprocal (Klyne et al., 2021). The data presented here suggests that plasticity 

occurring in the human serum proteome during acute LBP is not clearly associated with 

psychological status, descending pain modulation or sensitivity to pressure. However, it 
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remains possible that differential protein expression during acute pain triggers a cycle of 

altered immune system responsiveness in some people, driving alterations in systemic 

inflammation, ongoing pain and associated psychological distress (Klyne et al., 2021; Kosek 

et al., 2016). The reciprocal nature of these factors may then be sufficient to maintain a 

persistent pain state in the absence of ongoing tissue damage. Emerging evidence has 

suggested that after a primary immune challenge, microglia may undergo epigenetic 

modifications and upregulated transcriptional activity, resulting in an enhanced response to 

future immune challenges, termed immune priming (Hains et al., 2011; Kettenmann et al., 

2011; Loram et al., 2012; Loram et al., 2011). Future analysis of data collected across 

multiple bio-psycho-social systems and multiple time-points is required to confirm this 

hypothesis.  

This study has several limitations. First, the LBP cohort did not have control subjects without 

any pain, preventing comparison between those who recovered from their acute LBP episode 

and people who were pain-free. Second, as we were unable to analyse three-month serum 

samples in this study, we cannot determine whether alterations in serum protein during an 

acute LBP episode were sustained at three-month follow-up and this is an important question. 

Recent data suggest that active biological processes at baseline and three-month follow-up 

underpins recovery from acute LBP (Parisien et al., 2022). Third, the time-of-day blood was 

collected was not standardized. Evidence suggests proteins involved in inflammatory 

processes may have diurnal variation and this is an important consideration for future work 

(Jasim et al., 2019). Fourth, we attempted to exclude participants with comorbid health 

conditions and/or consuming medication, however, this was not completely achieved. Whilst 

medication usage and comorbid health conditions could have impacted some participant’s 

proteomic profile, complete exclusion of these participants would affect the generalisability 

of results. Future cohorts may consider medication use and comorbidity a confounding 



 

280 

 

variable and control for this in their analyses. Fifth, the mass spectrometry methodology 

applied in this study is inherently limited in its depth of coverage and prevents detection of 

low-abundance proteins. Thus further validation of these findings, ideally in larger, external 

cohorts is needed (Diamandis, 2004a, 2004b). Finally, care should be taken interpreting these 

results due to the study sample size. We attempted to minimise the effect of this limitation 

using multivariable data analysis reported in line with known recommendations (Wheelock & 

Wheelock, 2013). However, the risk of overfitting statistical models with large ‘omics’ 

datasets remains (Diez et al., 2010). Considering the generally accepted rule that a difference 

of 0.2 – 0.3 between R2 and Q2 indicates model overfitting, the statistical models fitted in this 

study on female participants should be interpreted with caution until these findings are 

replicated in larger samples.  

7.6. Conclusion 

This study explored the serum proteomic profile of participants experiencing an acute LBP 

episode and identified several proteins related to immune, inflammatory, complement, 

coagulation, transport and metabolic processes associated with three-month LBP outcome. 

Differential expression of serum proteins was observed between male and female participants 

during an acute LBP episode. This work provides an early foundation for future research 

exploring strategies targeting distinct immune system processes in males and females that 

may interfere with the transition from acute to chronic LBP.  
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Table S2.  Self-reported comorbidities amongst male and female participants. 

Medical condition Male (N=29) Female (N=30) 

High blood pressure 2 1 

Hypercholesterolaemia 1 1 

Asthma 0 2 

Non-insulin dependent diabetes 

mellitus 

2 0 

Stomach ulcer 1 0 

Depression/anxiety 1 2 

Skin cancer (removed) 0 1 

Anaemia 2 0 

Osteoarthritis 2 0 

Other 

Pituitary microadenoma 

Prolactinoma 

Meniere’s Disease 

Endometriosis 

Colitis 

Hypothyroidism 

0  

1 

1 

1 

1 

1 

1 

Not specified 1 1 

No comorbid medical conditions 20 21 

Participants self-selected comorbid conditions other than LBP from a list including “other”. 

Eight participants reported more than one comorbidity. 
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Table S3. List of total serum proteins identified for all participants and compared between recovery status and sex (N=216).  

Identified proteins Alternate ID 
Molecular 

weight (kDa) 

Average normalised abundance Fold ratios 

Female Male Female Male 

NR R NR R NR/R NR/R 

Serum albumin* ALBU 69 1.13E+08 1.38E+08 1.37E+08 7.09E+07 0.82 1.93 

Serotransferrin TRFE 77 2.01E+07 2.00E+07 2.21E+07 1.88E+07 1.01 1.18 

Apolipoprotein APOA4 45 1.10E+07 1.27E+07 1.04E+07 9.62E+06 0.86 1.08 

Complement C3* CO3 187 5.81E+06 4.18E+06 6.07E+06 7.04E+06 1.39 0.86 

Apolipoprotein A-I* APOA1 31 8.63E+06 5.16E+06 5.88E+06 1.31E+07 1.67 0.45 

Haptoglobin* HPT 45 5.75E+06 4.61E+06 3.44E+06 7.73E+06 1.25 0.45 

Fibrinogen alpha chain* FIBA 95 2.12E+07 1.39E+07 7.12E+06 3.91E+07 1.52 0.18 

Inter-alpha-trypsin inhibitor heavy 

chain H2* 
ITIH2 106 2.65E+06 1.84E+06 2.90E+06 3.14E+06 1.44 0.92 

Complement C4-A*  CO4A 193 5.32E+06 3.35E+06 3.58E+06 7.51E+06 1.59 0.48 

Alpha-2-macroglobulin  A2MG 163 2.34E+06 3.50E+06 2.73E+06 1.51E+06 0.67 1.81 

Complement factor H* CFAH 139 1.64E+06 1.14E+06 1.46E+06 2.28E+06 1.44 0.64 

Ig alpha-1 chain C region* IGHA1 38 5.38E+06 2.75E+06 4.53E+06 5.57E+06 1.95 0.81 

Apolipoprotein E* APOE 36 1.51E+06 1.42E+06 1.39E+06 1.67E+06 1.06 0.83 

Inter-alpha-trypsin inhibitor heavy 

chain H4 
ITIH4 103 3.22E+06 3.17E+06 2.70E+06 3.78E+06 1.02 0.71 

Clusterin* CLUS 52 1.75E+06 1.43E+06 1.22E+06 2.56E+06 1.22 0.48 

Complement factor B* CFAB 86 1.07E+06 7.39E+05 9.45E+05 1.43E+06 1.44 0.66 

Alpha-2-HS-glycoprotein* FETUA 39 1.45E+07 1.76E+07 1.23E+07 1.68E+07 0.82 0.73 

Apolipoprotein C-III APOC3 11 4.86E+06 4.22E+06 1.88E+06 9.07E+06 1.15 0.21 

Fibronectin FINC 263 3.97E+06 3.10E+06 3.29E+06 7.04E+06 1.28 0.47 

Hemopexin* HEMO 52 1.22E+06 7.57E+05 8.11E+05 1.99E+06 1.62 0.41 

Inter-alpha-trypsin inhibitor heavy 

chain H1* 
ITIH1 101 3.24E+06 2.18E+06 2.20E+06 5.65E+06 1.48 0.39 

Vitamin D-binding protein* VTDB 53 1.29E+06 8.10E+05 2.05E+06 7.77E+05 1.59 2.63 

Apolipoprotein B-100 APOB 516 6.32E+05 6.93E+05 9.00E+05 4.85E+05 0.91 1.86 
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Plasminogen PLMN 91 2.06E+06 1.94E+06 2.54E+06 1.50E+06 1.06 1.70 

Kininogen-1* KNG1 72 9.31E+05 6.25E+05 6.31E+05 1.50E+06 1.49 0.42 

Prothrombin THRB 70 5.57E+05 5.77E+05 7.52E+05 5.11E+05 0.97 1.47 

Apolipoprotein APOA2 11 2.95E+06 9.52E+05 4.10E+06 2.70E+06 3.10 1.52 

Alpha-1-antitrypsin* A1AT 47 6.57E+05 8.63E+05 7.87E+05 6.27E+05 0.76 1.26 

Alpha-1B-glycoprotein* A1BG 54 2.96E+06 1.30E+06 2.88E+06 4.23E+06 2.28 0.68 

Complement component C9 CO9 63 4.17E+05 5.00E+05 4.06E+05 4.13E+05 0.83 0.98 

Vitronectin* VTNC 54 8.13E+05 9.44E+05 1.06E+06 5.68E+05 0.86 1.87 

Complement C1s subcomponent* C1S 77 4.08E+05 2.84E+05 5.15E+05 3.44E+05 1.44 1.50 

