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Abstract 

Low back pain is the leading cause of disability worldwide, affecting mainly adults 

but also children. Associations between chronic inflammatory conditions and low back 

pain have been found frequently in older populations. However, the nature of these 

relationships in younger populations is unknown.  

The overall objective of this thesis was to investigate if early life illness factors such 

as childhood illnesses are risk factors for back pain in adolescence or young adulthood. 

Our plan involved three parts. Part 1: Literature reviews. Part 2: Analyses of longitudinal 

data from the Raine Study. Part 3: Analyses of longitudinal data from the CHAMPS 

Study-DK. 

Through a two-part scoping review and a systematic review, we found that the most 

likely risk factors for incident back pain in young people are female sex, older age, 

psychological distress, and psychological features including emotional coping problems. 

Based on the findings of the Raine Study analyses we found that children with 

respiratory or atopic conditions such as asthma and allergic rhinitis, and those with 

several chronic inflammatory conditions are at increased odds of impactful low back 

pain in adolescence and young adulthood. Based on the findings of the CHAMPS Study-

DK we found there were limited associations between cardiovascular disease risk factors 

and spinal pain in children and adolescents until the moderating role of health-related 

physical activity was considered. Furthermore, within both these young cohorts there 

did not appear to be any association between the inflammatory blood marker C-reactive 

protein and back pain. 

We concluded that there is some evidence that early life illness factors are risk 

factors for back pain in young populations, but more evidence is needed to determine if 

this involves a causal relationship. There appears to be an association between 

cardiovascular disease risk factors and spinal pain, however this relationship is 

dependent on sex, age, and health-related physical activity behaviour.  
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Chapter One- Thesis introduction 

Background 

Back pain is a global problem affecting populations in both the developed and 

developing world [1], with the disability and financial costs associated constituting a 

large burden both to individuals and society [2]. For many, back pain begins in childhood 

[3, 4]. While most cases of paediatric back pain are self-limiting and benign [5-7], back 

pain can negatively impact on a child’s sport participation and school activities [8-13]. 

The prevalence of paediatric back pain has been increasing since the 1980s [14, 15]. 

Although many children (49-53%) have been found to report little to no low back pain, 

some children have reported fluctuating low back pain (16-37%), and a small proportion 

(<1-10%) report persistent low back pain [16]. Adolescents with back pain continue to 

have lasting back pain into adulthood [17, 18]. This highlights the importance of 

reducing this global financial burden by identifying children who are at risk of developing 

back pain and the implementation of prevention programs. Recently, there was a call for 

action on the global problem of low back pain [19]. Therefore, it is logical to start this 

action when back pain can commence. Consequently, identifying clear early life risk 

factors for back pain is important [20].  

Does back pain in children occur in isolation to other conditions? 

Back pain aetiology is complex and has many possible contributors, including social, 

physical, and psychological factors, along with certain co-morbidities [21]. While some 

abnormalities have been identified as causes of back pain, many remain unknown [21]. 

Numerous studies have attempted to explore risk factors of back pain in young 

populations, including: family and genetic history of back pain, female sex, poor leg and 

lumbar flexibility, physical fitness, puberty, part time work, and posture [3, 8, 22-30]. 

The intent being to identify early life factors that predispose young people to back pain 

in later life, in order to inform future prevention strategies that reach into adulthood 

[17]. There is now growing evidence to suggest that the risk of developing back pain is 

not down to just a single factor but rather multifactorial, with risk factors in a spectrum 

of domains, including biological, lifestyle, and psychosocial factors [20, 31-37].  
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Musculoskeletal conditions frequently co-occur with other chronic diseases 

potentially as part of multimorbidity [38-41]. Multimorbidity refers to the co-occurrence 

of two or more diseases within an individual with the assumption that none of the 

diseases take precedence over the others [42-46]. Whereas, comorbidity is the co-

occurrence of diseases or conditions additional to the index disease (the primary disease 

or disease of interest) [42, 47].  

Comorbid or multimorbid conditions such as asthma, allergies, and depression are 

reportedly associated with low back pain from adolescence to adulthood [48, 49]. A 

systematic review and meta-analysis of cross-sectional twin studies found that young 

people and adults were more likely to report low back pain if they had chronic 

conditions such as asthma, diabetes, and headaches (pooled odds ratio (OR) range = 1.6 

to 4.2) [50]. Respiratory and digestive disorders also show cross-sectional and 

longitudinal associations with back pain in adulthood [51, 52]. In a large Canadian 

National Population Health Survey adolescents and adults living with major depression 

were almost three times more likely (OR [95% confidence intervals (CI)] = 2.9 [1.2,7.0]) 

to report back pain two years later [53].  

Similarly, a history of cardiovascular disease is associated with increased risk (men: 

OR [95% CI] = 2.2 [1.3,3.5]; women: OR [95% CI] = 2.3 [ 1.5,3.4]) of chronic low back pain 

in adults [54]. Cardiovascular disease does not typically manifest in childhood; therefore, 

it is not possible to investigate this in young people. However, it is possible to measure 

risk factors for cardiovascular disease which do begin to develop in children [55-57]. It 

has been found that cardiovascular disease risk factors contributing to metabolic 

syndromes are more prevalent in adults reporting high-intensity chronic pain (OR [95% 

CI] 1.4 [1.2,1.6]) [58].

However, there is a paucity of literature on systemic illnesses as risk factors for back

pain, in particular whether early life illness factors predisposes an individual to back pain 

as an adolescent or as a young adult [48].  

Hypothesised biological plausibility 

Systemic inflammation associated with chronic inflammatory conditions has been 

hypothesised to lead to pain sensitization [59]. It is plausible that there is a biological 
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link between inflammatory conditions and back pain because of inflammation-

associated activation of the hypothalamic-pituitary-adrenal axis [49]. The presence of 

inflammatory conditions, particularly in early life, may lead to changes in the 

hypothalamic-pituitary-adrenal axis function through explicit action or by way of 

epigenetics [60, 61]. Hypothalamic-pituitary-adrenal axis dysfunction may increase 

susceptibility to pain and chronic pain disorders [62-64]. Early life stresses have been 

found to influence future nociceptive processing [65]. These associations have been 

found previously between early-life psychological stresses and increased incidence of 

chronic pain in later life [66], as well as between early-life pain experiences and spinal 

pain in pre-adolescence [67]. However, the association between hypothalamic-pituitary-

adrenal axis function and musculoskeletal pain remains uncertain particularly when 

considering adolescents and young adults who are mostly healthy and highly sensitive to 

stress [68].  

Another theory postulates that back pain and its occasional multimorbidities such as 

respiratory and digestive disorders may have common origins [51]. The potential link 

being that a proportion of back pain and chronic conditions could be inflammatory in 

nature. The inflammatory conditions and back pain could occur at any time during the 

lifetime either concurrently or otherwise. It may be possible to confirm this if a common 

inflammatory biomarker could be identified. 

Could C-reactive protein be a possible factor? 

C-reactive protein (CRP) is a biomarker of inflammation [69]. It is used as a

screening tool for the detection of many diseases [69]. The median concentration of CRP 

in healthy adults is 0.8mg/L and generally levels remain stable except for transient 

increases related to recent trauma or infections [69]. CRP is useful as a non-specific 

biochemical marker of inflammation because it is not readily impacted on by other 

factors (i.e. food) and production of CRP is only impaired by liver failure [69].  

Sub-clinical elevations in CRP are linked with multiple factors for poor health 

including increased cardiovascular disease risk, obesity, and insulin resistant diabetes 

[69-80]. CRP is positively associated with components of metabolic syndrome including; 

total cholesterol, glucose levels, measures of obesity, and insulin resistance [71, 74, 81-
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86]. CRP also predicts future coronary events [69, 72, 78-80, 87]. In children, CRP is 

associated with cardiovascular disease risk factors including: HDL-cholesterol, heart rate, 

fibrinogen, systolic blood pressure, and to measures of adiposity [73, 76]. Physical 

exercise can decrease CRP levels, which could explain the protective effect of exercise 

for cardiovascular disease [88].  

Preliminary evidence points to a link between CRP and spinal pain in adults. Two 

recent systematic reviews found moderate level evidence of a positive association of 

CRP with the presence and severity of low back pain [89, 90]. This is supported by other 

studies [91, 92], that have found increased levels of CRP to be associated with higher 

cold-pressor sensitivity, suggesting a link between inflammation and pain sensitivity.  

There is cross-sectional evidence that inflammation may modify the experience of 

spinal pain by modulating underlying sensitisations, this means that higher levels of 

inflammation can increase pain sensitivity, leading to the development of chronic pain 

[89, 91-93]. However, the longitudinal nature of the relationship between inflammation 

and spinal pain is unclear. To better understand the co-development of inflammation 

and pain it would be important to take a life course perspective. Trajectory modelling 

demonstrating the time course of pain and inflammation could be useful to further 

explore this complex longitudinal relationship, and the possible association between 

chronic increased levels of CRP and the course of spinal pain. Trajectory modelling can 

better demonstrate the recurrent and fluctuating nature of pain conditions compared to 

methods that define outcomes at single time points [94]. 

Definitions 

In order to establish a common understanding of this thesis the following definitions 

are provided.  

Risk factor 

A risk factor is defined by Porta [95] as “a factor that is causally related to a change 

in the risk of a relevant health process, outcome, or condition. The causal nature of the 

relationship is established based on scientific evidence and causal inference.” In order to 

identify a causal relationship, the risk factor should be present before the onset of the 

disease [96]. If a factor occurs simultaneously with a disease then it can only be 
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concluded there is an association and not necessarily a causal relationship [96]. 

However, causality cannot be inferred simply because one factor precedes another [97]. 

According to the Bradford Hill criteria of causation, there are many tenets required to 

establish a causal link, namely strength of association, consistency, specificity, 

temporality, biological gradient, plausibility, coherence, experiment, and analogy [97].  

Back pain 

Back pain is a symptom but can also be conceptualised as a disease, with the start of 

the disease occurring when the first instance back pain is felt [96]. An episode of back 

pain is an event of back pain, and a part of the relapsing and remitting nature of the 

‘disease’, characterised by periods of back pain and pain-free periods [96].  

Risk factor vs. trigger of back pain 

A risk factor leads to the onset of back pain compared to a trigger, which could lead 

to an episode. A risk for the disease of back pain could be different to a trigger that leads 

to an episode. For example, those with a genetic predisposition could develop the 

‘disease’ of back pain, then a trigger for an episode could be a particular movement into 

an awkward position [96]. 

Limitations and gaps in the literature 

The majority of the current studies are cross-sectional in nature, in order to 

establish a causal relationship there should be at least a temporal relationship, in that 

the risk factor should be present before the onset of the disease, this can only be 

accomplished with longitudinal study designs [96]. Additionally, throughout the 

evidence there are varying or unclear definitions of back pain; therefore, it is often 

unclear if they included populations with incident, episodic, or ongoing back pain. As 

there is a lack of standardised terminology it is challenging to compare studies [20]. It is 

often unclear whether studies are considering risk factors for the onset of back pain or 

triggers of back pain episodes [96].  

There is also limited research considering early life illness factors as potential risk 

factors for back pain. Adults are commonly included in studies that explore risk factors 

and triggers of back pain, however within this population it can be challenging to locate 
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participants who have been completely free of back pain their whole life. Hence, 

studying young populations brings the benefit of a higher likelihood of engaging 

research participants before the onset of back pain.  

Thesis aim 

The overall aim of this thesis was to investigate if early life illness factors such as 

childhood gastrointestinal, cardiovascular and respiratory illnesses, or cardiovascular 

disease risk factors-as potential proxy measures of underlying systemic inflammation- 

are risk factors for back pain in adolescence or young adulthood.  

To this end, the thesis was constructed in three parts. Part 1: Reviews of the 

relevant literature to inform the analyses of data from selected cohort studies. Part 2: 

Analyses of longitudinal data from the Raine Study. Part 3: Analyses of longitudinal data 

from the CHAMPS Study-DK. 

Background on cohort study data sourced for this thesis 

The Raine Study is a longitudinal cohort investigation on a discreet Western 

Australian population with mothers recruited between May 1989 and Nov 1991. There 

were 2868 live births recruited into the Raine Study. The children have been followed 

from birth, until present (28 years), with data points at years 1, 2, 3, 5, 8, 10, 13, 16, 20, 

23 and 27. Information has been collected on environmental, developmental, and health 

information covering an extensive range of health related areas. There are 25 broad 

areas of research including asthma and atopy, cardiovascular and metabolic health, 

childhood development growth, dental health, diabetes, genetic epidemiology, gastro-

enterology, infection and immunity, mental health, musculoskeletal development and 

pain, nutrition, physical activity, ophthalmology, pregnancy and birth, reproductive 

health, sleep and risk-taking behaviour [98, 99]. 

The Childhood Health, Activity, and Motor Performance School Study Denmark 

(CHAMPS Study-DK) is a quasi-experimental trial designed to estimate the effects of 

physical education and other variables on cardiovascular disease risk factors, 

musculoskeletal health, and motor performance in children from Svendborg, Denmark 

[100]. Ten schools took part with 1218 children initially, with students in six schools 

receiving an increased amount of physical activity (270 minutes per week) and four 
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schools receiving the usual amount of physical activity (90 minutes per week). 

Participating children were enrolled into the study on a rolling basis starting from 

October 2008 to January 2009 and comprised children from 6 years to 11 years of age at 

the time of enrolment, and were followed until July 2014 [101, 102]. Cardiovascular 

disease risk exposures were taken at baseline, 2010, and 2014 [103]. Many other 

variables were measured at baseline and at regular intervals (at least once a year) with 

questionnaires, physical examinations and physical testing. Measurements included the 

prevalence, incidence and tracking of indicators for life-style diseases such as type two 

diabetes, metabolic syndrome and cardiovascular disease. This also included the 

prevalence, incidence and tracking of musculoskeletal injuries and back problems [100]. 

Cardiovascular disease risk factors included fasting blood samples comprising serum 

insulin, glucose, insulin resistance, triglycerides, and cholesterol, as well as systolic blood 

pressure and body mass index [103]. In addition, spinal pain outcomes were measured 

from baseline and then on a weekly basis over a five and a half-year period via SMS 

(text) messaging [100, 101, 104]. Physical activity was measured objectively with 

accelerometry [100, 105]. 

The Raine Study data allowed us to investigate a broad array of co-morbidities as 

well as the longitudinal relationship between CRP and low back pain. The CHAMPS 

Study-DK data allowed us to further understand the associations of cardiometabolic 

health, health-related physical activity, CRP and spinal pain using objective measures of 

cardiometabolic risk, health-related physical activity, and intensive measures of spinal 

pain collected each week over the course of five and a half years.  

Thesis structure 

This thesis contains seven published or prepared for publication research 

manuscripts that are arranged into eight chapters. One additional supplementary 

manuscript has been submitted for publication (See Appendix One). Published papers 

are included as formatted PDF files incorporated into this thesis along with additional 

text, introductions and discussion sections at the beginning and end of each chapter, to 

link the manuscripts. Reference lists of all the manuscripts are contained within the 

respective chapters.  
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In Chapter One we have introduced the thesis and critically reviewed the relevant 

literature.  

Chapter Two identifies potential risk factors and potential triggers for back pain in 

young people through a two-part scoping review. The scoping review part I focused on 

studies that investigated risk factors and triggers for incident and episodic back pain. 

Part II includes all eligible studies with unclear or mixed definitions of back pain. 

Chapter Three is a systematic review with meta-analysis of chronic physical 

illnesses, mental health disorders, and psychological features as potential risk factors or 

triggers for back pain from childhood to young adulthood. 

Chapter Four involved data from the Raine Study participants (1 to 22 years of age) 

to investigate potential links between early life chronic or recurrent inflammatory 

conditions and low back pain in adolescence and young adulthood. The specific 

objectives of this chapter were 1) to investigate the longitudinal associations between 

inflammatory conditions in childhood and impactful low back pain occurrence from 

adolescence to young adulthood, 2) to investigate the cross-sectional associations 

between inflammatory conditions from adolescence to young adulthood and impactful 

low back pain occurrence, 3) to investigate potential dose-response relationships 

between the number of chronic inflammatory conditions and the occurrence of 

impactful low back pain. 

Chapter Five also utilized data from the Raine Study participants (14 to 22 years of 

age) to investigate the longitudinal associations between CRP levels and low back pain 

from adolescence to early adulthood. First, as a preliminary study we identified 

trajectories of CRP and investigated the longitudinal association between trajectories of 

CRP and body mass index; this information is presented in Appendix One. Second, we 

identified the trajectories of low back pain from early adolescence through to early 

adulthood and investigated the associations between trajectories of CRP and low back 

pain.  

Chapter Six includes analyses conducted to investigate the prospective association 

between childhood cardiovascular disease risk factors and spinal pain occurrences in 
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childhood and adolescence with the potential moderating role of health-related physical 

activity using data from the CHAMPS Study-DK.  

Chapter Seven entailed investigating the longitudinal associations between sub-

clinical elevations in CRP and spinal pain from childhood to adolescence based on 

available CHAMPS Study-DK data. Specifically, we examined for differences in mean CRP 

between spinal pain trajectory subgroups.  

Chapter Eight provides an overview of the thesis including directions for future 

research. 
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Chapter Two- Scoping review on potential risk 

factors and triggers for back pain in children and 

young adults. Parts I and II. 

Numerous studies have attempted to investigate a range of different risk factors of 

back pain in young populations [3, 8, 22-28]. Within this chapter we aimed to synthesize 

the evidence to identify all investigated risk factors and triggers for back pain in young 

people. Due to the considerable number of studies on “risk factors” for back pain, we 

conducted a two-part scoping review to summarise the evidence. By conducting a 

scoping review, we could also identity the gaps and major limitations within the 

literature. 

The purpose of this scoping review was to identify potential risk factors and 

potential triggers for back pain in young people. The scoping review part I includes 

studies that investigated risk factors (with an established temporal relationship) for 

incident and episodic back pain. Part II includes all other eligible studies with unclear or 

mixed definitions of back pain. 

This work underwent peer-review and is published as: 

Beynon AM, Hebert JJ, Leboeuf-Yde C, Walker BF. Potential risk factors and triggers 

for back pain in children and young adults. A scoping review, part I: incident and episodic 

back pain. Chiropr Man Therap. 2019 Dec 1;27(1):58. DOI: 10.1186/s12998-019-0280-9 

As of 24/02/2021: Article accesses: 1240. Citations: 3. Altmetric: 8 

Beynon AM, Hebert JJ, Leboeuf-Yde C, Walker BF. Potential risk factors and triggers 

for back pain in children and young adults. A scoping review, part II: unclear or mixed 

types of back pain. Chiropr Man Therap. 2019 Dec 1;27(1):61. DOI: 10.1186/s12998-019-

0281-8 

As of 24/02/2021: Article accesses: 1446. Citations: 4. Altmetric: 10 
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Study: Potential risk factors and triggers for back pain in children and 

young adults. A scoping review, part 1: incident and episodic back pain 
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Study: Potential risk factors and triggers for back pain in children and 

young adults. A scoping review, part 2: unclear or mixed types of back 

pain.  
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Summary of Chapter Two (Parts I and II) and link to next chapter 

Based on the evidence contained within part I of this scoping review, the risk factors 

most consistently reported as being associated with incident back pain in the reviewed 

studies were female sex and older age. When we consider all the literature (including 

studies that have unclear or mixed definitions of back pain- part II) the most likely risk 

factors or triggers are female sex, older age, later pubertal status, high growth rate, 

positive family history of back pain, and a prior history of back pain. Limited research 

was identified for systemic/illness factors, muscle endurance, spinal posture, and sitting 

position. 

Most of the included studies were found not to provide an adequate definition of 

back pain; therefore, it was unclear if they included populations with incident, episodic, 

or ongoing back pain. This lack of clarity with respect to definitions for back pain 

resulted in an inability to directly compare studies and reach more definitive 

conclusions. Many studies were cross-sectional, or if longitudinal, were not inception 

cohorts. Therefore, the results are mainly restricted to associations and we were unable 

to determine the existence of causal relationships.  

Notably, based on the results from this scoping review, we saw the importance of 

considering sex and age as covariates in our future analyses. Further, we determined 

that it was important to consider physical illnesses and psychological factors as potential 

risk factors for back pain. This was accomplished using a systematic review. 
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Chapter Three- Systematic review: Chronic physical 

illnesses, mental health disorders, and 

psychological features as potential risk factors for 

back pain from childhood to young adulthood 

After taking a broad look at the literature within the scoping review, we focussed on 

chronic physical illnesses, mental health disorders, and psychological features as 

potential risk factors for back pain from childhood to young adulthood using systematic 

review methodology. 

This work underwent peer-review and is published as: 

Beynon AM, Hebert JJ, Hodgetts CJ. Boulos LM, Walker BF. Chronic physical 

illnesses, mental health disorders, and psychological features as potential risk factors for 

back pain from childhood to young adulthood: a systematic review with meta-analysis. 

Eur Spine J 29, 480–496 (2020). DOI: 10.1007/s00586-019-06278-6  

As of 24/02/2021: Article accesses: 591. Citations: 3. Altmetric: 18 
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Study: Chronic physical illnesses, mental health disorders, and 

psychological features as potential risk factors for back pain from 

childhood to young adulthood: a systematic review with meta-analysis. 
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Summary of Chapter Three and link to next chapter 

Using data from inception cohort studies, this systematic review and meta-analysis 

identified that the most likely risk factors for back pain in young people were 

psychological distress as well as psychological features including emotional coping 

problems. Non-inception cohort studies provided evidence that failed to differentiate 

between risk factors or triggers. Additional factors that were associated with back pain, 

based on the evidence of cohort studies, included asthma, headaches, abdominal pain, 

depression, anxiety, conduct problems, somatization, and ‘feeling tense’. We considered 

these as potential triggers or risk factors for back pain.  

Since most of the included studies were not inception cohorts and because in many 

studies the outcome measure for (back pain) was unclear, we concluded that it is not 

possible to definitively say if the identified factors were comorbidities, triggers, or risk 

factors for back pain. Consequently, the relationship between some physical illnesses, 

mental health disorders, and psychological features with back pain remains unclear. To 

better understand these relationships, additional high-quality research is needed. 

Based on the limitations of the current studies, we decided to utilise methods in line 

with current conceptualisation of back pain by using repeated measures of back pain 

with clear definitions. There were limited studies that considered physical illnesses as 

potential risk factors for back pain in young people, therefore, in the next study we 

continued to focus on chronic physical illnesses as potential risk factors for back pain. 
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Chapter Four- Early life chronic inflammatory 

conditions predict low back pain in adolescence and 

young adulthood 

There was limited research on physical illnesses as potential risk factors for back 

pain in young populations. A plausible biological link between certain illnesses and back 

pain is that there is an inflammatory-associated activation of the hypothalamic-pituitary-

adrenal-axis [49]. Alternatively, inflammatory conditions and back pain may share a 

common aetiology [51]. Therefore, we investigated for associations between early life 

chronic or recurrent inflammatory conditions and low back pain by analysing data from 

the Raine Study. 

This work underwent peer-review and is published as: 

Beynon AM, Hebert JJ, Leboeuf-Yde C, Beales DJ, Jacques A, Walker BF. Early life 

chronic inflammatory conditions predict low back pain in adolescence and young 

adulthood. Eur J Pain (2020) DOI: 10.1002/ejp.1700 

As of 24/02/2021: Citations: 0. Altmetric: 4 
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Study: Early life chronic inflammatory conditions predict low back pain in 

adolescence and young adulthood 
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Summary or Chapter Four and link to next chapter 

Through this Raine Study analysis, we found longitudinal and cross-sectional 

associations of respiratory and atopic conditions, with impactful low back pain in 

adolescence and young adulthood. There was also a dose-response relationship 

between the number of chronic inflammatory conditions and impactful low back pain. 

Through the analysis of longitudinal data we considered if there was a temporal 

relationship between chronic inflammatory conditions during childhood and future 

impactful low back pain during adolescence and young adulthood. We found that 

participants with respiratory, atopic, or any chronic inflammatory condition in childhood 

(1-10 years of age) had increased odds of low back pain during adolescence and young 

adulthood.  

Through the cross-sectional analysis, we examined the associations between chronic 

inflammatory conditions and impactful low back pain during adolescence and young 

adulthood. We found that the presence of any chronic inflammatory condition albeit 

musculoskeletal, respiratory, skin, autoimmune, or atopic in nature resulted in increased 

odds of impactful low back pain during the years in question. This concurrent association 

may indicate that the conditions could be comorbid with a shared underlying origin or 

mechanism [51], with low back pain itself being an inflammatory condition. 

Based on these results we do not know if there is a causal relationship between 

chronic inflammatory conditions and impactful low back pain, or if there is a common 

origin for these conditions. Nevertheless, we found cross-sectional and longitudinal 

evidence of associations between some chronic inflammatory conditions and low back 

pain.  

From the findings of this study, we further investigated the potential link between 

chronic inflammatory conditions and low back pain by considering the relationship 

between CRP and low back pain within this same population.  
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Chapter Five- Multi-trajectory analysis of C-reactive 

protein and low back pain from adolescence to 

early adulthood 

We identified a link between inflammatory conditions and low back pain. However, 

the reasons behind this link are still unknown. Individuals with certain pathological 

conditions may secrete greater amounts of pro-inflammatory cytokines. C-reactive 

protein (CRP) is a sensitive biomarker of inflammation [69]. Previous cross-sectional 

studies have reported associations between CRP and low back pain in adult populations 

[89, 90]. However, this relationship is unclear in younger populations.  

Trajectory modelling is useful for developing an understanding of complex 

longitudinal relationships and can assist when exploring the relationships between 

exposures and outcomes that develop over time. Trajectory modelling can also 

demonstrate the recurrent and fluctuating nature of pain conditions [94]. 

First, as a preliminary study we identified trajectories of CRP and investigated the 

longitudinal association between trajectories of CRP and body mass index (Appendix 

One). Secondly, we identified the trajectories of low back pain from early adolescence 

through to early adulthood and investigated the associations between trajectories of 

CRP and low back pain. 

This work underwent peer-review and is published as: 

Beynon AM, Hebert JJ, Beales DJ, Jacques A, Walker BF. Multi-trajectory analysis of 

C-reactive protein and low back pain from adolescence to early adulthood. Eur Spine J

(2021). DOI : 10.1007/s00586-020-06677-0 

As of 24/02/2021: Article accesses: 93. Citations: 0. Altmetric: 2 
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Study: Multi-trajectory analysis of C-reactive protein and low back pain 

from adolescence to early adulthood 
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Summary of Chapter Five and link to next chapter 

We identified three distinct trajectories of low back pain with impact from 14 to 22 

years of age. One subgroup had a consistently low probability of low back pain (46.1%), 

another subgroup had an increasing probability of low back pain (43.5%), and the final 

subgroup had a decreasing probability of low back pain (10.4%). There was no 

association between CRP and the low back pain trajectories. This finding conflicts with 

the results of a large cross-sectional study of a general population by Briggs et al. [93] 

who found that elevated levels of CRP increased odds of reporting low back pain, 

particularly in individuals who were obese. The relationship between CRP and back pain 

could develop in older populations and may not be apparent in young populations. 

Additionally, this link could be more about comorbidities rather than just back pain and 

inflammation. 