Ig mu chain C region* IGHM 49 1.06E+06 4.81E+05 1.75E+06 1.33E+06 2.20 1.31 

Complement component C6 CO6 105 4.15E+05 3.62E+05 3.38E+05 6.42E+05 1.15 0.53 

Plasma kallikrein* KLKB1 71 2.27E+05 1.93E+05 1.68E+05 3.10E+05 1.17 0.54 

Ceruloplasmin CERU 122 4.65E+05 4.87E+05 3.34E+05 5.89E+05 0.96 0.57 

Platelet basic protein CXCL7 14 5.69E+05 3.56E+05 4.67E+05 7.51E+05 1.60 0.62 

Apolipoprotein L1* APOL1 44 1.34E+06 1.42E+06 1.05E+06 1.71E+06 0.94 0.61 

Complement C1r subcomponent C1R 80 2.93E+05 3.40E+05 3.39E+05 2.81E+05 0.86 1.21 

Immunoglobulin J chain* IGJ 18 8.96E+05 4.64E+05 3.14E+05 1.79E+06 1.93 0.17 

Apolipoprotein C-I  APOC1 9 4.47E+05 3.94E+05 4.93E+05 5.91E+05 1.14 0.83 

Histidine-rich glycoprotein HRG 60 2.15E+05 2.27E+05 3.05E+05 1.39E+05 0.95 2.19 

Complement component C8 alpha 

chain 
CO8A 65 2.15E+05 1.46E+05 3.30E+05 1.08E+05 1.48 3.05 

N-acetylmuramoyl-L-alanine amidase PGRP2 62 7.57E+05 2.17E+05 7.41E+05 3.09E+05 3.49 2.40 

Beta-2-glycoprotein 1* APOH 38 1.52E+05 1.60E+05 2.17E+05 1.36E+05 0.95 1.59 

Thrombospondin-1 TSP1 129 3.15E+05 2.24E+05 3.68E+05 4.67E+05 1.41 0.79 

Apolipoprotein C-II APOC2 11 5.22E+05 3.02E+05 5.47E+05 9.41E+05 1.73 0.58 

Antithrombin-III* ANT3 53 2.20E+05 1.03E+05 2.26E+05 3.43E+05 2.13 0.66 

C4b-binding protein alpha chain C4BPA 67 4.26E+05 5.23E+05 5.58E+05 4.46E+05 0.81 1.25 

Complement C2 CO2 83 2.95E+05 6.69E+04 9.23E+04 8.65E+05 4.41 0.11 

Coagulation factor XII* FA12 68 1.37E+05 2.08E+05 1.79E+05 2.91E+04 0.66 6.15 

Complement C5 CO5 188 8.40E+04 6.98E+04 8.22E+04 1.25E+05 1.20 0.66 
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Proteoglycan 4 PRG4 151 9.62E+04 7.25E+04 8.94E+04 1.23E+05 1.33 0.73 

Gelsolin* GELS 86 2.35E+05 1.94E+05 1.76E+05 3.81E+05 1.21 0.46 

Immunoglobulin gamma-1 heavy chain  IGG1 36 8.28E+04 1.62E+05 1.30E+05 0.00E+00 0.51 NA 

Transthyretin* TTHY 16 2.55E+05 1.89E+05 5.61E+05 1.95E+05 1.35 2.88 

Angiotensinogen ANGT 53 3.57E+05 3.71E+05 5.45E+05 1.45E+05 0.96 3.76 

Coagulation factor V FA5 252 1.16E+05 1.16E+05 1.06E+05 1.08E+05 1.00 0.98 

Extracellular matrix protein 1 ECM1 61 1.42E+05 1.16E+05 1.60E+05 2.04E+05 1.23 0.78 

Afamin* AFAM 69 5.16E+04 6.68E+04 6.07E+04 1.69E+04 0.77 3.59 

Serum amyloid A-4 protein SAA4 15 8.86E+04 5.10E+04 8.11E+04 1.03E+05 1.74 0.78 

Apolipoprotein(a)  APOA 501 6.37E+04 7.11E+04 7.22E+04 4.56E+04 0.90 1.58 

Vitamin K-dependent protein S PROS 75 5.79E+04 5.45E+04 6.16E+04 6.45E+04 1.06 0.95 

Immunoglobulin lambda-1 light 

chain* 
IGL1 23 2.10E+05 7.80E+04 2.05E+05 3.23E+05 2.69 0.64 

Complement component C8 gamma 

chain* 
CO8G 22 1.01E+05 9.80E+04 1.53E+05 6.71E+04 1.03 2.29 

Complement factor I  CFAI 66 4.79E+04 1.87E+04 8.23E+04 3.34E+04 2.57 2.46 

Protein Shroom3  SHRM3 217 9.47E+02 3.73E+03 0.00E+00 0.00E+00 0.25 NA 

Titin TITIN 3816 1.13E+04 3.01E+04 0.00E+00 1.45E+04 0.38 0.00 

Ig gamma-2 chain C region  IGHG2 36 4.47E+04 5.25E+04 7.55E+04 2.26E+04 0.85 3.34 

Mucin-16  MUC16 2353 7.27E+04 0.00E+00 0.00E+00 5.01E+04 NA 0.00 

Retinol-binding protein 4 RET4 23 1.39E+04 1.43E+04 1.41E+04 1.46E+04 0.97 0.97 

Protein AMBP AMBP 39 3.97E+04 3.83E+04 4.28E+04 4.02E+04 1.04 1.06 

Phosphatidylinositol-glycan-specific 

phospholipase D  
PHLD 92 1.86E+04 3.31E+04 3.37E+04 2.27E+03 0.56 14.83 

Fibulin-1  FBLN1 77 4.17E+04 4.12E+04 7.08E+04 0.00E+00 1.01 NA 

Carboxypeptidase N subunit 2 CPN2 61 6.13E+04 2.14E+04 8.04E+04 4.80E+04 2.87 1.67 

Lumican  LUM 38 2.88E+04 3.70E+04 3.87E+04 8.77E+03 0.78 4.42 

Coagulation factor XIII A chain F13A 83 1.23E+05 1.35E+05 8.98E+04 1.70E+05 0.91 0.53 

Immunoglobulin lambda variable 3-10 LV310 12 1.59E+05 8.83E+04 6.01E+04 4.05E+05 1.80 0.15 

Attractin ATRN 159 3.77E+04 2.84E+04 3.85E+04 4.33E+04 1.33 0.89 

Immunoglobulin lambda constant 2* IGLC2 11 2.81E+05 7.58E+04 2.23E+05 5.49E+05 3.71 0.41 
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Serum amyloid A-1 protein  SAA1 14 9.71E+04 7.75E+04 4.67E+04 1.28E+05 1.25 0.37 

Complement component C7  CO7 94 1.99E+04 3.63E+04 2.24E+04 6.73E+03 0.55 3.33 

Cystatin-C CYTC 16 3.96E+04 4.02E+04 3.37E+04 4.57E+04 0.98 0.74 

Carboxypeptidase N catalytic chain  CBPN 52 4.84E+04 3.34E+04 4.79E+04 8.16E+04 1.45 0.59 

Haptoglobin-related protein  HPTR 39 2.97E+05 6.01E+05 4.11E+05 0.00E+00 0.49 NA 

Complement C1r subcomponent-like 

protein  
C1RL 53 1.59E+04 2.39E+04 2.57E+04 0.00E+00 0.66 NA 

Apolipoprotein D* APOD 21 9.31E+04 3.35E+04 7.98E+04 1.47E+05 2.78 0.54 

Vascular cell adhesion protein 1 VCAM1 81 7.57E+03 1.01E+04 1.31E+04 6.45E+02 0.75 20.25 

Platelet factor 4  PLF4 11 2.57E+04 2.81E+04 5.40E+04 9.73E+03 0.91 5.55 

Selenoprotein P  SEPP1 43 2.02E+04 2.61E+04 3.84E+04 1.26E+04 0.77 3.06 

Immunoglobulin lambda variable 3-21  LV321 12 6.16E+04 1.71E+04 8.54E+04 6.57E+04 3.60 1.30 

Keratin, type I cytoskeletal 9  K1C9 62 6.96E+04 9.21E+04 9.39E+04 4.01E+04 0.76 2.34 

Coagulation factor XIII B chain  F13B 76 8.66E+03 9.27E+03 1.08E+04 7.45E+03 0.93 1.45 

L-selectin  LYAM1 42 2.91E+04 0.00E+00 5.83E+04 2.04E+04 NA 2.86 

Hemoglobin subunit alpha  HBA 15 3.35E+04 5.68E+04 4.28E+04 9.96E+03 0.59 4.30 

Complement factor D  CFAD 27 6.20E+03 4.25E+03 2.04E+04 0.00E+00 1.46 NA 

Ig alpha-2 chain C region IGHA2 37 3.45E+05 7.67E+04 4.76E+05 2.51E+05 4.50 1.90 

Serglycin SRGN 18 5.58E+04 3.81E+04 4.29E+04 4.90E+04 1.46 0.88 

Alpha-2-antiplasmin  A2AP 55 1.48E+04 2.46E+04 2.22E+04 0.00E+00 0.60 NA 

CD5 antigen-like  CD5L 38 7.61E+03 1.50E+04 7.84E+03 0.00E+00 0.51 NA 

Immunoglobulin kappa variable 3-20  KV320 13 1.29E+04 1.50E+04 4.07E+03 5.30E+03 0.86 0.77 

Immunoglobulin lambda variable 3-27  LV327 12 4.52E+04 2.10E+04 1.79E+04 1.21E+05 2.15 0.15 

Insulin-like growth factor-binding 

protein 3  
IBP3 32 8.16E+03 3.87E+03 1.67E+04 0.00E+00 2.11 NA 

E3 ubiquitin-protein ligase UBR4  UBR4 574 4.28E+03 0.00E+00 1.80E+04 0.00E+00 NA NA 

Pregnancy zone protein  PZP 164 2.91E+03 1.14E+04 0.00E+00 0.00E+00 0.25 NA 

Carboxypeptidase B2  CBPB2 48 2.56E+04 3.92E+04 5.66E+04 0.00E+00 0.65 NA 

Protein Z-dependent protease inhibitor  ZPI 51 1.28E+04 1.45E+04 2.01E+04 2.65E+03 0.88 7.58 

Plexin-A3  PLXA3 208 1.36E+03 0.00E+00 0.00E+00 5.18E+03 NA 0.00 
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Plasma protease C1 inhibitor  IC1 55 8.18E+03 2.69E+03 8.60E+03 9.51E+03 3.04 0.91 

Complement component C8 beta chain  CO8B 67 1.10E+04 1.39E+04 2.33E+04 2.51E+03 0.79 9.29 

Leucine-rich alpha-2-glycoprotein  A2GL 38 1.20E+04 2.42E+04 1.78E+04 0.00E+00 0.50 NA 

Insulin-like growth factor-binding 

protein complex acid labile subunit  
ALS 66 2.31E+04 3.49E+04 3.04E+04 0.00E+00 0.66 NA 

Hepatocyte growth factor activator  HGFA 71 1.44E+04 1.24E+04 2.76E+04 0.00E+00 1.16 NA 

Immunoglobulin heavy variable 3-72  HV372 13 1.45E+04 1.66E+04 1.77E+04 0.00E+00 0.87 NA 

Vasorin  VASN 72 2.78E+05 0.00E+00 1.17E+06 0.00E+00 NA NA 

Keratin, type II cytoskeletal 1  K2C1 66 1.17E+04 1.67E+04 2.66E+04 1.06E+03 0.70 25.11 

Vitamin K-dependent protein C PROC 52 3.94E+04 1.29E+04 1.04E+04 7.08E+04 3.05 0.15 

Nebulin  NEBU 773 2.45E+02 9.64E+02 0.00E+00 0.00E+00 0.25 NA 

Galectin-3-binding protein  LG3BP 65 1.52E+03 1.27E+03 2.28E+03 0.00E+00 1.20 NA 

Neurexin-3  NRX3A 181 1.50E+03 0.00E+00 0.00E+00 0.00E+00 NA NA 

Golgin subfamily B member 1  GOGB1 376 1.91E+02 0.00E+00 8.06E+02 0.00E+00 NA NA 

Ig kappa chain V-III region IARC/BL41  KV311 14 8.41E+03 9.63E+03 2.18E+04 0.00E+00 0.87 NA 

Sex hormone-binding globulin  SHBG 44 7.96E+03 1.60E+04 1.10E+03 0.00E+00 0.50 NA 

Actin, cytoplasmic 1  ACTB (+1) 42 4.48E+03 9.12E+03 8.30E+03 0.00E+00 0.49 NA 

Complement factor H-related protein 2  FHR2 31 8.78E+02 1.69E+03 1.44E+03 0.00E+00 0.52 NA 

Keratin, type I cytoskeletal 10  K1C10 59 9.96E+03 7.77E+03 1.53E+04 8.77E+03 1.28 1.74 

Coagulation factor XI  FA11 70 2.45E+03 7.63E+03 2.16E+03 0.00E+00 0.32 NA 

Angiogenin  ANGI 17 6.49E+03 1.81E+03 2.22E+04 3.02E+03 3.59 7.34 

NFX1-type zinc finger-containing 

protein 1  
ZNFX1 220 1.11E+02 0.00E+00 0.00E+00 0.00E+00 NA NA 

Multimerin-1  MMRN1 138 1.68E+03 8.23E+02 3.51E+02 0.00E+00 2.04 NA 

Ig gamma-4 chain C region  IGHG4 36 2.11E+04 0.00E+00 5.30E+04 2.81E+04 NA 1.89 

Coagulation factor IX  FA9 52 3.36E+02 0.00E+00 1.42E+03 0.00E+00 NA NA 

Immunoglobulin kappa light chain  IGK 12 8.50E+02 0.00E+00 8.15E+02 0.00E+00 NA NA 

von Willebrand factor  VWF 309 9.68E+02 2.54E+03 0.00E+00 0.00E+00 0.38 NA 

Monocyte differentiation antigen CD14  CD14 40 2.72E+03 5.74E+03 3.29E+03 0.00E+00 0.47 NA 

IgGFc-binding protein  FCGBP 572 5.59E+02 1.81E+03 4.16E+02 0.00E+00 0.31 NA 
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Neuropilin-1  NRP1 103 3.92E+02 8.76E+02 3.29E+02 0.00E+00 0.45 NA 

Coagulation factor X  FA10 55 1.53E+03 2.35E+03 3.19E+03 0.00E+00 0.65 NA 

Abnormal spindle-like microcephaly-

associated protein  
ASPM 410 2.64E+02 1.04E+03 0.00E+00 0.00E+00 0.25 NA 

Ig kappa chain V-I region Scw  KV117 12 4.76E+03 2.82E+03 4.32E+03 4.01E+03 1.69 1.08 

Immunoglobulin kappa variable 3-15  KV315  1.45E+03 0.00E+00 6.10E+03 0.00E+00 NA NA 

Lysozyme C  LYSC 17 5.17E+03 1.30E+04 6.25E+03 0.00E+00 0.40 NA 

Fetuin-B  FETUB 42 1.21E+04 4.61E+04 1.65E+03 0.00E+00 0.26 NA 

Ficolin-3  FCN3 33 4.67E+03 4.50E+03 1.48E+04 0.00E+00 1.04 NA 

Complement factor H-related protein 3  FHR3 37 2.27E+03 4.19E+03 0.00E+00 0.00E+00 0.54 NA 

Complement C1q subcomponent subunit 

B  
C1QB 27 9.39E+03 0.00E+00 2.24E+03 3.48E+04 NA 0.06 

Immunoglobulin kappa variable 2-30  KV230 (+1) 12 3.96E+02 0.00E+00 0.00E+00 0.00E+00 NA NA 

Insulin-like growth factor-binding 

protein 5  
IBP5 31 1.52E+03 2.30E+03 3.10E+03 0.00E+00 0.66 NA 

Bromodomain-containing protein 8  BRD8 135 3.21E+02 0.00E+00 1.35E+03 0.00E+00 NA NA 

Apolipoprotein M  APOM 21 1.35E+03 2.28E+03 2.17E+03 0.00E+00 0.59 NA 

Tetranectin  TETN 23 1.37E+04 2.55E+04 8.86E+03 1.49E+04 0.54 0.60 

Putative protein FAM90A12P  F90AC 50 9.27E+01 3.64E+02 0.00E+00 0.00E+00 0.25 NA 

Nidogen-1  NID1 136 6.79E+02 1.36E+03 9.01E+02 0.00E+00 0.50 NA 

Alpha-1-antichymotrypsin  AACT 48 1.57E+03 0.00E+00 4.22E+02 0.00E+00 NA NA 

Replicase polyprotein 1ab 
R1AB_CVHS

A 
790 8.26E+04 0.00E+00 0.00E+00 3.25E+05 NA 0.00 

Alpha-1-acid glycoprotein 1 A1AG1 24 1.78E+03 0.00E+00 5.06E+03 0.00E+00 NA NA 

Basement membrane-specific heparan 

sulfate proteoglycan core protein  
PGBM 469 1.48E+02 5.83E+02 0.00E+00 0.00E+00 0.25 NA 

Secreted phosphoprotein 24  SPP24 24 4.82E+02 3.53E+02 7.20E+02 0.00E+00 1.36 NA 

Transforming growth factor-beta-induced 

protein ig-h3  
BGH3 75 7.34E+01 0.00E+00 0.00E+00 0.00E+00 NA NA 

Peptidase inhibitor 16  PI16 49 3.57E+03 4.06E+03 8.82E+03 0.00E+00 0.88 NA 

Complement factor H-related protein 5  FHR5 64 2.29E+03 0.00E+00 0.00E+00 0.00E+00 NA NA 

Hemoglobin subunit beta  HBB 16 4.87E+03 1.69E+04 2.39E+03 0.00E+00 0.29 NA 
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Plexin domain-containing protein 2  PXDC2 60 1.96E+02 3.69E+02 4.31E+02 0.00E+00 0.53 NA 

Low affinity immunoglobulin gamma Fc 

region receptor III-B  
FCG3B 26 1.51E+03 0.00E+00 4.40E+03 0.00E+00 NA NA 

Kinetochore-associated protein 1  KNTC1 251 4.30E+02 1.69E+03 0.00E+00 0.00E+00 0.25 NA 

Apolipoprotein F  APOF 35 5.96E+05 1.01E+06 1.08E+06 0.00E+00 0.59 NA 

Keratin, type II cytoskeletal 2 epidermal  K22E 65 1.75E+03 4.77E+03 2.25E+03 0.00E+00 0.37 NA 

Baculoviral IAP repeat-containing 

protein 6  
BIRC6 530 6.57E+03 0.00E+00 0.00E+00 0.00E+00 NA NA 

Immunoglobulin delta heavy chain  IGD 42 3.39E+03 0.00E+00 3.17E+03 0.00E+00 NA NA 

Inter-alpha-trypsin inhibitor heavy chain 

H3  
ITIH3 100 3.63E+02 0.00E+00 1.53E+03 0.00E+00 NA NA 

Cathelicidin antimicrobial peptide  CAMP 19 8.60E+02 2.13E+03 8.41E+02 0.00E+00 0.40 NA 

KN motif and ankyrin repeat domain-

containing protein 1  
KANK1 147 3.15E+02 7.82E+02 0.00E+00 0.00E+00 0.40 NA 

Mannan-binding lectin serine protease 1 MASP1 79 9.62E+01 0.00E+00 0.00E+00 0.00E+00 NA NA 