Within this study there was potential bias due to the study attrition. There were 

2868 children (at birth) recruited into the Raine Study, follow-up data were collected for 

approximately 50% of participants at 14 through 22 years. Low back pain trajectories 

were based on data from 53% of the original sample, and multi-trajectory modelling was 

based on data from 33% of the original sample. When first recruited into the Raine 

Study it was the parents who were recruited, as time went on and the children became 

teenagers and young adults, it is understandable that there would be a certain degree of 

missing data and dropouts. While, we cannot provide information about distribution of 

risk and/or prognostic factors in participants with and without complete follow-up data, 

we do acknowledge the potential bias that this high attrition rate may bring.  

Cardiovascular disease does not typically manifest in childhood, as these conditions 

generally present in later life, therefore it is useful to consider cardiovascular disease 

risk factors during childhood. Clustering of cardiovascular disease risk factors can 

manifest in children and then continues into adulthood [55-57]. It has been reported 

that cardiovascular disease risk factors in children predict metabolic syndromes later in 

life [106, 107]. This leads to our next study where we sought to investigate the 

association between cardiovascular disease risk factors and spinal pain in young people. 
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Chapter Six- Association between cardiovascular 

disease risk factors and future spinal pain with the 

potential moderating role of health-related physical 

activity (CHAMPS Study-DK) 

In adults, cardiovascular disease has been shown to be significantly associated with 

back pain [54, 108]. In children it is important to consider cardiovascular disease risk 

factors that can lead to metabolic syndromes later in life [106, 107]. 

This next study aimed to 1) investigate the prospective associations between 

childhood cardiovascular disease risk factors and spinal pain occurrences, and 2) 

examine for the potential moderating role of health-related physical activity in this 

relationship. We hypothesized that children with greater cardiovascular disease risk 

factors would have an increased risk of developing spinal pain. 

This manuscript has been prepared for publication and formatted for publication in 

the European Journal of Pain.  

Beynon AM, Wedderkopp N, Walker BF, Leboeuf-Yde C, Hartvigsen J, Hebert JJ. 

Association between cardiovascular disease risk factors and future spinal pain with the 

potential moderating role of health-related physical activity (CHAMPS Study-DK) 
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What’s already known about this topic? 35 

• Spinal pain is a significant public health problem.36 

• Spinal pain has been previously linked with cardiovascular disease risk factors in37 

children.38 

What does this study add? 39 

• There may be an association between cardiovascular disease risk factors and40 

future spinal pain, however this relationship is dependent on sex, age, and41 

health-related physical activity behaviour.42 

• Further research is needed to better understand the reasons for and implications43 

of these relationships.44 
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Abstract 45 

Background: Spinal pain is a significant public health problem. Spinal pain has been 46 

previously linked with cardiovascular disease risk factors in children. This study aimed to 47 

investigate any prospective associations between childhood cardiovascular disease risk 48 

factors and spinal pain occurrences, and to examine for a moderating role of health-49 

related physical activity in these relationships.  50 

Methods: In this prospective study, we used data from the Childhood Health, Activity, 51 

and Motor Performance School Study Denmark (CHAMPS Study-DK) participants. The 52 

exposure variables were clustered cardiovascular risk score and homeostasis assessment 53 

model-estimated insulin resistance (HOMA-IR) score collected in 2008 and 2010. The 54 

spinal pain outcome comprised the number of weeks of non-traumatic spinal pain from 55 

2008-2010 and 2010-2012. Mixed negative binominal regression models were created to 56 

investigate the prospective associations of cardiovascular disease risk factors and non-57 

traumatic spinal pain, along with the potential moderating role of health-related 58 

physical activity in these relationships.  59 

Results: Girls with low HOMA-IR scores and boys with low clustered cardiovascular 60 

disease risk score who engaged in higher levels of moderate-to-vigorous physical activity 61 

reported more weeks of spinal pain. Also, boys with higher clustered cardiovascular 62 

disease risk who had less time in moderate-to-vigorous physical activity reported more 63 

weeks of spinal pain.  64 

Conclusion: Our results suggest that there may be an association between cardiovascular 65 

disease risk factors and future spinal pain. However, this relationship is dependent on 66 

sex, age, and health-related physical activity behaviour. Further research is needed to 67 

better understand the reasons for and implications of these relationships. 68 
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Background 69 

Spinal pain is a significant public health problem. Even during adolescence low back pain 70 

is ranked as one of the top ten causes of years lived with disability (GBD 2017 Disease 71 

and Injury Incidence and Prevalence Collaborators, 2018) and adolescents with low back 72 

pain have a higher risk of reporting low back pain in adulthood (Hestbaek et al., 2006). 73 

Musculoskeletal conditions commonly co-occur with other chronic diseases as part of 74 

multimorbidity (van der Zee‐Neuen et al., 2016; Williams et al., 2018). Multimorbidity is 75 

the co-existence of two or more diseases within an individual with the assumption that 76 

none of the diseases are more central or take precedence over the others (Fortin et al., 77 

2004; Lefèvre et al., 2014; Orueta et al., 2013; van den Akker et al., 1996; van den Akker 78 

et al., 2001).  79 

One such multimorbidity is cardiovascular disease, which has been shown to be 80 

associated with low back pain in adults (Ha et al., 2014) and cardiovascular disease risk 81 

factors contributing to metabolic syndromes are more prevalent in those reporting high-82 

intensity chronic pain (Goodson et al., 2013). Spinal pain has been longitudinally linked 83 

with cardiovascular disease risk factors in children (Hebert et al., 2019) and a causal 84 

relationship between cardiovascular disease and musculoskeletal conditions has been 85 

suggested (Williams et al., 2018). Clustering of cardiovascular disease risk factors begins 86 

to manifest in childhood and continues into adulthood (Khoury et al., 1980; Strong et al., 87 

1992; Webber et al., 1979). Childhood could, therefore, be the time to reduce 88 

modifiable cardiovascular disease risk factors not only to reduce risk of cardiovascular 89 

disease but, if a causal link exists, potentially also other conditions such as spinal pain. 90 
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This study aimed to 1) investigate any prospective associations between childhood 91 

cardiovascular disease risk factors and spinal pain occurrences, and 2) examine for a 92 

moderating role of health-related physical activity in these relationships. We 93 

hypothesized that children with greater cardiovascular disease risk factors would be at 94 

increased risk of developing spinal pain and that health-related physical activity would 95 

moderate this relationship.  96 

Methods 97 

Study design and Ethics Permissions 98 

In this prospective cohort study, we used data from the participants of the Childhood 99 

Health, Activity, and Motor Performance School Study Denmark (CHAMPS study-DK) 100 

(Wedderkopp et al., 2012). Participating children from ten schools were enrolled into 101 

the study on a rolling basis starting from October 2008. The sample comprised children 102 

from 6 years to 11 years of age at the time of enrolment who were followed until June 103 

2014 (Franz et al., 2014; Fuglkjær et al., 2017).  104 

This current analysis was conducted in two phases (including the same participants in 105 

both phases). Phase one included cardiovascular disease risk factors sampled in 106 

September – October 2008 and spinal pain data collected from November 2008 to 107 

November 2010. Phase two included cardiovascular disease risk factors sampled in 108 

September – October 2010 and spinal pain data collected from November 2010 to 109 

November 2012. 110 

Ethics approval was obtained from the Regional Scientific Committee of Southern 111 

Denmark for the CHAMPS study-DK (ID S20080047) and the study was registered with 112 
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the Danish Data protection Agency, as stipulated by Danish law J.nr 2008-41-2240. 113 

Written informed consent was obtained from parents. Every child and parent also gave 114 

verbal consent for all clinical examinations. Ethics approval for the current analysis was 115 

also given by Murdoch University Human Research Ethics Committee (Approval number: 116 

2019/012). 117 

Cardiovascular disease risk factors 118 

Blood samples and other measurements of cardiovascular disease risk were taken in 119 

2008 and 2010, including fasting blood samples and systolic blood pressure. Fasting 120 

blood samples were obtained between 8.00 – 10.30 AM, stored on ice, and transported 121 

to the laboratory within four hours, where they were pipetted, centrifuged, and stored 122 

at -80 degrees Celsius (Hebert et al., 2017). Biochemical serum markers included: total 123 

cholesterol, high-density lipoprotein cholesterol (HDL-C), total cholesterol: HDL-C ratio, 124 

triglycerides, glucose, and insulin (Hebert et al., 2017). The homeostasis assessment 125 

model-estimated insulin resistance (HOMA-IR) score was calculated as insulin (μU/ ml) × 126 

glucose (mmol/l)/22.5 (Hebert et al., 2017; Matthews et al., 1985). The HOMA-IR 127 

assessment has been found to be reliable and valid within a population of children and 128 

adolescents with obesity (Conwell et al., 2004; Keskin et al., 2005). 129 

Systolic blood pressure was measured with an automated blood pressure monitor 130 

[Welch Allyn® (New York, USA) vital signs monitor 300 series with FlexiPort™]. Blood 131 

pressure was taken seated after the participants had rested for five minutes and were 132 

recorded at 1-minute intervals until three stable measurements or five total 133 

measurements were obtained. The mean of the final three measurements was used for 134 

analysis (Hebert et al., 2017). 135 
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The primary exposure variable was a clustered cardiovascular risk score, which has been 136 

reported as a better measure of cardiovascular health in children than a single risk factor 137 

(Andersen et al., 2003). The clustered cardiovascular risk score was calculated by 138 

summing the standardized values of systolic blood pressure, total cholesterol: HDL-C 139 

ratio, log triglycerides, and log HOMA-IR (Klakk et al., 2014). All scores were then 140 

converted to positive values, with larger scores representing higher levels of 141 

cardiovascular disease risk (Hebert et al., 2017). The secondary exposure variable was 142 

the HOMA-IR score. We calculated tertiles for each exposure variable to be able to 143 

distinguish between the group of children with low and high-risk values.  144 

Spinal pain outcome 145 

Spinal pain was defined as any pain during the past week in either the neck, mid-back, 146 

and/or low back. Spinal pain data were collected through an automated text message 147 

each Sunday over 5.5 years. The average weekly response rate was 96.5% (Franz et al., 148 

2014). When pain was reported, the parents were called by phone the following day. If 149 

pain persisted at that time, the child had an examination with a clinician (Franz et al., 150 

2014). ICD codes were used to classify the spinal pain diagnosis at the time of 151 

examination and occurrences were classified as traumatic or non-traumatic (Franz et al., 152 

2017). Additionally, research staff examined linked medical records for additional 153 

information. 154 

In the current analyses, we excluded all occurrences of diagnosed spinal pain arising 155 

from a traumatic aetiology (e.g., fracture, sprain, contusion). Therefore, the spinal pain 156 

outcome comprised the number of weeks of non-traumatic spinal pain occurring in each 157 

of the two study phases. To be included in the analysis, participants needed to have at 158 
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least 60% valid reporting of spinal pain data during the respective two-year phase. For 159 

example, to be included in phase one, participants needed at least 60% valid reporting 160 

of spinal pain data in phase one, irrespective of reporting in phase two. We divided the 161 

analysis into two phases because the collection of the cardiovascular disease risk factors 162 

were collected at two timepoints, two years apart.  163 

Covariates 164 

Demographic information was collected through a questionnaire at baseline. Potential 165 

moderators and confounders included age, sex, and time spent in moderate-to-vigorous 166 

intensity physical activity. Physical activity was measured objectively every second year 167 

using Actigraph GTX3 accelerometers (Hebert et al., 2015; Wedderkopp et al., 2012). 168 

Participants wore the accelerometer at the right hip, using a customised elastic belt, for 169 

seven consecutive days during waking hours (except when swimming or bathing). Data 170 

on physical activity were included if the participant accumulated at least ten hours of 171 

wear time on four or more days. Physical activity was measured as counts per minute 172 

and minutes spent in different intensities (sedentary, light, moderate, and vigorous) of 173 

physical activity, which gave an estimate of the overall mean physical activity for an 174 

average day. We applied standard cut-points to identify moderate and vigorous physical 175 

activity intensities, and isolated the proportion of the day in moderate-to-vigorous 176 

intensity physical activity (Hebert et al., 2015; Wedderkopp et al., 2012). These 177 

covariates were chosen due to their potential associations with back pain (Beynon et al., 178 

2019a; Beynon et al., 2019b) and cardiovascular disease risk factors (Andersen et al., 179 

2006).  180 

Statistical analysis 181 
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Demographic data were reported descriptively including mean and standard deviation 182 

(SD), or median and interquartile range (IQR) depending on the nature of the variable 183 

distribution. We log-transformed exposure variables with non-normal distributions.  184 