Retinoic acid receptor responder protein 

2  
RARR2 19 4.48E+02 8.05E+02 0.00E+00 0.00E+00 0.56 NA 

Beta-Ala-His dipeptidase CNDP1 57 6.09E+02 1.41E+03 1.06E+03 0.00E+00 0.43 NA 

Usherin  USH2A 576 6.05E+03 0.00E+00 0.00E+00 2.38E+04 NA 0.00 

Proprotein convertase subtilisin/kexin 

type 9  
PCSK9 74 7.06E+02 7.83E+02 1.71E+03 0.00E+00 0.90 NA 

ADAMTS-like protein 4  ATL4 117 4.49E+02 0.00E+00 1.89E+03 0.00E+00 NA NA 

Stabilin-2  STAB2 277 2.23E+02 8.78E+02 0.00E+00 0.00E+00 0.25 NA 

Immunoglobulin alpha-2 heavy chain IGA2 37 2.72E+05 0.00E+00 3.20E+05 0.00E+00 NA NA 

Dynamin-like 120 kDa protein, 

mitochondrial 
OPA1 112 2.72E+05 0.00E+00 0.00E+00 0.00E+00 NA NA 

Calcium/calmodulin-dependent 3',5'-

cyclic nucleotide phosphodiesterase 1C  
PDE1C 81 3.34E+03 3.11E+03 0.00E+00 0.00E+00 1.08 NA 

E1A-binding protein p400  EP400 343 5.01E+02 0.00E+00 0.00E+00 1.97E+03 NA 0.00 

Glycerol-3-phosphate acyltransferase 4  GPAT4 52 2.14E+02 8.42E+02 0.00E+00 0.00E+00 0.25 NA 

Zinc finger protein 469  ZN469 410 1.24E+03 0.00E+00 0.00E+00 4.86E+03 NA 0.00 

Immunoglobulin lambda variable 1-47  LV147 12 8.62E+02 3.39E+03 0.00E+00 0.00E+00 0.25 NA 

Cardiomyopathy-associated protein 5  CMYA5 449 1.09E+03 0.00E+00 0.00E+00 4.29E+03 NA 0.00 
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Apolipoprotein C-IV  APOC4 15 2.36E+02 0.00E+00 7.31E+02 0.00E+00 NA NA 

Mannan-binding lectin serine protease 2  MASP2 76 7.02E+01 0.00E+00 2.96E+02 0.00E+00 NA NA 

Serine/threonine-protein phosphatase 2A 

65 kDa regulatory subunit A alpha 

isoform 

2AAA 65 7.07E+02 1.39E+03 1.49E+03 0.00E+00 0.51 NA 

Dihydroorotate dehydrogenase 

(quinone), mitochondrial  
PYRD 43 3.77E+02 0.00E+00 1.59E+03 0.00E+00 NA NA 

AT-rich interactive domain-containing 

protein 1A  
ARI1A 242 2.38E+03 0.00E+00 0.00E+00 9.37E+03 NA 0.00 

Out at first protein homolog  OAF 31 1.19E+03 1.93E+03 2.07E+03 0.00E+00 0.61 NA 

Protein TANC2  TANC2 220 1.58E+02 6.23E+02 0.00E+00 0.00E+00 0.25 NA 

Collectin-11  COL11 29 1.36E+03 3.48E+03 1.98E+03 0.00E+00 0.39 NA 

Ovostatin homolog 2  OVOS2 161 1.27E+03 4.99E+03 0.00E+00 0.00E+00 0.25 NA 

Latent-transforming growth factor beta-

binding protein 1  
LTBP1 187 8.11E+02 0.00E+00 3.42E+03 0.00E+00 NA NA 

Trypsin-1  TRY1 27 1.99E+02 0.00E+00 8.38E+02 0.00E+00 NA NA 

Biotinidase  BTD 61 4.85E+02 1.91E+03 0.00E+00 0.00E+00 0.25 NA 

Immunoglobulin superfamily containing 

leucine-rich repeat protein  
ISLR 46 5.11E+01 0.00E+00 2.15E+02 0.00E+00 NA NA 

Dopamine beta-hydroxylase  DOPO 69 9.06E+02 1.78E+03 1.91E+03 0.00E+00 0.51 NA 

Keratin, type II cytoskeletal 6A  K2C6A 60 3.32E+02 0.00E+00 1.40E+03 0.00E+00 NA NA 

Leucine-rich repeat-containing protein 

45  
LRC45 76 4.08E+01 0.00E+00 1.72E+02 0.00E+00 NA NA 

Mitofusin-1  MFN1 84 6.35E+02 0.00E+00 0.00E+00 0.00E+00 NA NA 

Transforming growth factor beta-1 TGFB1 44 1.07E+02 4.22E+02 0.00E+00 0.00E+00 0.25 NA 

Proline-rich acidic protein 1  PRAP1 17 3.87E+02 0.00E+00 1.63E+03 0.00E+00 NA NA 

Potassium/sodium hyperpolarization-

activated cyclic nucleotide-gated channel 

4  

HCN4 129 1.29E+03 0.00E+00 0.00E+00 5.06E+03 NA 0.00 

Insulin receptor substrate 2  IRS2 137 4.36E+03 1.71E+04 0.00E+00 0.00E+00 0.25 NA 

Ribonuclease 4  RNAS4 17 1.47E+02 2.90E+02 3.10E+02 0.00E+00 0.51 NA 

Immunoglobulin kappa variable 6D-21  KVD21 12 2.58E+02 0.00E+00 1.09E+03 0.00E+00 NA NA 
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Insulin-like growth factor-binding 

protein 2  
IBP2 35 2.34E+02 4.60E+02 4.93E+02 0.00E+00 0.51 NA 

NHS-like protein 1 NHSL1 171 1.77E+03 6.97E+03 0.00E+00 0.00E+00 0.25 NA 

TANK-binding kinase 1-binding protein 

1  
TBKB1 68 2.58E+02 1.02E+03 0.00E+00 0.00E+00 0.25 NA 

Ectonucleotide 

pyrophosphatase/phosphodiesterase 

family member 2 

ENPP2 99 2.59E+02 0.00E+00 0.00E+00 0.00E+00 NA NA 

Multimerin-2  MMRN2 104 1.12E+02 4.40E+02 0.00E+00 0.00E+00 0.25 NA 

DENN domain-containing protein 4C  DEN4C 187 4.17E+02 1.64E+03 0.00E+00 0.00E+00 0.25 NA 

Total of 216 serum proteins identified confidently. Bold font represents the seventy proteins present in at least 50% of both the recovered and non-recovered participant 

serum samples. * Indicates the protein was significantly associated with three-month recovery status following multivariable data analysis. FDR, false discovery rate; ID, 

identifier; kDa, kilodalton; NA, not applicable; NR, Not recovered; R, Recovered. Bold font indicates. Fold change not calculated when a proteins average normalised 

abundance is zero.  
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Table S4. Serum proteins significantly associated with sex in recovered participants. 

 

Protein name 
Accession 

Number 
VIPpred p(corr) B 

Recovered male 

(N=15) 

Recovered female 

(N=15) 

Fold Change  

(M vs F) 

Serum albumin (ALB) b P02768 1.70 0.29 -0.07 7.84 (0.12) 8.11 (0.19) ↓ 0.97 

Kininogen-1 (KNG1) b P01042 1.61 -0.26 0.07 6.15 (0.14) 5.72 (0.26) ↑ 1.08 

Immunoglobulin lambda constant 2 (IGLC2) P0DOY2 1.50 -0.75 0.06 4.99 (2.03) 1.38 (2.38) ↑ 2.77 

Antithrombin-III (SERPINC1) P01008 1.44 -0.22 0.06 5.14 (1.44) 3.69 (2.32) ↑ 1.39 

Complement factor H (CFH) b P08603 1.39 -0.24 0.06 6.33 (0.17) 5.99 (0.24) ↑ 1.06 

Clusterin (CLU) b P10909 1.37 -0.21 0.06 6.38 (0.14) 6.12 (0.18) ↑ 1.04 

Coagulation factor XII (F12) P00748 1.37 0.69 -0.06 1.32 (2.28) 4.58 (1.88) ↓ 0.28 

Afamin (AFM) P43652 1.37 0.57 -0.06 0.98 (2.03) 4.49 (1.26) ↓ 0.22 

Ig mu chain C region (IGHM) P01871 1.34 -0.75 0.05 6.02 (0.35) 5.56 (0.33) ↑ 1.08 

Fibrinogen alpha chain (FGA) b P02671 1.34 -0.75 0.05 7.55 (0.21) 6.76 (0.53) ↑ 1.12 

Complement C4-A (C4A) P0C0L4 1.30 -0.72 0.05 6.84 (0.17) 6.27 (0.46) ↑ 1.09 

Alpha-1B-glycoprotein (A1BG) P04217 1.27 -0.72 0.05 6.10 (1.72) 5.85 (0.48) ↑ 1.04 

Apolipoprotein A-I (APOA1) b P02647 1.27 -0.59 0.05 7.04 (0.25) 6.65 (0.24) ↑ 1.06 

Immunoglobulin J chain (IGJ) b P01591 1.27 -0.57 0.05 6.16 (0.28) 5.47 (0.47) ↑ 1.13 

Apolipoprotein D (APOD) P05090 1.26 -0.51 0.05 3.19 (2.70) 2.25 (2.49) ↑ 1.42 

Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1) b P19827 1.25 -0.63 0.05 6.28 (1.75) 6.23 (0.35) ↑ 1.01 

Complement factor B (CFB) P00751 1.20 -0.65 0.04 5.73 (1.60) 5.76 (0.30) ↓ 0.99 

Hemopexin (HPX) P02790 1.16 -0.61 0.05 5.82 (1.64) 5.76 (0.32) ↑ 1.01 

Gelsolin (GSN) P06396 1.12 -0.69 0.04 5.19 (1.45) 4.81 (1.37) ↑ 1.08 

Complement C3 (C3) P01024 1.11 -0.60 0.04 6.81 (0.17) 6.51 (0.30) ↑ 1.05 

Inter-alpha-trypsin inhibitor heavy chain H2 (ITIH2) P19823 1.09 -0.38 0.04 6.46 (0.18) 6.20 (0.23) ↑ 1.04 

Alpha-2-macroglobulin (A2M) P01023 1.02 0.06 -0.03 6.09 (0.28) 6.22 (0.52) ↓ 0.98 

Plasma kallikrein (KLKB1) P03952 1.01 -0.49 0.03 5.10 (1.43) 4.84 (1.39) ↑ 1.05 

Platelet basic protein (PPBP) P02775 1.01 -0.47 0.04 4.74 (2.46) 4.74 (1.95) ↑ 1.00 

Vitronectin (VTN) b P04004 1.00 0.54 -0.04 5.34 (1.49) 5.20 (2.12) ↑ 1.03 
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Accession numbers are derived from the protein data base UniProt (www.uniprot.org). Variable influence on projections (VIP) indicates the importance of the covariable. 

p(corr) is the loading of each variable scaled as a correlation coefficient. B is the regression coefficient. Females were coded as 0, and males were coded as 1. Fold change is 

a univariable measure whereby a value greater than 1 indicates a protein was upregulated in male participants (↑ = upregulated, ↓ = downregulated). Please note that fold 

change does not necessarily correspond to p(corr): i.e. a positive fold change, is not automatically equal to a positive p(corr). Protein abundance is reported as the log10 scaled 

mean ± standard deviation. b Indicates the protein was considered significant in recovered and non-recovered groups when predicting sex.  
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Table S5. Serum proteins significantly associated with sex in non-recovered participants. 

Accession numbers are derived from the protein data base UniProt (www.uniprot.org). Variable influence on projections (VIP) indicates the importance of the covariable. 

p(corr) is the loading of each variable scaled as a correlation coefficient. B is the regression coefficient. Females were coded as 0, and males were coded as 1. Fold change is 

a univariable measure whereby a value greater than 1 indicates a protein was upregulated in male participants (↑ = upregulated, ↓ = downregulated). Please note that fold 

change does not necessarily correspond to p(corr): i.e. a positive fold change, is not automatically equal to a positive p(corr). Protein abundance is reported as the log10 scaled 

mean ± standard deviation. b Indicates the protein was considered significant in recovered and non-recovered groups when predicting sex.   

 

 

Protein name 
Accession 

Number 
VIPpred p(corr) B 

Non-recovered male 

(N=14) 

Non-recovered female 

(N=15) 

Fold Change  

(M vs F) 

Immunoglobulin J chain (IGJ) b P01591 2.26 -0.90 0.08 5.29 (0.49) 5.75 (0.54) ↓ 0.92 

Fibrinogen alpha chain (FGA) b P02671 2.08 -0.34 0.07 6.74 (0.31) 7.15 (0.53) ↓ 0.94 

Kininogen-1 (KNG1) b P01042 2.02 -0.81 0.07 5.78 (0.14) 5.92 (0.24) ↓ 0.98 

Apolipoprotein C-III (APOC3) P02656 1.94 -0.72 0.08 5.80 (1.68) 6.50 (0.35) ↓ 0.89 

Serum albumin (ALB) b P02768 1.90 0.78 -0.06 8.12 (0.11) 7.97 (0.27) ↑ 1.02 

Prothrombin (F2) P00734 1.76 0.65 -0.08 5.81 (0.27) 4.85 (1.99) ↑ 1.20 

Clusterin (CLU) b P10909 1.67 -0.65 0.05 6.07 (0.12) 6.16 (0.27) ↓ 0.99 

Haptoglobin (HP) P00738 1.60 -0.63 0.06 6.41 (0.40) 6.68 (0.38) ↓ 0.96 

Vitronectin (VTN) b P04004 1.53 0.66 -0.05 5.57 (1.62) 5.05 (2.07) ↑ 1.10 

Complement factor H (CFH) b P08603 1.46 -0.65 0.02 6.12 (0.21) 6.18 (0.21) ↓ 0.99 

Apolipoprotein A-I (APOA1) b P02647 1.43 -0.56 0.05 6.68 (0.28) 6.87 (0.33) ↓ 0.97 

Inter-alpha-trypsin inhibitor heavy chain H1 (ITIH1) b P19827 1.39 -0.64 0.03 6.20 (0.46) 5.95 (1.68) ↑ 1.04 

Vitamin D-binding protein (GC) P02774 1.10 0.44 -0.02 5.76 (1.69) 5.23 (2.15) ↑ 1.10 

Complement component C8 gamma chain (C8G) P07360 1.07 0.52 -0.01 4.77 (1.40) 3.06 (2.59) ↑ 1.56 
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Chapter 8: General discussion 

The overarching aim of this thesis was to enhance our understanding of neurobiological risk 

factors underpinning the transition from acute to chronic non-specific LBP. To achieve this 

aim, the Understanding persistent Pain Where it ResiDes (UPWaRD) study was conducted, 

and the previous chapters describe the background, methods, and results of this study. The 

following chapter provides a discussion that synthesises the key findings arising from this 

body of work and provides novel insight into how pain neurobiology is involved in the 

transition from acute to chronic LBP. The limitations of this work (not previously detailed in 

each chapter) and directions for future research are also discussed. 
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8.1. Contribution of this thesis to the body of evidence 

The Understanding persistent Pain Where it ResiDes (UPWaRD) study provided insight into 

how neurobiological risk factors measured during the acute-stage of LBP contribute to 

chronic or recurrent LBP at three or six-month follow-up. This thesis also highlights key 

methodological considerations that are important for improving the rigor, transparency and 

quality of future research conducted in the field of prediction and causal inference.  

Chapter 2 reports the UPWaRD study protocol and statistical analysis plan for the first 

adequately powered, longitudinal investigation, of candidate predictors related to 

sensorimotor neurophysiology and neuroplastic potential measured during the acute-stage of 

LBP. This study protocol is an important component of this thesis, highlighting the 

transparent reporting of data collected within this thesis. 

Chapter 3 presents the UPWaRD cohort profile. Data from the UPWaRD cohort profile 

identified that compared to pain-free controls, LBP participants were older, had a higher 

BMI, a higher prevalence of comorbidities and higher medication usage. Further, higher 

depression, anxiety and stress, lower pain self-efficacy and higher pain catastrophizing during 

acute LBP were correlated with higher six-month pain and disability. These descriptive 

characteristics of the UPWaRD cohort are important to consider when interpreting the 

original findings presented in Chapter 4, 6 and 7. 

Chapter 4 was the first published longitudinal study to explore whether acute-stage 

corticomotor excitability, somatosensory and anterior cingulate cortex excitability, and 

markers of neuroplastic potential were prognostic factors associated with future LBP. Smaller 

N80 sensory evoked potential (SEP) area and smaller L3 map volume in the acute stage of 

LBP were risk factors of higher pain intensity reported at six months. Furthermore, when N80 

SEP area, L3 map volume and BDNF genotype were combined with psychological (higher 
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emotional distress) and symptom-related (no prior LBP history, higher baseline pain 

intensity) factors, the multivariable logistic regression model could discriminate between 

those with and without LBP at six-month follow-up. This study highlights the importance of 

assessing diverse phenotypic traits, across a range of neurobiological, psychological, 

symptom-related, and demographic domains, when attempting to predict future LBP 

outcome. 

Chapter 5 describes the development of a causal model and statistical analysis plan for 

investigating the causal effect of sensorimotor cortex excitability on the development of six-

month LBP outcome. In line with recent conceptual advances for estimating the causal effect 

of an exposure on a health outcome using observational data, this work presents a directed 

acyclic graph, explicitly stating the causal assumptions underpinning our statistical analysis 

plan.  

Chapter 6 is the first study to explore acute-stage sensorimotor neurophysiology as a 

mechanism driving the transition from acute to chronic LBP. In this study, a smaller N80 and 

N150 SEP area, reflecting lower somatosensory cortex excitability, during an acute episode of 

LBP increased the likelihood that an individual developed chronic pain. This effect was 

robust to adjustment of confounding bias and sensitivity analysis exploring the effect of 

unknown confounding. Thus, lower somatosensory cortex excitability during the acute stage 

of LBP could represent a physiologically relevant causal mechanism underpinning the 

development of chronic LBP. 

Chapter 7 is the first study to explore the serum proteomic profile of individuals 

experiencing an acute episode of LBP. Significant proteins identified in this study were often 

linked to biological processes including immunity, inflammation, and 

complement/coagulation system activation. The significant proteins could accurately classify 

three-month LBP outcome in 93% and 90% of male and female participants respectively. 
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Further, this study identified sex-specific differences in protein expression. Proteins 

downregulated during acute LBP in non-recovered males were almost always upregulated in 

non-recovered females.  

Cumulatively, the work presented in this thesis provides an extensive and original 

contribution to the available body of evidence on pain neurobiology underpinning the 

transition from acute to chronic LBP. The following section provides a discussion of the 

major findings arising from the work presented in this thesis.  