In the first analysis (phase one), we used the baseline cardiovascular disease risk factors 185 

sampled in September – October 2008 as predictors for the number of weeks with at 186 

least some non-traumatic spinal pain from November 2008 to November 2010. In the 187 

second analysis (phase two), we used the cardiovascular disease risk factors variables 188 

sampled in September – October 2010 as predictors for the number of weeks with at 189 

least some non-traumatic spinal pain from November 2010 to November 2012.  190 

To examine prospective associations between childhood cardiovascular disease risk 191 

factors and spinal pain occurrences (aim one), we constructed separate, mixed negative 192 

binominal regression models to investigate the prospective associations of 193 

cardiovascular disease risk factors and non-traumatic spinal pain for each risk factor at 194 

each of the two study phases. Negative binomial models are well suited for zero-inflated 195 

count data (weeks with spinal pain) (Hardin and Hilbe, 2014). To account for the 196 

hierarchical nature of this school-based study, we included each child’s school class 197 

identifier as a random effect in all models. Age was added as a covariate and sex as a 198 

potential modifier by adding an interaction term with the cardiovascular disease risk 199 

factor. Model results were reported with unstandardized beta coefficients (β) and 95% 200 

confidence intervals (CI), stratified by sex. The lowest tertile groups (i.e., tertile one) was 201 

used as the reference for the HOMA-IR and clustered cardiovascular disease risk factor 202 

exposure groups.  203 



83 

To examine the potential moderating role of health-related physical activity in the 204 

relationship between cardiovascular disease risk factors and spinal pain (aim two), we 205 

repeated the same modelling procedure and included a three-way interaction between 206 

clustered risk, sex, and moderate-to-vigorous physical activity. We examined the nature 207 

of these interactions by stratifying model results on sex, estimating the predicted 208 

margins, and plotting these results graphically.  209 

Data were analysed using and Stata/SE version 15 (StataCorp, TX). P values <0.05 were 210 

considered statistically significant. 211 

Results 212 

Overall, 1630 participants (52% female) participated in the study. In the first study 213 

phase, the study sample consisted of 1099 children (52% female) with a mean (SD) age 214 

of 8.4 (1.4) years and the second phase included 1129 children (52% female) with a 215 

mean (SD) age of 10.4 (1.4) years (Table 1).  216 

The prevalence of any kind non-traumatic spinal pain was very similar between phase 217 

one and two. However, there was a higher mean duration for weeks with spinal pain in 218 

phase two compared to phase one. In phase one, 62% of the 1104 children reported no 219 

non-traumatic spinal pain, 19% reported one week with at least some spinal pain, 6% 220 

reported two weeks, 4% reported three weeks, and 9% reported four or more weeks 221 

with spinal pain. In phase two, 60% of the 1291 children reported no non-traumatic 222 

spinal pain, 15% reported one week, 5% reported two weeks, 4% reported three weeks, 223 

and 15% reported non-traumatic spinal pain in four weeks or more (Table 2).  224 

Cardiovascular disease risk factors and future spinal pain 225 
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In phase one, when children had a mean age of 8-10 years, we found that girls with 226 

moderate log HOMA-IR scores (tertile two) were less likely to experience non-traumatic 227 

spinal pain compared to girls with low log HOMA-IR scores (tertile one) (β [95% CI]= -228 

0.83 [-1.57, -0.08]). In phase two, when children had a mean age of 10-12 years, girls 229 

with high log HOMA-IR scores (tertile three) were less likely to experience non-traumatic 230 

spinal pain than girls with low log HOMA-IR scores (tertile one) (β [CI]= -1.57 [-2.63, -231 

0.51]). There were no other associations between the cardiovascular disease risk factors 232 

and spinal pain (please see Appendix A for reporting of all estimates).  233 

Cardiovascular disease risk factors, future spinal pain, and the moderating role of 234 

physical activity 235 

In phase one, there were no associations between the cardiovascular disease risk factors 236 

and non-traumatic spinal pain when accounting for the moderating role of health-237 

related physical activity (Figure 1).  238 

In phase two, there was a significant three-way interaction with log-HOMA-IR, 239 

moderate-to-vigorous physical activity, and sex (p= 0.009). Overall, girls with low HOMA-240 

IR scores who engaged in higher levels of moderate-to-vigorous physical activity 241 

reported more weeks of spinal pain. Also, boys with lower clustered cardiovascular 242 

disease risk and more time in moderate-to-vigorous physical activity reported more 243 

weeks with spinal pain. Further, boys with higher clustered cardiovascular risk who had 244 

less time in moderate -to-vigorous physical activity reported more weeks of spinal pain 245 

(Figure 2). 246 

Specifically, girls with low (tertile one) log HOMA-IR risk scores and more moderate-to-247 

vigorous physical activity had a higher likelihood of non-traumatic spinal pain than girls 248 
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with moderate (tertile two) and high (tertile three) log HOMA-IR scores (significant two-249 

way interaction p= 0.009 and 0.001 for tertile two and three respectively) (Figure 2, A1). 250 

Boys with low (tertile one) log HOMA-IR scores and more time in moderate-to-vigorous 251 

physical activity had a higher likelihood of non-traumatic spinal pain than boys with 252 

moderate (tertile two) log HOMA-IR scores (significant two-way interaction p= 0.033) 253 

(Figure 2, A2).  254 

Boys with low (tertile one) clustered cardiovascular disease risk scores and more time in 255 

moderate-to-vigorous physical activity reported more weeks with non-traumatic spinal 256 

pain than boys with high (tertile three) cardiovascular disease risk scores (significant 257 

two-way interaction p= 0.024) (Figure 2, B2). Furthermore, boys with a high (tertile 258 

three) clustered cardiovascular disease risk score and less moderate-to-vigorous physical 259 

activity were more likely to experience non-traumatic spinal pain than boys with low 260 

(tertile one) clustered cardiovascular disease risk score (significant two-way interaction 261 

p= 0.024) (Figure 2, B2), this association was not found in girls (Figure 2, B1).  262 

Discussion 263 

Girls with low HOMA-IR scores and boys with low clustered cardiovascular risk score 264 

who engaged in higher levels of moderate-to-vigorous physical activity reported more 265 

weeks of spinal pain. Also, boys with higher clustered cardiovascular risk who had less 266 

time in moderate-to-vigorous physical activity reported more weeks of spinal pain. We 267 

only observed the moderating effect in the oldest cohort (phase two). Thus, our results 268 

suggest that there may be an association between cardiovascular risk factors and future 269 

spinal pain, however this relationship is dependent on sex, age, and health-related 270 

physical activity behaviour.  271 
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Comparisons to previous literature 272 

We are unaware of studies that have investigated the moderating role of health-related 273 

physical activity in the relationship between cardiovascular disease risk factors and 274 

spinal pain. However, several studies have evaluated these relationships separately. 275 

Previous research found that girls with spinal pain had greater clustered cardiovascular 276 

risk compared to girls without spinal pain, independently of health-related physical 277 

activity (Hebert et al., 2019). Similarly, adults with higher levels of cardiovascular risk 278 

factors or a history of cardiovascular disease reported more low back pain (Ha et al., 279 

2014; Leino-Arjas et al., 2006). Considering other illnesses within comparable young 280 

populations, previous associations have been identified between early life chronic 281 

illnesses and back pain in young populations, with individuals with chronic inflammatory 282 

conditions reporting more back pain in adolescence and young adulthood compared to 283 

those without the condition (Beynon et al., 2020a; Beynon et al., 2020b).  284 

There is inconsistent evidence regarding the nature of the relationship between spinal 285 

pain and physical activity (Beynon et al., 2019a; Beynon et al., 2019b; Heneweer et al., 286 

2011). It has been suggested that the association between physical activity and low back 287 

pain should be considered on a continuum, a ‘U-shape distribution’ (Campello et al., 288 

1996). This has been supported by results from a population-based study which found 289 

cross-sectional associations between extremes of physical activity (too much or too 290 

little) with chronic low back pain, particularly in women (Heneweer et al., 2009). 291 

However, this was contradicted by Heuch et al. (2016) who reported no evidence of a U-292 

shaped relationship between physical activity and low back pain. Schiltenwolf and 293 

Schneider (2009) called for longitudinal studies to consider this relationship between 294 
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low back pain and physical activity, and in our longitudinal analyses we found that 295 

physical activity moderates the association of cardiovascular disease risk factors and 296 

spinal pain in older children. This finding supports the idea that depending on an 297 

individual’s cardiovascular disease risk score, age and sex, too much or too little exercise 298 

may be associated with increased spinal pain.  299 

Methodological considerations 300 

Strengths of the current study include its longitudinal design and large, representative 301 

cohort of children. We used uniquely robust measurements of spinal pain, 302 

cardiovascular disease risk factors, and physical activity. Spinal pain data were collected 303 

with weekly text messaging which likely reduced recall bias with high levels of 304 

participant engagement and clinical examinations.  305 

Although models were adjusted for some potential modification and confounding there 306 

might have been other factors not included, as a source of confounding. Consequently, 307 

there is potential for residual confounding. The severity of the spinal pain was also 308 

unknown.  309 

Our study was an exploratory hypothesis generating study that requires confirmation 310 

before considering clinical or policy-related implications. Thus, we cannot make 311 

confident judgements about causation, as the temporality has not been established. 312 

However, as spinal pain is uncommon in very young children (Franz et al., 2014), we 313 

expect that relatively few children had established spinal pain prior to enrolment in the 314 

study. Nevertheless, additional evidence is needed to judge the causal nature of these 315 

relationships between cardiovascular disease risk factors, physical activity, and spinal 316 

pain. 317 
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Conclusion 318 

This study considered the prospective associations between cardiovascular disease risk 319 

factors with future non-traumatic spinal pain, and the moderating role of health-related 320 

physical activity. Girls with low insulin resistance and boys with low clustered 321 

cardiovascular risk score at baseline, when children were approximately 10-12 years of 322 

age, and who spent high amounts of time doing moderate-to-vigorous physical activity 323 

reported more weeks with spinal pain during the two year follow up. Boys with higher 324 

clustered cardiovascular risk who had low amounts of time doing moderate-to-vigorous 325 

physical activity also reported more weeks with spinal pain. Thus, there appears to be a 326 

relationship between insulin resistance, cardiovascular risk factors and future spinal pain 327 

in older children and this relationship might be moderated by physical activity. Further 328 

research is needed to better understand the reasons for and implications of these 329 

relationships.  330 
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Table 1: Baseline descriptive demographics and cardiovascular risk variables for each study 
phase. 

Variable 2008 (phase 1) 2010 (phase 2) 
(n) Mean (SD) (n) Mean (SD) 

Age (yr.) Girls (572) 8.3 (1.4) Girls (588) 10.3 (1.4) 
Boys (527) 8.4 (1.4) Boys (541) 10.4 (1.4) 

Body mass index (kg/m2) Girls (571) 16.4 (2.1) Girls (588) 17.5 (2.5) 
Boys (522) 16.3 (2.0) Boys (540) 17.1 (2.3) 

Insulin (µU/mL) Girls (479) 3.9 (2.9) Girls (447) 5.1 (2.9) 
Boys (447) 3.4 (2.1) Boys (429) 5.0 (6.6) 

Glucose (mmol/L) Girls (478) 4.5 (0.4) Girls (447) 4.7 (0.3) 
Boys (447) 4.7 (0.8) Boys (429) 4.9 (0.8) 

HOMA-IR Girls (478) 0.8 (0.6) Girls (447) 1.1 (0.7) 
Boys (447) 0.7 (0.6) Boys (429) 1.3 (4.5) 

Systolic BP (mm Hg) Girls (555) 101.1 (8.1) Girls (588) 102.0 (8.2) 
Boys (510) 101.5 (8.7) Boys (541) 102.3 (8.1) 

Total Cholesterol (mg/dL) Girls (478) 174.5 (28.8) Girls (447) 167.8 (26.2) 
Boys (447) 167 (25.7) Boys (429) 163.2 (25.3) 

HDL Cholesterol (mg/dL) Girls (478) 63.0 (13.7) Girls (447) 62.1 (12.8) 
Boys (447) 66.1 (13.3) Boys (429) 64.3 (14.1) 

Total:HDL-C (mg/dL) Girls (478) 2.9 (0.7) Girls (447) 2.8 (0.7) 
Boys (447) 2.6 (0.6) Boys (429) 2.6 (0.6) 

LDL Cholesterol (mg/dL) Girls (478) 99.3 (26.7) Girls (447) 93.5 (23.8) 
Boys (447) 90.6 (23.7) Boys (428) 87.4 (22.4) 

Triglycerides (mg/dL) Girls (478) 60.8 (23.7) Girls (447) 59.0 (26.6) 
Boys (447) 52.1 (20.9) Boys (428) 54.4 (27.6) 

Clustered CV risk score Girls (467) 12.8 (2.6) Girls (447) 16.1 (2.6) 
Boys (433) 11.8 (2.5) Boys (428) 15.4 (2.9) 

MVPA (% of day) Girls (591) 7.4 (2.3) Girls (608) 7.2 (2.6) 
Boys (519) 9.0 (2.5) Boys (532) 9.6 (3.1) 

HOMA-IR: homeostasis assessment model-estimated insulin resistance, BP: blood pressure, HDL-C: high-
density lipoprotein cholesterol, LDL-Cholesterol: low-density lipoprotein cholesterol, CV: cardiovascular, 
MVPA: moderate-to-vigorous physical activity. 

Table 2: Number of weeks of reported non-traumatic spinal pain for each study phase. 

Phase 1 (Nov 2008-Nov 2010) 

(n) Mean (SD) Median IQR Range n (%) 
≥ 1-week with pain 

Number of weeks 
with non-traumatic 
spinal pain  

Girls (587) 1.7 (5.4) 0 1 0 to 62 241 (41) 
Boys (517) 1.3 (5.9) 0 1 0 to 75 179 (35) 

Phase 2 (Nov 2010-Nov 2012) 

(n) Mean (SD) Median IQR Range n (%) 
≥ 1-week with pain 

Number of weeks 
with non-traumatic 
spinal pain  

Girls (676) 3.1 (8.5) 0 2 0 to 91 284 (42) 
Boys (615) 1.9 (6.8) 0 1 0 to 90 230 (37) 
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Summary of Chapter Six and link to next chapter 

This CHAMPS Study-DK analysis found that girls with low insulin resistance score 

(HOMA-IR) and had a high amount of time doing moderate-to-vigorous physical activity 

reported more weeks with spinal pain. Additionally, boys with low clustered 

cardiovascular disease risk who had high amounts of time doing moderate to vigorous 

physical activity and higher clustered cardiovascular disease risk who had low amounts 

of time doing moderate to vigorous physical activity reported more weeks with spinal 

pain.  

As far as we know, no other study in any other study population has considered the 

moderating role of health-related physical activity in the relationship between 

cardiovascular disease risk factors and spinal pain. Therefore, this was an exploratory 

study about hypothesis generation. To better understand the relationship between 

these factors the results require replication in different populations.  

We then moved on to consider the potential relationship between CRP and spinal 

pain within this cohort.  
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Chapter Seven- No association between sub-clinical 

elevation of C-reactive protein levels and spinal 

pain trajectories in children (CHAMPS Study-DK). 

The aim of this study was to investigate the associations between sub-clinical 

elevation of CRP levels and spinal pain from childhood to adolescence. Specifically, we 

examined for differences in mean CRP levels between spinal pain trajectory subgroups. 

This manuscript has been prepared for publication and formatted for publication in 

the Pediatrics.  

Beynon AM, Wedderkopp N, Walker BF, Leboeuf-Yde C, Hartvigsen J, Hebert JJ. No 

association between sub-clinical elevation of C-reactive protein levels and spinal pain 

trajectories in children (CHAMPS Study-DK). 
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Study: No association between sub-clinical elevation of C-reactive protein 

levels and spinal pain trajectories in children (CHAMPS Study-DK). 
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Abstract: 1 

Background and Objectives: Spinal pain is the leading cause of disability worldwide and 2 

can affect children. Preliminary evidence points to a link between C-reactive protein 3 

(CRP) and spinal pain. The aim of this study was to investigate the associations between 4 

sub-clinical elevation of CRP and different trajectories of spinal pain frequency from 5 

childhood to adolescence. 6 

Methods: We used data from the Childhood Health, Activity, and Motor Performance 7 

School Study Denmark (CHAMPS study-DK). High-sensitivity CRP (hs-CRP) was 8 

measured from blood samples. The outcome variable was the number of weeks of non-9 

traumatic spinal pain. Group-based spinal pain trajectories were generated using group-10 

based trajectory modelling. The association between hs-CRP and spinal pain trajectory 11 

subgroup membership was investigated with multinominal logistic regression. 12 

Results: Based on data from 1556 participants, there were five distinct spinal pain 13 

trajectory subgroups from 6 to 17 years of age: “no pain” (55.3%), “rare” (20.3%), “rare, 14 

increasing” (10.9%), “moderate, increasing” (6.0%), and “early onset, decreasing” 15 

(1.3%). There were no differences in mean hs-CRP at baseline between spinal pain 16 

trajectory subgroups. 17 

Conclusions: Whilst there were some fluctuations in of spinal pain frequency between the 18 

trajectory groups, most children reported spinal pain rarely or not at all. There was no 19 

significant association between the hs-CRP levels and the spinal pain trajectories. Future 20 

studies should consider including follow-up of children into adulthood, assessments of 21 

other inflammatory markers, and measurements of outcome based on other types and 22 

definitions of spinal pain. 23 
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Introduction 24 

Globally, spinal pain is the leading cause of disability1 and affects people across their life-25 

course including children and adolescents.2,3 Spinal pain is complex and has been found 26 

to have many possible contributors, including genetic, physical, and psychosocial 27 

factors,4 and follow different trajectories in sufferers.5-7 Low-grade persistent 28 

inflammation has been proposed as a biological mechanism for an array of health 29 

conditions8,9 and there is some evidence that points to a link between elevated levels of 30 

pro-inflammatory biomarkers and spinal pain.10,11 31 

C-reactive protein (CRP) is a sensitive marker of inflammation in the human body. Adults32 

generally have relatively stable levels of CRP with a median concentration of 0.8mg/l, 33 

with occasional increased levels usually linked to infections or trauma.12 CRP levels 34 

greater than 10 mg/L (clinical levels) are likely to indicate current infection and acute 35 

inflammation.13 Sub-clinical levels of CRP, between 1-3 and 10mg/L, have been 36 

associated with multiple factors for poor health,9 such as metabolic syndromes,14,15 37 

coronary heart disease,16-19 and diabetes.20,21 In children, CRP has been correlated with 38 

cardiovascular risk factors such as fibrinogen, HDL-cholesterol, heart rate and systolic 39 

blood pressure, as well as measures of adiposity.22,23 40 

There is also preliminary evidence that points to a potential link between CRP and spinal 41 

pain. For example, there is moderate quality evidence showing positive associations 42 

between CRP and the presence and severity of low back pain in adult populations,10,11 and 43 

authors of a large cross-sectional population-based study (N=15,322) reported that 44 

participants with obesity and high CRP levels had an almost three-fold increased odds of 45 

reporting low back pain (odds ratio [95% CI] = 2.86 [1.18 to 6.96]).24 Data from cross-46 

sectional studies in older or mixed general populations indicate that increased 47 

inflammation may alter the experience of spinal pain by altering underlying 48 
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sensitisations.10,24-26 However, longitudinal data are needed to study the relationship 49 

between CRP levels and spinal pain over time in particular in children and adolescents. 50 

Thus, the aim of this study was to investigate any associations between sub-clinical CRP 51 

levels and different courses of spinal pain from childhood to adolescence. Specifically, 52 

we examined for differences in mean CRP levels at baseline between spinal pain 53 

trajectory subgroups. 54 

Methods 55 

Study design and Ethics Permissions 56 

We analysed data from the Childhood Health, Activity, and Motor Performance School 57 

Study Denmark (CHAMPS study-DK).27 Participating children from ten schools were 58 

enrolled into the study on a rolling basis starting from October 2008, and comprised 59 

children from 6 to 11 years of age at the time of enrolment, and were followed until 60 

2014.28,29 61 

Ethics approval was obtained by the Regional Scientific Committee of Southern Denmark 62 

for the CHAMPS Study-DK (ID S20080047) and the study was also registered with the 63 

Danish Data protection Agency, as stipulated by Danish law J.nr 2008-41-2240. Written 64 

informed consent was obtained from every parent. Every child and parent also gave 65 

verbal consent for all clinical examinations. Ethics approval for the current analysis was 66 

also approved by Murdoch University Human Research Ethics Committee (Approval 67 

number: 2019/012). 68 

C-reactive protein69 

High-sensitivity CRP was measured from blood samples obtained at baseline. Fasting 70 

blood samples were obtained in the morning (8.00 – 10.30 AM), stored on ice and 71 
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transported within 4 hours to a laboratory, where they were pipetted, centrifuged, and 72 

stored at -80 degrees Celsius.30 High-sensitivity CRP (hs-CRP) refers to the lower 73 

detection limit of the assay compared to CRP. The immunoassays for CRP have been 74 

shown to be well-standardized, robust, and reproducible.12 Data points with hs-CRP > 10 75 

mg/L were excluded because this is likely to indicate current infection or acute 76 

inflammation rather than chronic inflammation.13 77 

Spinal pain outcome 78 

Spinal pain was defined as pain in the neck, mid-back and/or lower back. Spinal pain data 79 

were reported by parents each week over five and a half years (November 2008 to June 80 

2014) via text messaging. Specifically asking the parent: “Has [NAME OF CHILD] 81 

during the last week has any pain in: 1. Neck, mid back and/or lower back, 2. Shoulder, 82 

arm or hand, 3. Hip, leg or foot and 4. No my child has not had any pain.” Additionally, 83 

diagnosed spinal pain was identified through clinical examination and audit of linked 84 

medical records. Diagnosed spinal pain was classified as traumatic or non-traumatic in 85 

origin.31 86 

We excluded all incidents of diagnosed spinal pain occurring from a traumatic aetiology 87 

(e.g., contusions, sprains, strains, fracture). The outcome variable of non-traumatic spinal 88 

pain comprised the number of weeks of spinal pain excluding spinal pain with a traumatic 89 

diagnosis. The follow-up data were grouped into 6-month timepoints starting from 90 

baseline. The number of weeks with reported spinal pain per 11 half years were used to 91 

create 11 timepoints on which we modelled the non-traumatic spinal pain trajectories. For 92 

spinal data to be included at a particular timepoint, participants needed to report at least 93 

60% valid data during that six-month period (i.e. they had to respond to the weekly text 94 

message at least 60% of the time).  95 
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Covariates 96 

Potential moderators and confounders included: sex, pubertal status, body mass index, 97 

and health-related physical activity (proportion of waking time in moderate-to-vigorous 98 

intensity physical activity [MVPA]). Demographic information was collected through a 99 

questionnaire at baseline.  Puberty status was assessed at baseline and once a year through 100 

a self-reported Tanner stage in structured interviews. Tanner stages were reported on a 101 

scale of 1 to 5, with higher scores representing later pubertal status, based on self-102 

assessments of pubic hair development in boys and breast development in girls.32,33 103 

Anthropometric measurements were taken at baseline and twice a year for five years. 104 

Height was measured with a portable stadiometer (SECA 214, Seca Corporation, 105 

Hanover, MD, USA) to the nearest .5 cm, and body weight was measured using a 106 

calibrated Tanita BWB-800S digital scale (Tanita Corporation, Tokyo, Japan) to the 107 

nearest 100g. Age- and sex-specific BMI categories for underweight, normal weight, 108 

overweight, and obese were calculated for all participants according to the International 109 

Obesity Task Force criteria.34 Physical activity was measured objectively every second 110 

year using Actigraph GTX3 accelerometers and we applied standard cut-points to identify 111 

moderate and vigorous physical activity intensities, and isolated the proportion of the day 112 

in MVPA.27,35  113 

These covariates were chosen due to their associations with spinal pain 31,36,37 and 114 

CRP.22,38-40 Previous research demonstrates a higher prevalence of spinal pain in females 115 

and with advanced pubertal status.36,37 There are mixed results regarding the relationship 116 

between body mass index and spinal pain.36,37 Physical activity has been found within the 117 

CHAMPS Study-DK cohort to be associated with future spinal pain.31 Physical exercise 118 

has been shown to reduce CRP levels in adults, which could in turn lower the risk of 119 

coronary heart disease by moderating inflammation.40 There are mixed results regarding 120 
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sex differences but females have been found to overall have higher levels of CRP in a 121 

general population,38,39 additionally in children girls have also been found to have higher 122 

levels of CRP than boys.22 123 

Statistical analysis 124 

Demographic data were reported descriptively including mean and standard deviation 125 

(SD) of hs-CRP. Data were analysed using Stata S/E version 15 (StataCorp, TX). 126 

Missing data on spinal pain were imputed by multiple imputation using random hot deck 127 

imputation. Random hot deck imputation is a logic-based approach in which a pool of 128 

‘donors’ with similar characteristics are identified and used to impute the missing value. 129 

This method allows for the uncertainty of imputation to be accounted for. Five imputed 130 

datasets of spinal pain were created and used within the analyses to create the spinal pain 131 

trajectories.41 132 

Group-based spinal pain trajectories were first generated using group-based trajectory 133 

modelling to identify trajectory subgroups for spinal pain. Spinal pain was modelled as a 134 

function of age. Compared to variable-centered analyses that endeavour to find 135 

associations between variables (e.g., regression), person-centered approaches such as 136 

group-based trajectory modelling identify subgroups of individuals who share particular 137 

attributes (e.g. course of spinal pain over time).42 Group-based trajectory modelling is a 138 

specialised application of finite mixture modelling that delivers an empirical method of 139 

classifying meaningful subgroups of individuals, based on their patterns of change (i.e., 140 

trajectories) in outcome over time.43,44 Dissimilar to growth mixture modelling, group-141 

based trajectory modelling uses maximum likelihood estimation to estimate and create an 142 

unknown distribution of trajectories across individuals.43 In this way, group-based 143 

trajectory models are well-suited to identify meaningful but unknown homogeneous 144 
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subgroups (i.e., classes) that follow distinct trajectories within a heterogeneous145 

population.13 146 

Firstly, single class models were constructed and the number of classes, and complexity 147 

of polynomial distributions (e.g., linear, quadratic, cubic) were increased until optimal 148 

models were identified.43 A best model fit was selected using all available data estimating 149 

two to eight latent trajectory groups with zero-order, linear, quadratic and cubic terms for 150 

each group. The initial modelling decisions were based on a combination of statistical and 151 

clinical judgments that were subsequently tested with several diagnostic approaches. We 152 

used the Bayesian Information Criterion (BIC) statistic to find clinically relevant 153 

trajectories. Models were then subsequently evaluated with 4 a priori diagnostic criteria: 154 

1) an average posterior probability of individual group membership of ≥ 70 per cent for155 

each group; 2) obtaining close correspondence between the estimated probability of group 156 

membership and the proportion of participants assigned to each group based on the 157 

posterior probability; 3) reasonably tight confidence intervals around estimated group 158 

membership probabilities and 4) minimum odds of correct classification ≥5.43,44 159 

To investigate for differences in mean hs-CRP (at baseline) between spinal pain trajectory 160 

subgroups, multinominal logistic regression was used. Hs-CRP was used in its original 161 

scale because after excluding values over 10 mg/L its distribution approximated 162 

normality.13 We reported the mean and standard deviation (SD) of hs-CRP at each time 163 

point and the beta coefficients with 95% confidence intervals. The spinal pain trajectory 1 164 

(No pain) was used as the reference category. Covariates were introduced into the model 165 

initially individually and then in combination, also assessing for any interaction effects 166 

between the variables. Covariates were included, if they were associated with spinal pain 167 

and/or they made >10% changes in the main exposure variable of interest (hs-CRP) when 168 

added or subtracted from the model.  169 
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Results 170 

At baseline, the study sample included 572 females (52%) and 527 males with a mean 171 

(SD) age of 8.4 (1.4) years, and of these, 916 participants had valid hs-CRP (≤10mg/L) 172 

results (Table 1). Data from 1556 participants were included in the non-traumatic spinal 173 

pain trajectory model, and mean CRP was calculated among those with valid CRP 174 

measurements at baseline (n=916). Sex and level of health-related physical activity were 175 

found as significant covariates and included in the final model. Body mass index and 176 

pubertal status were not found to be significant covariates nor to make any changes to the 177 

magnitude of association and were therefore not included in the final model.  178 