8.2. Cohort studies of prediction and causal inference are different 

Cohort studies sample a group of individuals at risk of developing a particular outcome of 

interest. Data on the individuals exposure to certain risk factors and their subsequent outcome 

is collected, then the strength of the association between risk factors and outcome is 

quantified (Herbert, 2014). As highlighted in this thesis, there are two main types of cohort 

studies: those which are concerned with understanding mechanisms that cause an outcome 

(aetiology), and those attempting to predict outcome (prognosis).  

Chapter 4 of this thesis presents the results of our cohort study designed to identify 

prognostic factors associated with six-month LBP outcome. Whether the prognostic factors 

identified in this study were causal or not, was not explored, rather the study attempted to 

accurately predict six-month LBP outcome. Conversely, the study presented in Chapter 6, 

attempted to quantify the extent to which acute-stage sensorimotor cortex excitability (a 

putative aetiologic factor), truly did, or did not, cause worse LBP outcome in participants of 

the UPWaRD cohort.  

Historically, many epidemiologists are reluctant to use the word cause when scientifically 

reporting results of cohort studies. Instead, using terms such as “association”, amongst others 

that convey a similar meaning (e.g. “correlation,” “pattern,” “link”). The main justification 
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for this has been explained in Chapter 1 of this thesis. That is, non-randomized studies 

provide a less rigorous foundation for drawing causal inferences than randomized controlled 

trials (Hernán MA, 2020). However, this argument conflates the aims and methods of 

scientific research (Hernán, 2018). In fact, demonstrating the existence of an association 

between an exposure and health outcome is of little to no intrinsic interest (Herbert, 2014). 

Demonstration of an association is only useful if the association is shown to be either 

predictive or causal (Kaufman et al., 2003).  

The formulation of an appropriate research question is the first step towards designing and 

reporting the results of a cohort study that can explicitly answer a predictive or causal 

question. For studies of prediction, the choice of exposure variable is of less importance. 

Exposure variables that cannot be manipulated may still accurately predict an outcome 

(Herbert, 2014). For example, our prediction study reported in this thesis includes candidate 

risk factors (exposures) that cannot be manipulated (i.e. age, sex, previous history of LBP and 

BDNF genotype). Causal research questions are not as simple to formulate. Firstly, the causal 

effect of an exposure variable must be interpreted as the difference in the individuals 

outcome, with and without exposure (Holland, 1986). Therefore, it should be clear how an 

exposure variable can at least be theoretically manipulated to talk meaningfully about causal 

effects (Herbert, 2014). A useful way to design a cohort study that answers a causal question 

is to emulate a hypothetical “target trial” (Hernán MA, 2020; Hernán & Robins, 2016). For 

example, the hypothetical target trial for the study presented in Chapter 6 of this thesis would 

involve randomizing participants to receive an intervention that could increase somatosensory 

cortex excitability during acute LBP, or an intervention that could reduce somatosensory 

cortex excitability during acute LBP. This hypothetical target trial is conceivable, and the 

exposure variable (sensorimotor cortex excitability), can plausibly be manipulated  (Bagg et 

al., 2017; Cavaleri et al., 2019; O'Connell et al., 2018).  
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The next important difference between cohort studies of prediction and causal inference to 

discuss in the context of this thesis is the effect of confounding. Confounding is always a 

possibility in observational research, and therefore, association is not necessarily causation 

(Pearl & Mackenzie, 2018). In prognostic cohort studies, there is no need to control for 

confounding. At least in theory, any variable included in a statistical model can generate 

accurate predictions (Steyerberg, 2008). In cohort studies of aetiology the objective is to 

determine a causal effect, therefore, it is generally necessary to adjust for confounding 

(Hernán MA, 2020). Control for confounding can be achieved at the design stage of an 

observational study by matching participants based on known confounding factors  

(Dickerman et al., 2022), or at the statistical modelling stage of the study by adjusting for 

known confounding variables (Rothman et al., 2008). Within Chapters 5 and 6 of this thesis, 

the methodology for identify confounding variables in our cohort study of aetiology, and the 

statistical models used to adjust for this confounding are explicitly reported. These control 

strategies are usually imperfect, confounders may be inappropriately measured, and statistical 

models may be incorrectly specified (MacMahon et al., 1990). The extent to which the 

researcher is able to identify all known confounding, measure without error, and 

appropriately adjust statistical models accordingly, will determine how biased their estimates 

of causal effect are (Herbert, 2014). Of course, there can be no guarantee any causal model 

achieves this (Hernán, 2018). However, an informed scientific discussion is only possible 

when the causal goal of an analysis is explicitly stated.  

As highlighted in this thesis, the statistical analysis for cohort studies attempting to predict 

outcome or infer causal effects is also necessarily different. Analysis of prognostic studies is 

data driven. In Chapter 4 we describe the least absolute shrinkage and selection operator 

(lasso) technique, a data driven technique for selecting prognostic factors that most accurately 

predict six-month pain intensity and the presence of future LBP. This technique is a form of 
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penalized regression that shrinks the coefficients of less important variables in a prediction 

model to zero decreasing the risk of overfitting a prediction model (Tibshirani, 1996). 

Furthermore, it is necessary to quantify the performance of prognostic models. Performance 

is not determined by the precision of effect estimates, rather, how accurately the model can 

discriminate individual participant’s outcomes (e.g. c-statistic) (Harrell Jr et al., 1996).  

Conversely, causal inference analyses must be theory driven. The validity of the causal 

inferences depends on several theoretical assumptions, including exchangeability, positivity, 

consistency, no measurement error and no model misspecification (Hernán MA, 2020). For 

example, unmeasured confounding would prevent conditional exchangeability (an 

assumption of equal distribution outside the effect of the exposure), (Hernán MA, 2020). 

Measurement error in the exposure, confounders or outcome will generally result in bias 

(Hernán MA, 2020), and model misspecification (e.g. large propensity weights for a small 

number of participants in a cohort) will prevent adequate confounder adjustment (Kurth et al., 

2006). Causal inferences rely on these theoretical assumptions, however they are not 

empirically testable (Hernán MA, 2020). The more a cohort study drawing causal inferences 

deviates from these assumptions, the more biased the effect estimate will be. For example, in 

Chapter 6 of this thesis effect estimates are modelled using conventional linear and logistic 

regression models, a form of stratification, in which the association between treatment and 

outcome is estimated within levels of all the other covariables entered into the regression 

equation (Hernán MA, 2020). Similar estimates can be obtained when using g-estimation, 

outcome regression and propensity scores (Hernán MA, 2020; Kurth et al., 2006). Linearity 

between exposure, confounders and outcome is assessed within statistical models reported in 

Chapter 6, and causal effect is quantified as the mean difference and odds ratio with 

corresponding estimates of uncertainty.  

Finally, cohort studies of prognosis should not guide the development of interventions. 
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Instead, they generate valuable prognostic information to identify people at risk of a poorer 

outcome who may benefit most from preventive interventions (Glasziou & Irwig, 1995). On 

the contrary, cohort studies of aetiology do attempt to identify mechanisms through which 

interventions might act, therefore, potentially informing development of new interventions 

(Lee et al., 2016). The extent to which an exposure causes a health condition, will determine 

how effective an intervention acting upon that exposure is at preventing the health condition 

from developing (Herbert, 2014). For example, a recent randomized clinical trial may further 

support our findings reported in Chapter 6. Specifically, graded sensorimotor retraining, an 

intervention for chronic LBP thought to exert its effect through altering neural networks 

responsible for perception of pain and function (e.g. SI and SII), compared with a sham 

procedure, demonstrated a clinically meaningful improvement in pain intensity at 18 weeks 

follow-up (Bagg et al., 2017; Bagg et al., 2022). 

The clear differentiation between prognostic and aetiologic research is an important 

contribution of this thesis to the body of evidence. Future longitudinal research exploring 

neurobiological risk factors of chronic pain should make the goals of their research explicit, 

as presented in this thesis (Hernán, 2018; Hernán MA, 2020). 

8.3. Bio-psycho-social risk factors predict future low back pain  

 A bio-psycho-social framework for assessment and management is commonly used to 

understand the complexities of LBP in favour of a purely biomedical approach (Hartvigsen et 

al., 2018). Indeed, musculoskeletal pain differs from many other health conditions that are 

assessed predominantly within a biomedical framework (e.g. cardiovascular disease, cancer). 

One major difference is that pain is always a subjective experience. The brain is central to the 

pain experience, transforming nociceptive input into a complex pain experience comprising 

sensory, affective, motivational, and cognitive aspects (Geuter et al., 2020), all influenced to 
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varying degrees by an individuals life experiences. Consequently, a person’s report of an 

experience of pain should be accepted and respected (Raja et al., 2020). This multi-

dimensional complexity does however, make it difficult to envision a world in which it is 

possible to accurately predict who is at greater risk of developing chronic pain (Tracey et al., 

2019).  

As described in Chapter 1, Section 2, prognostic models currently used in clinical practice 

display poor discrimination when attempting to predict who will develop chronic pain and 

acceptable discrimination when attempting to predict chronic disability (Karran et al., 2017a). 

These prognostic models are all self-reported screening questionnaires assessing themes such 

as the presence of disability, fear, anxiety, pessimistic patient expectations, low mood and 

how much the patient is bothered by their pain (Hill et al., 2008). These models are likely to 

be miscalibrated, performing worse in cohorts outside those in which they were developed 

(Karran et al., 2017b).  

In Chapter 4 of this thesis we report original data that suggests neurobiological variables are 

relevant prognostic factors. In the UPWaRD cohort, lower primary sensory cortex excitability 

and lower corticomotor excitability in the acute stage of LBP were prognostic factors 

associated with worse LBP outcome at six-months. The addition of these neurophysiological 

prognostic factors to a multivariable linear model that included symptom-related and 

psychological variables, explained a further 15% of the variance in six-month pain intensity. 

Further, the multivariable logistic regression model incorporating neurobiological, 

psychological, and symptom-related risk factors could discriminate between those with and 

without LBP at six-month follow-up (c-statistic 0.91 [0.84 to 0.95]).  

Our data adds to a growing body of evidence that attempts to predict pain outcomes using 

neurobiological prognostic factors. For example, the neurological pain signature developed 

by (Wager et al., 2013) based on patterns of activity across multiple brain regions can 
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discriminate when two stimuli are different in pain intensity by two points on a ten-point 

numerical rating scale with greater than 90% accuracy. Lee et al. (2019) combined resting-

state functional connectivity of the back representation in the primary somatosensory cortex, 

whole-brain regional cerebral blood flow and high frequency heart rate variability to predict 

pain intensity in patients with chronic LBP. Promising work from Baliki et al. (2012) and 

Vachon-Presseau et al. (2016) discriminates between participants with LBP at one- and three-

year follow-up using measures of brain structure, function and genetic properties. Most 

recently, Millard et al. (2022) accurately predicted post-operative thoracotomy pain in a small 

sample of patients based on their pre-operative neural oscillations. However, it is important to 

consider that this body of research has now gone full circle. These studies ignore the 

prognostic potential of psychological (e.g. depression, pain catastrophizing and self-efficacy) 

(George & Beneciuk, 2015; Jegan et al., 2017; Pincus et al., 2002; Pincus et al., 2006), 

lifestyle (sleep, physical activity, diet, alcohol consumption) (Klyne et al., 2018; Klyne et al., 

2021), sociodemographic (e.g. age, sex, education, employment status) (Burton et al., 1995; 

Pincus et al., 2008) and clinical (e.g. pain/disability intensity and duration) (Henschke et al., 

2008; Klyne et al., 2019) risk factors. 

In psychiatric conditions researchers have combined prognostic factors across multiple 

domains (imaging, genetic, biochemistry, psychological measures). For example, combining 

measures of brain morphology, polygenic risk, and cognitive scores improves prediction 

accuracy when attempting to classify between healthy controls or people with severe mental 

illness (i.e. schizophrenia or bipolar disorder). Data reported in this thesis provides 

transparently reported, high-quality evidence, suggesting prognostic factors should be 

measured across multiple domains to accurately predict those at risk of developing chronic 

LBP. This work should be considered in the design of future longitudinal studies that aim to 

develop and externally validated prognostic models that are readily available for predicting 
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risk of chronic pain soon after the onset of an acute pain episode.   

8.4. Exploring neurobiological mechanisms driving ongoing low back pain 

Understanding mechanisms in the clinical course of LBP is essential for developing effective 

and targeted treatments. This thesis extends our understanding of plausible causal 

mechanisms contributing to the development of chronic LBP. Specifically, in Chapter 6 we 

report the results of our aetiologic cohort study. In this study, we identify lower 

somatosensory cortex excitability and lower corticomotor excitability during the acute-stage 

of LBP in participants who reported ongoing LBP at six-month follow-up.  

Previous research suggests most people experiencing acute pain demonstrate corticomotor 

depression (Burns et al., 2016). Corticomotor depression during acute pain has been 

associated with reduced acute pain intensity, potentially reflecting an attempt to decrease 

motor output and prevent further pain or injury at the affected body region (Cavaleri et al., 

2020). However, long term persistence of corticomotor depression may drive the transition to 

chronicity, with preliminary research suggesting facilitation is associated with reduced pain 

intensity when pain has persisted  (Te et al., 2017; Tsao et al., 2011). Hodges and Tucker 

(2011) propose that ongoing corticomotor depression leads to simplified movement strategies 

that subsequently alters tissue loading, contributing to pain persistence. This theory is 

supported by recent meta-analysis of experimental pain data that suggests corticomotor 

depression is a beneficial short-term adaption, posing long term consequences (Chowdhury et 

al., 2022a).  

Unfortunately, the data we report in Chapter 6 cannot confirm the temporal profile of 

corticomotor excitability during the transition from acute to chronic LBP, nor does it explore 

potential interactions between corticomotor excitability and other known risk factors for pain 

persistence or disability. For example, it seems plausible that a person with maladaptive pain-
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related beliefs or cognitions would decrease their movement variability to a greater extent 

during acute pain, that in turn would cause corticomotor depression. However, data from 

experimental pain research challenges this theory. Individuals with higher fear of movement 

displayed less corticomotor depression than those reporting lower fear of movement 

(Summers et al., 2020). Potentially altered pain-cognitions increase attention and arousal 

toward a painful body area, that in turn leads to corticomotor facilitation (Lumley et al., 

2011). Further longitudinal research in clinical pain populations is needed to untangle this 

complex interaction between pain-related beliefs or cognitions, corticomotor excitability and 

recovery trajectories. 

In Chapter 6, we report novel data suggesting lower somatosensory cortex excitability during 

the acute-stage of LBP may be an important mechanism driving the transition from acute to 

chronic pain. Unlike corticomotor excitability, this finding was robust to confounder 

adjustment and sensitivity analysis exploring the effect of unknown confounding.  

Altered activation within SI during acute muscle pain has been observed in several blood 

oxygenation level dependent fMRI studies (Henderson et al., 2006; Loggia et al., 2012; 

Macefield et al., 2007; Maeda et al., 2011; Nash et al., 2010; Niddam et al., 2002; Takahashi 

et al., 2011; Uematsu et al., 2011). However, this study methodology detects haemodynamic 

changes, not electrophysiological changes, therefore it cannot be assumed these changes in 

activation patterns during acute pain in somatosensory brain regions reflects increased or 

decreased excitability of the cortex. Electrophysiological recordings of sensory evoked 

potentials, as described and reported in this thesis, provides insight into the direction of 

cortical excitability. Preliminary work suggests that acute experimental muscle pain activates 

synaptic processes that consistently reduce somatosensory cortex excitability (Rossi et al., 

1998; Rossi et al., 2003; Schabrun et al., 2013). Our data build on these findings, suggesting 

that lower somatosensory cortex excitability during the acute-stage of LBP increases an 
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individuals likelihood of developing chronic pain.  

Excitability of the somatosensory cortex, amongst other brain regions involved in encoding 

nociceptive stimuli, could represent a network for detecting salient sensory events (Legrain et 

al., 2011). Specifically, reducing excitability of some cortical regions during nociceptive 

processing (e.g. primary somatosensory cortex), could prioritize access to brain regions 

involved in directing attentional and executive functions (e.g. pre-frontal regions) (Legrain et 

al., 2011). For people experiencing an acute LBP episode, this a plausible defence 

mechanism designed to direct cortical attention towards stimuli threatening further injury and 

pain. This theory is supported by cross-sectional study data suggesting people experiencing 

acute LBP demonstrate lower somatosensory and anterior cingulate cortex excitability 

compared to pain-free controls (Chang et al., 2019).  

Based on these study findings, and the work reported in this thesis, we propose that lower 

somatosensory cortex excitability during the acute stage of LBP is a physiologically relevant 

causal mechanism underpinning the development of chronic LBP. Persistent reduction in 

somatosensory cortex excitability may represent a form of maladaptive plasticity driving 

chronicity. However, the point at which a decrease in cortical excitability switches from a 

beneficial response to a maladaptive response remains unclear. Exploring the temporal profile 

of cortical excitability is an important area for further research, as discussed below. 

8.4. Exploring diverse biological risk factors of low back pain  

As highlighted throughout this thesis, the search for biological risk factors of chronic pain has 

focussed largely on the nervous system (Hodges et al., 2019). However, a growing body of 

evidence suggests pain and injury involve diverse biological systems extending beyond 

neuronal excitation, inhibition, and processing (Grace et al., 2014; Hains & Waxman, 2006; 

Hodges et al., 2019). This thesis adds original evidence in support of this theory. Specifically, 
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Chapter 7 reports the first study to explore the serum proteomic profile of people 

experiencing an acute LBP episode.  

The interest in diverse biological risk factors has expanded since the early 2000s with the 

completion of the human genome project (Venter et al., 2001). This work has revealed a 

relatively large (40-60%) heritability component of pain sensitivity in healthy individuals 

(Norbury et al., 2007), and of pain experienced by patients (Burri et al., 2018; Momi et al., 

2015; Vehof et al., 2014; Visscher et al., 2018). In the field of LBP, large genome wide 

association studies have been conducted, however the effect sizes reported are small (Suri et 

al., 2018; Tracey et al., 2019). To date, progress towards identifying high priority pain genes 

that translate to changes in clinical practice (e.g. who is at risk of chronic pain after a back 

injury) remains slow.  

Combining human genomics with proteomics could help bridge this gap between genotype 

and human disease (Suhre et al., 2021). Circulating proteins provide insight into the overall 

state of human health (Anderson & Anderson, 2002), and partially capture the effect of 

lifestyle and environment on disease pathophysiology (Enroth et al., 2014). Thus, exploration 

of the human proteome holds great promise in the search for novel clinical biomarkers that 

will improve patient stratification (Suhre et al., 2021), and for identifying causal genes that 

drive development and persistence of disease states (Akbari et al., 2021; Schmidt et al., 

2020).  