Non-traumatic spinal pain trajectories 179 

The five-group trajectory model demonstrated the optimal fit and met all a priori 180 

diagnostic criteria (Appendix A). There were five distinct non-traumatic spinal pain 181 

trajectory subgroups from ages 6 to 17 years of age, which were labelled as follows: “no 182 

pain” (55.3%), “rare” (20.3%), “rare, increasing” (10.9%), “moderate, increasing” 183 

(6.0%), and “early onset, decreasing” (1.3%) (Figure 1).  184 

Non-traumatic spinal pain trajectories and mean C-reactive protein levels 185 

There were no differences in mean hs-CRP at baseline between spinal pain trajectory 186 

subgroups (Table 2). 187 

Discussion 188 

We identified five non-traumatic spinal pain trajectories from 6 to 17 years of age. Whilst 189 

there were some fluctuations in the amount of spinal pain within three of the trajectory 190 

groups, three-quarters of children were within the “no pain” or “rare pain” trajectory 191 
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groups. This aligns with results from a recent systematic review, which found three 192 

common patterns of low back pain in adolescence and young adulthood.45 193 

Contrary to our expectations, there were no significant differences in the mean hs-CRP 194 

between spinal pain trajectory subgroups. This finding is supported by a recent study on 195 

another young cohort study that also found no association between hs-CRP and low back 196 

pain in adolescence and young adulthood.7 However, these findings conflict with the 197 

results of a large cross-sectional study of a general population by Briggs et al.24 who 198 

found that elevated levels of hs-CRP increased odds of reporting low back pain, 199 

particularly in individuals who were obese. The sample population within Briggs et al. 24 200 

included a mixture of ages including adolescents and older adults. It may be that a direct 201 

relationship between CRP and spinal pain emerges in older populations and is not evident 202 

in young populations. Further, this link could be potentially about comorbidities rather 203 

than just spinal pain and one inflammatory biomarker, CRP. Otherwise, there may simply 204 

not be a link between CRP and spinal pain in younger populations. Future research could 205 

continue to track the population further into adulthood, examine other potential 206 

inflammatory markers, or study other types/definitions of spinal pain. 207 

Strengths and limitations 208 

The main strengths of this study include its longitudinal design over 5.5 years with a large 209 

representative cohort of children, and the robust measurements of spinal pain and CRP. 210 

Spinal pain data were collected with weekly text messaging data which reduced recall 211 

bias and the diagnosis of traumatic/non-traumatic spinal pain enabled spinal pain with a 212 

traumatic diagnosis to be excluded. There was also an extremely high response rate (96%) 213 

to the weekly spinal pain text messages.28 Additionally, the utilisation of imputation 214 

methods ensured there were limited missing spinal pain data.  215 
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Some potential limitations were that although models were adjusted for some potential 216 

confounding there could have been other factors not considered as potential source of 217 

residual confounding. The quality of our spinal pain variable was considered high but 218 

severity of the spinal pain was not measured. Some occurrences of traumatic spinal pain 219 

may not have been diagnosed, therefore included in the spinal pain trajectories. However, 220 

this is not extremely likely because whenever possible there was a medical examination 221 

to diagnosis the spinal pain. 222 

223 

Conclusion 224 

We identified five non-traumatic spinal pain trajectories from 6 to 17 years of age. Whilst 225 

there were some fluctuations of the amount of spinal pain within three of the trajectory 226 

groups, the majority of children reported spinal pain rarely or not at all. There was no 227 

significant association between the spinal pain trajectories and the mean hs-CRP level at 228 

baseline. Future research within this area should consider continuing tracking 229 

children/adolescents into adulthood, examine other potential inflammatory markers or 230 

study other types/definitions of spinal pain. 231 
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Table 3: Number, age and sex of participants at baseline, plus the number of participants with available data for hs-CRP 

Timepoint Total number 
of 
participants: 
n 

Age (years) 

Mean (SD) 

Valid hs-CRP 
(≤10mg/L)a: 
n 

Mean hs- 
CRP (mg/L): 
Mean (SD) 

Baseline      All 1099 8.4 (1.4) 916 0.47 (0.86) 
Girls 572 8.3 (1.4) 470 0.53 (0.88) 
Boys 527 8.4 (1.4) 446 0.42 (0.83) 

SD: standard deviation, hs-CRP: High sensitivity C-reactive protein, hs-CRP (≤10mg/L)a: those with hs-
CRP (≤10mg /L), which indicates acute inflammation 

Table 4: Mean hs-CRP estimates at baseline by the non-traumatic spinal pain trajectory in children. 

hs-CRP at 
timepoint 

Spinal pain 
trajectory 1 
(“No pain”) 

REFERENCE 

Spinal pain trajectory 2 
(“Rare”) 

Spinal pain trajectory 3 
(“Rare, increasing”) 

Spinal pain trajectory 4 
(“Moderate, increasing”) 

Spinal pain trajectory 5 
(“Early onset, decreasing”) 

Mean (SD) Mean (SD) β (95% CI) Mean (SD) β (95% CI) Mean (SD) β (95% CI) Mean (SD) β (95% CI) 
Baseline 0.52 (0.98) 0.37 (0.43) -0.27 (-0.56, 0.02) 0.47 (0.87) -0.05 (-0.31, 0.21) 0.44 (0.71) -0.11 (-0.56, 0.34) 0.32 (0.33) -0.41 (-1.76, 0.93)

hs-CRP: high sensitivity C-reactive protein, SD: standard deviation, β: beta coefficients 95% CI: 95% confidence interval. 
Models adjusted for health-related physical activity level and sex 
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Figure 1 Non-traumatic spinal pain trajectories from 6 to 17 years of age 
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Summary of Chapter Seven 

Within this final CHAMPS Study-DK analysis, through trajectory analysis we 

identified five distinct non-traumatic spinal pain trajectory subgroups from childhood to 

adolescence. The largest subgroup (53.7%) was the ‘no pain’ subgroup, followed by 

23.1% of participants in the ‘rare’ spinal pain subgroup. Another subgroup with 13.2% of 

participants was the ‘rare, increasing’ spinal pain subgroup. The final two smallest 

subgroups were the ‘moderate, increasing’ and ‘early onset, decreasing’ spinal pain 

subgroups with 5.9% and 1.3% of participants respectively. This shows that most of the 

children repeatedly reported no spinal pain or spinal pain rarely, with a minority of 

children repeatedly reporting spinal pain, which increases with age towards 

adolescence.  

Finally, there were no differences in mean hs-CRP levels between spinal pain 

trajectory subgroups within this cohort. 
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Chapter Eight- Thesis discussion 

Overall aim and summary of main findings 

The overarching aim of this thesis was to explore aspects of the aetiology of spinal 

pain in young populations. Specifically, the aim of this thesis was to investigate if early 

life illness factors such as childhood gastrointestinal, cardiovascular and respiratory 

illnesses, or cardiovascular disease risk factors are risk factors for back pain in 

adolescence or young adulthood. Also, to investigate if there is a link between CRP and 

back pain in young population.  

Based on the review articles (chapter two and three) the most likely risk factors for 

back pain in children and young adults are female sex, older age towards adolescence 

and young adulthood, later pubertal status, positive family history of back pain, and 

psychological factors [109-111]. In the assembled literature between-study comparisons 

were hampered by a lack of clarity of definitions for back pain. Consequently, the results 

are mainly restricted to associations. To assist the analyses we adopted the 

methodology of using repeated measures of back pain with clear definitions and applied 

it to risk factors of back pain in young populations.  

These reviews informed our investigative processes as we drew on high quality 

databases to explore our hypotheses. We found: 

a) Longitudinal and cross-sectional associations of respiratory and atopic

conditions, with impactful low back pain occurrences in adolescence and young

adulthood (chapter four) [112].

b) A dose-response relationship between the number of chronic inflammatory

conditions and impactful low back pain (chapter four) [112].

c) Girls with low insulin resistance scores and boys with low cardiovascular disease

risk scores who engaged in high amounts of time in moderate to vigorous

physical activity reported more weeks with spinal pain (chapter six).

d) Boys with higher clustered cardiovascular disease risk and low time in moderate

to vigorous physical activity reported more weeks with spinal pain (chapter six).
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e) An explanation for an underlying mechanism was not found by the presence of a

relationship between the inflammatory blood marker CRP and back pain (chapter

five and seven) [113].

Existing risk factor literature in a new light 

The first step in working towards our aim was to systematically search and 

summarise the existing literature. Previous systematic reviews have mostly looked at 

individual risk factors, lacked adequate definitions of back pain, or had not considered 

the issue of temporality between exposure and outcome. Taking these parameters into 

consideration, our findings [109, 110] agreed with previous systematic reviews 

identifying female sex [24, 28, 114] and older age approaching young adulthood [24, 25, 

28] as the most common risk factors for back pain in young populations. While we did

account for sex within our analyses, exploring the reasons for sex differences is beyond 

the scope of this thesis. It has also been found that adolescent girls with low back pain 

have an increased burden of impact when compared to boys with low back pain [35]. It 

has been proposed that the reason females are at increased risk of back pain is because 

of differences in pain modulation due to oestrogen [115]. However, others have 

suggested that these sex differences are likely to be more complex, with 

neurophysiological, psychosocial, as well as hormonal factors playing a role [116]. 

Nonetheless, the findings of this thesis highlight the notion that back pain is complex 

and multifactorial. 

Previous systematic reviews have similarly identified other likely risk factors of back 

pain in young people as being advanced pubertal status [117], a positive family history 

of back pain [118], and a prior history of back pain [114, 119]. The common thread for 

these risk factors or triggers being that they are predominantly biological in nature. This 

theme of risk factors, and in particular, a familial history of back pain, points to a 

possible genetic or social component. However, the literature surrounding the role of 

genetics in back pain is mixed [50]. Overall, there appears to be at least some genetic 

component [120-125]. But, it is worth posing the question, how much of an effect? A 

systematic review of twin studies found the heritability effects on low back pain ranged 

from 21% to 67% [50]. It was also found that the heritability effects were dependent on 

the chronicity and severity of low back pain, with an increased effect of heritability with 
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more chronic and disabling low back pain compared to acute and inconsequential low 

back pain [50]. This is similar across all spinal regions [123].  

One of the important unresolved issues within this field of research is the relative 

contributions of the role of ‘nurture’, as opposed to that of ‘nature’. One twin study of 

children found no difference in the frequency of low back pain between monozygotic 

and dizygotic twins which suggests little genetic effect [126]. However, 41% of the risk of 

low back pain was attributed to shared environment and the other 59% to unshared 

environmental factors [126]. Similarly, another twin study on monozygotic and dizygotic 

twins found that among children shared environmental factors were strong components 

in the aetiology of low back pain, but this was not found in older age groups [120]. After 

15 years of age, the shared environmental component appeared to be unimportant, 

rather the effect of unshared environment components increased, but also the genetic 

effect became more evident, indicating the genetic interactions seem likely to increase 

as age increases [120]. Our findings of the association between atopic and respiratory 

conditions with low back pain (OR [95% CI] = 1.2 [1.0,1.5] and OR [95% CI] = 1.3 [1.1,1.5] 

respectively) suggest that one avenue to better quantify the nature and nurture debate 

may be to use monozygotic and dizygotic twins with and without these conditions.  

We found that psychological features are risk factors for back pain in young people 

[111]. These results agree with related systematic reviews. A previous systematic review 

also found that children with psychological distress have an increased risk of back pain 

[28] and there is moderate-quality evidence that negative emotional symptoms are

associated with later in life musculoskeletal pain (pooled OR [95% CI] = 1.5 [1.1,2.2]) 

[27]. Also, previous systematic reviews on adult populations found that psychological 

factors may play a role in the aetiology of spinal pain [127], but they also appear to 

impact the transition to chronicity [127, 128]. More recently children were found to be 

at an increased odds (girls: OR [95% CI] = 4.6 [2.1,10.4]; boys: OR [95% CI] = 8.7 

[3.9,19.2]) of reporting spinal pain when experiencing multiple physiological factors in 

higher frequencies [129]. These consistent findings, across multiple sources, highlight 

the considerable weight of evidence for psychological factors playing a role in the 

aetiology of back pain, even in younger populations. Further considering psychological 
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factors as risk factors for back pain in young populations was outside the scope of this 

thesis.  

Also within chapter three, other factors, namely asthma, headaches, abdominal 

pain, depression, anxiety, conduct problems, somatization, and ‘feeling tense’ were 

found to be associated with back pain [111]. Comparably, previous studies found that 

adolescents who reported medium and high levels of stress had an increased likelihood 

(OR [95% CI] = 2.2 [2.1,2.3] and OR [95% CI] = 4.4 [4.3,5.2] respectively) of spinal pain 

compared to adolescents who reported no stress [130]. Similarly, increased likelihood 

for spinal pain is also seen in adolescents with lower levels of general well-being (OR 

[95% CI] = 2.5 [2.3,2.7]) [130]. Based on our systematic review, it is not possible to say 

whether illness factors are comorbidities, triggers, or risk factors for back pain. However, 

when considered as a whole, the evidence suggests that there appears to be a 

relationship between these chronic conditions and back pain. 

One limitation of the existing literature that we encountered was the lack of 

consistent and adequate definitions of back pain. The consequence being an inability to 

directly compare studies and reach more definitive conclusions. Most of the previous 

studies considered back pain at single time points, which does not accurately represent 

its recurrent and fluctuating nature [131, 132]. The dynamic nature of back pain is 

difficult to capture with dichotomous outcomes [132]. The inadequacy of prior back pain 

studies in this way further highlights the limitations of cross-sectional studies when 

attempting to understand the experiences of people with back pain. Of note is that in 

this thesis, to mitigate these inadequacies we used methodological approaches in line 

with current conceptualisation of back pain through the use of longitudinal back pain 

data and applying clear definitions of back pain. 