Significant proteins identified in our study were frequently involved in immune, 

inflammatory, complement, coagulation, transport, and metabolic processes. As described in 

Chapter 7, there is substantial cross-talk between the immune system and the complement 

and coagulation systems (Holers, 2014). Together, these biological processes regulate an 

appropriate inflammatory response (Oikonomopoulou et al., 2012; Pettigrew et al., 2009).  
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During acute LBP, neutrophil-driven up-regulation of inflammatory responses appears to be 

protective against the transition to chronic pain (Parisien et al., 2022). Data reported in this 

thesis suggests that serum proteins involved in an immune-driven inflammatory response 

contribute to the transition from acute to chronic LBP. Future work that seeks to confirm the 

role of the immune system in response to acute injury and pain, as well as upstream 

regulators of inflammation such as the genes involved in complement and coagulation system 

response, holds great potential for drug discovery and development. For example, protein-

truncating variants of the GPR75 gene have recently been implicated as a therapeutic target 

for obesity (Akbari et al., 2021).  

Our study also highlighted potential sex differences in serum protein expression during acute 

LBP and this is a novel finding. As reported in Chapter 7, female participants differentially 

expressed proteins involved in similar biological processes as males during acute LBP 

(immune, inflammatory, complement, coagulation, transport, and metabolic). However, for 

nearly all significant proteins identified in the study, proteins downregulated during acute 

LBP in non-recovered males were upregulated in non-recovered females. Immune system-

related sex differences may explain our observations, and these have been discussed 

extensively in Chapter 7 (Sorge et al., 2015; Vacca et al., 2014). Recent work has also 

identified sex-specific abnormalities in alpha oscillations across multiple cortical regions in 

people with chronic neuropathic pain (Fauchon et al., 2022).  

The data reported in this thesis provides an early foundation for future research exploring 

strategies targeting distinct immune system processes in males and females that may interfere 

with the transition from acute to chronic LBP. The importance of this direction of future 

research is highlighted by the disproportionate representation of females afflicted by painful 

inflammatory disorders such as rheumatoid arthritis, fibromyalgia and irritable bowel 

syndrome (Bernstein et al., 2006; LeResche et al., 1997; Østensen et al., 1997).  
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8.5. Limitations 

The limitations of this body of work are discussed throughout Chapters 2-7. However, some 

further limitations may influence the overall interpretation of this thesis, and therefore are 

important to recognise.  

First, this thesis cannot provide insight into changes over time of the risk factors/exposures 

that were assessed across the reported studies. This is of little importance when the aim of the 

cohort study is to predict future outcome. In fact, variables that are easy to measure and can 

be obtained quickly at a single timepoint, either before or early after disease onset are the 

most favourable prognostic factors and are likely to be more easily translated to clinical 

practice (Herbert, 2014). However, temporal precedence is an inarguable methodological 

concept when drawing causal inferences (Hernán MA, 2020; Hill, 1965; Rothman & 

Greenland, 2005). Our data does demonstrate temporal precedence. Sensorimotor cortex 

excitability was measured during the acute-stage of LBP, and the outcome following this 

exposure was measured six-months later. However, it would be preferable to have analysed 

the exposure and outcome at multiple, more frequent, time points. This could have 

contributed to a more in depth understanding of how sensorimotor cortex excitability drives 

the transition from acute to chronic pain. Further, more frequent measurement of the study 

outcomes (i.e. pain and disability) could have contributed to a more in depth understanding of 

neurobiological risk factors driving different recovery trajectories (e.g. recurrent or chronic 

LBP). Of course, there are significant costs and challenges that come with more frequent 

measurement time-points. 

Second, the methodology used to collect data in this thesis is time consuming and requires a 

level of expertise that is not typical of most clinicians currently working in primary practice. 

This limits the likelihood that the prognostic factors identified in Chapter 4 can be readily 

translated to clinical practice. Whilst this is currently true, advances in the study methodology 
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reported here have already been achieved. For example, mapping of M1 can now be achieved 

in less than four minutes (Cavaleri et al.. 2020), event related potentials or neural oscillations 

can be easily recorded using two concealed, unobtrusive ear-centred electrodes (Bleichner & 

Debener, 2017; Millard et al., 2022), and reliable neural oscillation data from EEG can now 

collected with minimal pre-processing and approximately two minutes of recording 

(Chowdhury et al., 2022b).  It is conceivable that future technological development may 

make biological risk factors more amenable to translation into clinical practice. 

Third, this thesis uses methodology specifically designed to measure sensorimotor cortex 

excitability. Consequently, the data collected cannot determine activity or excitability from 

other brain regions. Advances in statistical modelling now allows the identification of whole-

brain mediation patterns and this is a promising direction for future work that attempts to 

decipher brain mechanisms underpinning the development of chronic pain (Geuter et al., 

2020; Wager et al., 2013). Similarly, despite the high temporal resolution of 

electroencephalography, inferring the exact location of electrical activity within cortical 

tissue remains challenging (Furman, 2021). Ultimately, multi-modal research incorporating 

techniques such as functional MRI with electroencephalography will be needed to understand 

the complex relationship between the human brain and pain persistence.  

8.6. Clinical implications 

Although it remains to be seen whether novel neurobiological prognostic factors identified in 

this thesis can predict LBP outcome in larger external samples, the work presented 

throughout this thesis should increase clinicians confidence explaining to patients the diverse 

range of biopsychosocial risk factors contributing to a person’s experience with pain. 

Secondly, interventions that increase sensorimotor cortex excitability during the acute-stage 

of LBP may be useful in preventing the transition to chronic pain. Finally, targeting distinct 
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immune system processes in males and females with novel therapeutic agents may interfere 

with the transition from acute to chronic LBP or be more effective pain management options 

if pain has persisted. Until further research is completed, clinicians should feel confident to 

encourage healthy lifestyle-based interventions (e.g. exercise, smoking cessation, alcohol 

reduction, dietary choices) that optimise an individuals inflammatory profile during the acute-

stage of LBP.  

8.7. Future directions 

The preceding sections of this thesis have explored the role of neurobiological risk factors in 

the transition from acute to chronic LBP. Work presented in this thesis further supports the 

inclusion of diverse neurobiological risk factors in prognostic models that attempt to predict 

the transition from acute to chronic LBP. Furthermore, neurophysiological mechanisms that 

could represent targets for more effective interventions have been proposed. Each section of 

this thesis has alluded to areas of research that require further investigation. The key 

directions for future research are summarised below: 

- Future research should explicitly state whether the goal of their cohort study is to 

predict outcome or identify causal mechanisms.  

- Accurate prediction of people at risk of developing chronic pain should no longer be 

considered an unattainable goal and has the potential to significantly improve the care 

of people experiencing musculoskeletal pain. In fact, this work is already underway. 

The UK Biobank (imaging component) prospective longitudinal study aims to recruit 

100,000 predominantly healthy participants and track their health outcomes over 

decades. Structural, diffusion and functional brain imaging modalities are being 

acquired, as well as body/cardiac imaging, genetics, lifestyle characteristics, 

biological phenotyping (e.g. saliva, blood, urine), and demographic health records 



 

314 

 

(Miller et al., 2016). Using advanced analytical approaches, it may be possible to 

combine multiple objective biomarkers, from multiple health domains, into a single 

“composite pain biomarker signature” capable of accurately predicting those at risk of 

chronic pain (Baskin et al., 2016). Ideally, a single composite pain biomarker 

signature that can identify risk prior to injury is needed to prevent new cases of 

chronic pain.  

- The temporal profile of sensorimotor cortex excitability driving the transition from 

acute to chronic LBP should be further explored. This would help to elucidate when 

depression of cortical excitability is no longer a protective strategy and help to further 

understand causal mechanisms.  

- Future research should combine multiple imaging modalities when attempting to 

determine neuroimaging causes of chronic pain. For example, transcranial magnetic 

stimulation can produce evoked potentials when assessed during 

electroencephalography. These evoked potentials can then be used to quantify cortical 

excitability (Farzan et al., 2016; Ilmoniemi & Kičić, 2010; Tremblay et al., 2019). 

Simultaneous electroencephalography and fMRI is another promising direction for 

future research that will minimise measurement error and increase confidence in 

causal mechanisms derived from neuroimaging studies (Mulert & Lemieux, 2009). 

- Future studies should explore whether tailoring interventions (excitatory or inhibitory) 

to an individuals sensorimotor cortex excitability (depressor vs facilitator) improves 

pain outcomes. For example, within the field of oncology there has been a paradigm 

shift away from general cytotoxic agents, to personalized treatments targeting unique 

features of the cancer in an individual patient (Schilsky, 2010).  
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- Proteomics and pain research is a field in its infancy. Future research should first 

consider the temporal profile of the serum proteins identified in this thesis and larger 

sample sizes will be required to confirm prognostic accuracy and sex-differences. 

 

8.8. Conclusions 

Chronic and disabling LBP is complex and multi-dimensional. This thesis provides strong 

evidence suggesting the addition of neuro-biological risk factors improves prediction of 

future LBP at six-months and lower acute-stage somatosensory cortex excitability could 

represent an important causal mechanism driving the transition from acute to chronic LBP. 

Furthermore, sex-specific differences in serum protein expression, often linked to an immune 

response during the acute-stage of LBP predicts the presence of future LBP at three-months. 

Based on these results, the components of pain neurobiology studied in this thesis hold strong 

clinical potential as prognostic and therapeutic targets. Further research is needed to 

understand the temporal profile of risk factors studied in this thesis and to determine whether 

personalized treatments based upon an individuals pain phenotype can improve their long-

term outcome following an acute injury.  
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