Contributing to the search for back pain risk factors 

In order to say a variable is a risk factor for a condition, a causal relationship must 

be established [95]. Even though there are differing opinions on the “Bradford Hill 

criteria” and its usefulness [133, 134], it is still one of the most cited concepts in health 

research [134]. Although first proposed in 1965, the Bradford Hill criteria are still 

relevant and assist researchers in making connections based on a body of research, to 
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either aid in identifying causal relationship or to highlight potential avenues for future 

research to understand possible causality [133]. These criteria provide a mechanism by 

which the findings of this thesis can be placed within the context of the search for back 

pain “causes” or risk factors.  

There are nine tenets in the Bradford Hill criteria that are used to determine if a 

causal pathway potentially exists, namely: 1) strength of association, 2) consistency, 3) 

specificity, 4) temporality, 5) biological gradient, 6) plausibility, 7) coherence, 8) 

experiment, and 9) analogy [97]. In considering if there is a potential causal relationship 

between chronic illnesses and back pain, this thesis undertook analyses to explore 

several of the important of the Bradford Hill criteria. 

1. Based on the results from the systematic review (chapter three) and from

the Raine Study analysis (chapter four), the strength of the association was

found to be low for individual risk factors with most of the odds ratios just

above one.

2. Consistency was found. The results from chapters three and four for all

included conditions were found to be in the same direction, showing positive

associations between illness factors and back pain. These results are

consistent with the broader literature where musculoskeletal conditions

have been found to increase the risk of chronic disease [38]. They also align

with studies of twins where people with chronic conditions such as asthma,

diabetes, headaches, or were in poor general health, compared to people in

good health, were more likely to report low back pain [50].

3. Due to the complex and multifactorial nature of back pain uncertainty

remains about the specificity of association. For specificity of association to

be shown ideally the outcome would only have one cause. For example, if

the association was observed only in a specific population or in a specific

geographic place, and the outcome variable has no other valid explanation

then specificity of association could be shown. As we cannot say only one

factor alone causes back pain, we cannot say there is specificity of

association.
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4. The longitudinal analysis conducted in chapter four revealed a temporal

relationship between respiratory and atopic conditions during childhood

with future impactful low back pain in adolescence and young adulthood

[112].

5. Biological gradient or the dose response relationship was also examined

within chapter four. This revealed that participants who reported a greater

number of chronic inflammatory conditions had an increased odds of

impactful low back pain in adolescence and young adulthood [112]. This

result supports reports of a dose-response relationship between the number

of early postnatal life pain exposures (infantile colic and otitis media) and the

risk of pre-adolescent spinal pain [67].

6. In terms of the plausibility between inflammatory conditions and back pain,

the proffered causal link from early life inflammation and inflammatory

conditions to back pain, is inflammation-associated activation of the

hypothalamic-pituitary-adrenal axis [49, 60, 61]. Dysregulation of this axis

can lead to overactive responses to later psychosocial or mechanical

stressors and overall hypersensitivity, resulting in pain [49]. However, it

remains that an equally plausible explanation could be that inflammatory

conditions and back pain are comorbid and share a underlying common

origin or mechanism [51, 132], with back pain itself being a result of an

inflammatory condition.

Additionally, when we further consider the results from chapter six, it is

plausible there is some form of relationship between cardiovascular disease

risk factors, physical activity, and spinal pain. The possible biological

mechanism being that inflammation is an important component in

pathogenesis of cardiovascular disease [135] and potentially with spinal pain

as well. However, within this thesis, we found no association between CRP

and back pain in younger populations (chapters five and seven). The

activation in the hypothalamic-pituitary-adrenal axis has been found to be

associated with higher levels of cardiovascular disease risk factors [136].

Physical activity has been found to reduce inflammation [88, 137]. However,
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this is not the case for all types of activity as high intensity training has been 

found to induce an inflammatory response [138]. Also, very low levels of 

physical activity could be problematic, as children who had lower levels of 

physical activity have been found to have increased levels of cardiovascular 

disease risk factors compared to children in the most active quintile [139]. 

This “sweet spot” is also seen in spinal pain where moderate-to-vigorous 

physical activity has been found to be protective for spinal pain, whereas 

vigorous intensity physical activity was associated with increased spinal pain 

[104]. Vigorous physical activity may be related to injuries. Viewed together, 

these findings build a case for the likely existence of a relationship between 

cardiovascular disease risk factors, physical activity, and spinal pain. This 

shows a complex interaction between biological and behaviour factors, and 

the frequency of spinal pain reported by young people. 

7. Although, we found no association between the inflammatory blood marker

CRP and back pain, other potential biomarkers exist, and to date there are

no conflicting results that contradict this association based on previous

studies or basic science concepts, therefore it cannot be said that there is a

lack of coherence.

8. There is no known experimental evidence testing the relationship between

chronic illnesses and back pain.

9. There is no known specific analogy to support or refute this association.

More evidence is needed to say if there is a causal relationship, a common origin, or 

another potential mechanism, but overall, we found associations between some chronic 

inflammatory conditions and low back pain. Further exploration of these relationships is 

warranted. 

Searching for the underlying mechanism 

As previously discussed, it remains plausible that there is a link between the 

identified inflammatory conditions and back pain. CRP has been shown to be a sensitive 

biomarker of inflammation [69] and cross-sectional associations have been 

demonstrated between CRP and low back pain but mainly in adult populations [89, 90]. 
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However, we found no evidence of such a link for low back pain occurrence or 

trajectories of spinal pain in younger populations (chapters five and seven).  

Future research could continue to track the populations further into adulthood to 

determine if the relationship emerges in older populations. It could also be beneficial to 

consider other inflammatory biomarkers such as interleukin-6 or tumour necrosis 

factors. This recommendation is supported by a recent systematic review that reported 

positive associations between CRP, tumour necrosis factors, and interleukin-6 with 

nonspecific low back pain in adults [90]. A narrative review article discussing 

mechanisms of the adverse effects of early life trauma and long-term risk for disease 

susceptibility in later life, found that of all proinflammatory cytokines evaluated, 

interleukin-6 findings were the most robust [140]. Interleukin-6 has been described as 

one of the most appropriate inflammatory markers to determine the level of 

inflammation within individuals [141] and is a relevant stress biomarker [142]. Finally, 

interleukin-6 directly stimulates the hypothalamic-pituitary-adrenal axis [143-145] and 

this may highlight the role of inflammation in inflammatory related changes to pain 

sensitivity.  

Methodological considerations 

This thesis presents a comprehensive analyses of early life illnesses as potential risk 

factors for back pain in adolescence and young adulthood. It comprised a two-part 

scoping review, a systematic review, and four longitudinal studies based on two 

representative populations of children from different hemispheres of the world. In 

addition, innovative statistical approaches were used. Given the above, we contend that 

we have contributed to the existing literature in the search for potential childhood risk 

factors for back pain. 

This thesis has many methodological strengths. Within chapters four and five, 

impactful low back pain was measured at four timepoints from adolescence to young 

adulthood. This represents a population of young people with low back pain with the 

potential to have an increasing health burden of low back pain, to address concerns 

around the inadequate definition of back pain. Within chapters six and seven we used 

intensive measures of data collection about spinal pain collected weekly over five and a 
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half years. This approach reduces the possibility of recall bias. Classifications of spinal 

pain were confirmed through clinical examination which enabled us to exclude spinal 

pain with a traumatic diagnosis [101]. By undertaking trajectory modelling we were able 

to better demonstrate the fluctuating nature of back pain, even within younger 

populations, compared to methods that define outcomes at a single time point [94]. This 

work contributes towards the literature for risk factors by employing a contemporary 

understanding of the chronic and recurrent nature of back pain.  

We are also cognizant of several limitations within the thesis. The cohorts the data 

were extracted from used differing definitions of back pain. Within chapters four and 

five (Raine Study analyses) the outcome variable was impactful low back pain. Within 

chapters six and seven (CHAMPS Study-DK analyses) the outcome variable was non-

traumatic spinal pain. Consequently, despite clearly defining these outcome measures 

within the respective studies, they cannot be directly compared. Additionally, within 

both the Raine Study and the CHAMPS Study-DK cohorts the severity of ‘back pain’ was 

not measured. Nonetheless, we are confident that the measures we have taken around 

impactful back pain and non-traumatic spinal pain make the findings of the thesis 

robust. While we did make an attempt to control for confounding there may have been 

other factors not considered. We have also only focused on singular risk factors as 

opposed to a more comprehensive assessment of risk factors from multiple domains. 

For example, a more comprehensive assessment of risk factors could include; 

considering factors together such as sex, psychological distress, chronic illnesses, with 

the level of physical activity. In this way we could consider the interaction effect 

between biological, lifestyle, and psychosocial factors.  

Within chapter two, only two key databases were searched (PubMed and Cochrane 

databases), and articles were limited to the English language. Consequently, some non-

English studies may have been missed. However, as this type of research is quite 

stereotyped, it is doubtful that any missed articles would have changed the overall 

results.  

Within chapter three, due to methodological and/or clinical heterogeneity, few 

studies could be included together in the respective meta-analyses. Therefore, the 

syntheses are based on a small number of studies. Furthermore, we were unable to 
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undertake sensitivity analyses or subgroup analyses. Three meta-analyses demonstrated 

substantial-to-considerable statistical heterogeneity. Only two of the included studies 

were rated as low risk of bias. Whereas, twelve studies were at moderate risk of bias, 

and five studies were at high risk of bias. Many of the included studies reported high 

attrition rates with poor reporting of drop-outs, and had unclear descriptions of the 

source population, the selection criteria and/or the outcome variable (back pain). We 

used the best available data at the time. However, future larger studies may change 

these results.  

Future research and implications of future research 

To better understand the aetiology of back pain, future research should carefully 

consider how back pain is defined. Validated questionnaires that clearly identify and 

define the type of back pain under study (e.g. ongoing, episodic, or first time) should be 

utilized. In order to identify a risk factor back pain, data should be collected on the 

exposure variable before the onset of back pain. Therefore, it is of value to start 

following a population from early life.   

Within the literature, there is increasing evidence that the aetiology back pain is 

multifactorial, with risk factors from multiple domains, including biological, lifestyle, and 

psychosocial factors [20, 31-37, 146]. This thesis further highlights the fact that the 

aetiology of back pain is complex and multifactorial. Setting aside frank trauma, it could 

be that a combination of risk factors, rather than a single risk factor, leads to the onset 

of back pain [35]. Consequently, as demonstrated within this thesis, we must continue 

to be more innovative in future investigations of the aetiology of back pain. This should 

involve the consideration of cumulative exposures, twin studies, and/or use or 

longitudinal approaches such as multi-trajectory methods. Future studies should look at 

multiple risk factors from multiple domains together.  

This concept of multiple factors contributing to the aetiology of disorders has been 

suggested previously through a dynamic, multifactorial, and recursive model of aetiology 

in sports injury [147]. This model emphasises the value of investigating intrinsic 

predisposing factors along with extrinsic factors, which interact together and increase 

the risk of injury [147]. Certain intrinsic risk factors predispose an individual to injury, 
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then exposure to extrinsic risk factor/s leaves the individual susceptible, and an ‘inciting’ 

event leads to injury [147]. In addition, this model further highlights that it is not a linear 

model, as once was proposed [148], but rather a dynamic recursive (cyclic) model in 

which the outcome may differ with repeated exposure to risk factor/s, and whether the 

exposure leads to adaption, maladaptation, injury or recovery [147]. 

In considering back pain, specific predictive risk factors may predispose individuals 

to back pain, and then in combination with other possibly causal risk factors, the 

individual could develop back pain. For example, girls (factor 1) with a higher level of 

psychological distress (factor 2) could be susceptible to back pain that is consequently 

caused by vigorous physical activity (factor 3). The outcome could also change due to 

repeated exposures. Consequently, from a clinical point of view, it might be important to 

also consider multidimensional interventions, even within young populations. 

The complex nature of back pain suggests that prevention and treatment will 

require multidimensional interventions. A previous study found that a multimodal 

approach including physiotherapy screening, back pain education, individualised specific 

exercises, and strength and conditioning training was most effective at reducing the 

incidence of low back pain in adolescent female rowers compared to a control group 

who just did their usual training [149]. This multidimensional thinking was voiced in a 

recent editorial making recommendations for the management of musculoskeletal pain 

[150]. Recommendations were made to screen for and address health comorbidities and 

other biopsychosocial factors when managing musculoskeletal pain [150]. This thesis, 

along with previous research, points to the fact that susceptibility for chronic back pain 

could develop during childhood [132]. Therefore, based on the findings of this thesis, it 

makes logical sense that these recommendations for adults should also be applied to 

younger populations.  

In clinical practice and future research there is a need to screen for and address 

comorbidities in younger populations. Clinicians tend to work in clinical silos and this 

mindset may permeate their conceptualising of the body regions as also being silos 

[150]. Musculoskeletal clinicians and researchers may need to consider algorithms that 

include conditions or factors that run across multiple domains, such as biopsychosocial 

factors and health co-morbidities that could be playing a role in the clinically presenting 
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musculoskeletal complaint. Pragmatically this will mean that musculoskeletal clinicians 

should enquire about past and current medical history including co-morbidities, and 

interventions may require interprofessional collaborations to optimize patient outcomes 

[132]. An example is physical activity counselling which could help in the prevention 

and/or management of back pain and many of the comorbid conditions. 

Conclusion 

This thesis has summarised the literature surrounding risk factors for back pain in 

young people. This has highlighted the necessity of a contemporary definition of back 

pain and informed investigations of data bases to explore relationships between early 

life illness factors and back pain. Overall, there is some evidence that early life illness 

factors are risk factors for back pain in young populations, but more evidence is needed 

to determine if this involves a causal relationship. There appears to be an association 

between cardiovascular disease risk factors and spinal pain, however this relationship is 

dependent on sex, age, and health-related physical activity behaviour. We did not find 

any associations between the inflammatory blood marker CRP and back pain within 

these young populations.  

The findings of this thesis should inform future investigations that seek to further 

elucidate mechanisms to reduce this global financial burden attributed to back pain. The 

emerging picture appears to be one of complexity. The continued search for an answer 

may lie in identifying early life risk factors for back pain and considering multiple risk 

factors from multiple domains together. 
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Appendix One- Insight into the longitudinal 

relationship between chronic subclinical 

inflammation and obesity from adolescence to 

early adulthood: a dual trajectory analysis 

As a preliminary study to chapter five we identified C-reactive protein trajectories 

from adolescence to early adulthood and determined if they were related to body mass 

index trajectories.  

This manuscript has been submitted for publication to Inflammation Research. 

Beales DJ, Beynon AM, Jacques A, Smith A, Cicuttini F, Straker L, Insight into the 

longitudinal relationship between chronic subclinical inflammation and obesity from 

adolescence to early adulthood: a dual trajectory analysis 
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ABSTRACT 

Objectives and Design:  

This study aimed to identify C-reactive protein (CRP) trajectories from adolescence to 

early adulthood and determine if they were related to body mass index (BMI) 

trajectories.  

Methods:  

CRP and BMI were collected from participants of the Raine Study Gen2 at 14, 17, 20 and 

22 year follow-ups (n=1312). A dual trajectory analysis was conducted to assess the 

association between CRP and BMI trajectories, providing conditional probabilities of 

membership of CRP trajectory membership given BMI trajectory membership. Best 

model fit was assessed by systematically fitting two to eight trajectory groups with linear 

and quadratic terms and comparing models according to the Bayesian Information 

Criterion statistic.  

Results:  

Three CRP trajectories were identified; “stable-low” (71.0%), “low-to-high” (13.8%) and 

“stable-high” (15.2%). Participants in a “high-increasing” BMI trajectory had a higher 

probability of being in the “stable-high” CRP trajectory (60.4% of participants). In 

contrast, individuals in the “medium-increasing” BMI trajectory did not have a 

significantly increased probability of being in the “stable-high” CRP trajectory.  

Conclusions:  

These findings support that chronic sub-clinical inflammation is present through 

adolescence into early adulthood in some individuals. Targeting chronic sub-clinical 

inflammation though obesity prevention strategies may be important for improving 

future health outcomes. 

KEY WORDS 

C-reactive protein; sub-clinical inflammation; body mass index; dual trajectory

modelling; The Raine Study 
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Introduction 

Globally childhood and adolescent obesity is on the rise [1], which is likely to contribute 

to escalating negative impact on individuals’ current and future health [1, 2]. Chronic, 

sub-clinical pro-inflammation status is one potential biological link between obesity and 

poor health across a wide range of health conditions [3, 4]. One potential mechanism 

suggested is that hypoxia related death of adipocytes in obese individual precipitates an 

immune response resulting in the upregulation of adipocytokine production and 

facilitated expression of pro-inflammatory genes [5, 6]. The negative health effects of 

chronic, sub-clinical inflammation in children and adolescents who are obese include 

higher prevalence of the metabolic syndrome [7-9] and diabetes [10]. Additionally, there 

is some indication this may continue to future negative health outcomes in adulthood 

[7, 11]. A need for a deeper understanding of the longitudinal relationship between a 

chronic, sub-clinical pro-inflammatory status and obesity early in the lifespan has been 

recognised [8] as this has the potential of informing novel approaches to prevention [12, 

13]. 

C-reactive protein (CRP) is a sensitive marker of inflammation in the human body. It is

used as a screening tool for many diseases, and for monitoring responses to treatment 

of infection and inflammation [14]. C-reactive protein levels are unaffected by food, and 

the only known condition that impairs the production of CRP is liver failure. Additionally, 

there are limited drugs that reduce the level of CRP unless they also affect the 

underlying pathology [14]. C-reactive protein is a useful inflammatory marker in children 

and adolescents [15]. The use of trajectory modelling of CRP levels has offered a 

longitudinal approach to better understand chronic, sub-clinical inflammation in adults. 

Prior research has identified four CRP trajectories over a 10 year period in people aged 

47-87 years at baseline (n=2437); “stable-low” (baseline of 1.33mg/L and <3mg/L

throughout, 71.3%), “medium-to-high” (baseline 2.7mg/L increasing to 5.3mg/L, 14.3%), 

“high-to-medium” (baseline 6.6mg/L decreasing to 2.4mg/L, 9.9%) and “stable-high” 

(5.7mg/L to 7.5mg/L, 4.6%) [16]. People in the “medium-to-high” or the “stable-high” 

trajectories had an increased risk of ‘adverse aging outcomes’, such as poor 

cardiometabolic health, reduced respiratory and physical function, increased depressive 

symptoms, and arthritis, confirming the importance of chronic, sub-clinical inflammation 
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trajectories in older adults. This trajectory modelling approach could be utilised in 

younger populations.  

There have been associations found between CRP and obesity in all ages [17, 18]. 

Obesity trajectories in early life [19, 20] could potentially relate to CRP trajectories. Dual 

trajectory modelling can provide insights into complex longitudinal relationships, 

extracting potential developmental linkages between measures [21]. For example, dual 

trajectory modelling can assist in determining if a chronic, sub-clinical pro-inflammation 

status and obesity emerge contemporaneously or at different times. While longitudinal 

assessments of CRP levels in childhood and early adulthood have been reported [11, 22], 

to date trajectory modelling of CRP early in the life-course has not been published.  

Thus, the aims of this study were; (Aim 1) to identify CRP trajectories from adolescence 

to early adulthood and (Aim 2) to determine any association between CRP trajectories 

and body mass index (BMI) trajectories during this period. The novel application of dual 

trajectory modelling to investigate these relationships from adolescence into early 

adulthood would enhance understanding of the development of chronic, sub-clinical 

inflammation during the life span, during a time where other research is either cross-

sectional or if longitudinal has only limited data at multiple time points [11, 22]. We 

applied group-based trajectory modelling in line with the broader clinical concept of 

identifying groups of at-risk individuals.  

Materials and Methods 

Study design 

A longitudinal study using data from the Raine Study Gen2-14, 17, 20 and 22 year follow-

ups was performed. All aspects of the study were approved by the Human Research 

Ethics Committees of King Edward Memorial Hospital, Princess Margaret Hospital, 

University of Western Australia and/or Curtin University. Participants and/or their 

parent/guardian provided written informed consent for data collection. This specific 

project was approved by The Raine Study Scientific Review Committee (Project Number 

RES0417). Reporting was aligned to the Guidelines for Reporting on Latent Trajectory 

Studies (GRoLTS) checklist [23] (Online Resource 1). 
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The Raine Study 

In the Raine Study, mothers were recruited between May 1989 and Nov 1991 from the 

public antenatal clinic at King Edward Memorial Hospital for Women, and from nearby 

private practice clinics. A total of 2868 live births were recruited into the Raine Study 

cohort [24]. These children (Gen2) have been followed from birth, with ongoing regular 

reassessment. Information has been collected on environmental, developmental and 

health information covering an extensive range of health areas 

(www.rainestudy.org.au). At inception the cohort was predominantly Caucasian (93%). 

The characteristics of the Raine Study participants were quite similar to the general 

Western Australian population [24].  

Data collection 

At ages 14, 17, 20 and 22 years the Raine Study Gen2 participants completed 

questionnaires and physical assessments including measures of height, weight and 

fasting blood samples. Table 1 presents the total number of participants, their sex and 

their age at each of the four follow-up time points. It also provides the number of 

participants with available data for each variable and the mean hs-CRP at each time 

point. Overall there were 1312 participants who had at least two measurements of CRP 

and also two measurements of BMI, to enable the dual trajectory modelling. 

C-reactive protein

High-sensitivity CRP (hs-CRP) was measured from the Raine Study blood samples [25] 

using an immunoturbidimetric method on an Architect c16000 Analyser. Blood samples 

were frozen at -80 degrees Celsius and batch processed soon after collection. High-

sensitivity CRP refers to the lower detection limit of the assay procedures being used. 

This has been found to correlate well with representative immunopheloetric assays [26]. 

The immunoassays for hs-CRP have been shown to be robust, well standardized, 

reproducible and readily available [14]. In healthy young adults, the median 

concentrations of serum hs-CRP has been reported as 0.8 mg/L [14]. Data points with hs-

CRP > 10 mg/L were excluded, because this was likely to indicate acute inflammation 

and current infection rather than a chronic inflammation state [16].  
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Body mass index 

Measurements were taken in a standardised manner by experienced research staff [27]. 

Height was measured using a Holtain Stadiometer (nearest 0.1 cm), body weight using a 

Wedderburn Chair Scale (nearest 100g). BMI was calculated by taking weight/height2 

for all timepoint. 

Other variables 

Additional variables were obtained to provide demographic description of the cohort 

(see Table 2) including birth weight, ethnicity, waist girth (measured with a non-elastic 

tape in cm), socioeconomic status, diet patterns and total metabolic equivalent. 

Ethnicity and socioeconomic status were reported at birth. Socioeconomic status was 

based on economic resources as well as education and occupation, reported as quartiles 

[28]. Data on diet type were collected at 14 and 17 years of age. Diet types included 

heathy patterns and western patterns dichotomised into more (high) and less (low) 

patterns for the two diet types [29]. Data on total metabolic equivalent were collected 

at 17 and 22 years of age and reported as minutes per week.  

Statistical Analysis 

Data were analysed using Stata S/E version 15 (StataCorp, TX). Data were screened for 

invalid observations and corrected accordingly. Demographic data on age and sex was 

reported descriptively.  Descriptive statistics were calculated for the whole cohort and 

the CRP trajectory groups. Correlation of BMI and waist girth were assessed at each age. 

For the first phase of the analysis, group-based trajectory modelling [30] was performed 

to identify hs-CRP trajectories separately to BMI trajectories. Estimating hs-CRP 

trajectories addressed Aim 1 (identify CRP trajectories from adolescence to early 

adulthood). However, estimating BMI trajectories was also a necessary preparatory step 

for the dual trajectory analysis to address Aim 2 (associations between CRP trajectories 

and BMI trajectories). Absolute continuous values for CRP and BMI were used to 

construct the trajectories. Both CRP and BMI trajectory models were modelled using 

censored normal distribution. The trajectories were generated using group-based 

trajectory modelling with the Stata TRAJ plug-in module [30]. Group-based trajectory 
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modelling is a form of finite mixture modelling which uses maximum likelihood to 

estimate and create trajectories of average values within homogenous subgroups of 

individuals from the study population, based on distinct groups of trajectory parameters 

and excluding within-person variability [21, 31]. Group-based trajectory modelling 

utilises a person-centered approach with the aim of identifying groups of individuals 

with certain attributes, as opposed to variable-centered analyses which aims to describe 

associations between variables [32]. Therefore, this analysis was consistent with our 

stated aims. 

Participants were included if they had at least two valid measures of hs-CRP and BMI 

over the four follow-ups. Missing data was at random. Group-based trajectory modelling 

accounts for missing data at random with robust maximum likelihood estimation 

methods resulting in asymptotically unbiased parameter estimates [21]. Model selection 

decisions were made using Bayesian Information Criterion (BIC) statistic. Models were 

identified by systematically deciding on the number of trajectory groups and then 

determining the shape of the polynomial trajectories (zero-order, linear or quadratic). 

Model selection began with the simplest solution (two groups) and increased the 

number of groups and complexity of polynomial shapes until the BIC plateaued, and 

every group comprising at least 30 participants [21, 31]. The decision as to the number 

of groups was also guided by the goal of analysis [21, 31] with confirmation based on 

posterior probability diagnostics [19]. The 5 a priori diagnostic criteria for best fit 

included: 1) mean posterior probability ≥70% for each group, 2) odds of correct 

classification ≥ 5 for each group, 3) close approximation between the estimated group 

proportions and the assigned membership proportions, 4) reasonably tight confidence 

intervals around estimated values, and 5) meaningful distinction between the groups 

[21, 31]. Model validity was confirmed by conducting parametric bootstrap sampling on 

model parameters to obtain the confidence intervals for group sizes. Models were 

estimated using sex as an active covariate given indications female children/adolescents 

seem to have higher levels of CRP than males [33]. Sensitivity analyses were completed 

for both univariate CRP and BMI trajectory models only including participants with all 

four timepoints. 
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For Aim 2, the framework of the group-based trajectory analyses was expanded using 

dual trajectory modelling [30]. Dual trajectory modelling estimates the trajectory groups 

for two outcomes, the probability of membership in the identified trajectory groups, and 

conditional probabilities linking membership across the trajectory groups of the two 

outcomes [30]. This provided conditional probabilities of membership of hs-CRP 

trajectory membership, given BMI trajectory membership. 

Results 

There was one participant who had three timepoints excluded due to hs-CRP >10, and 

17 participants who had two timepoints excluded due to hs-CRP >10. Otherwise, only 

single timepoints were excluded from participants due to hs-CRP >10. Overall there 

were 1312 participants who had at least two measurements of CRP and also two 

measurements of BMI, to enable the dual trajectory modelling. Table 2 presents 

descriptive statistics for the whole cohort included in this analysis (N=1312) and for the 

CRP trajectory groups. Very high correlation between BMI and waist girth were noted 

(between 0.867-0.900). 

C-reactive protein trajectories (Aim 1)

The three-group trajectory model for CRP demonstrated the optimal fit and met all a 

priori diagnostic criteria (Online Resource 2). The three-trajectory group model 

demonstrated good model fit with the average posterior probabilities of membership 

for each class above 75%. Trajectory group 1 with the majority of individuals (71.0%) 

were “stable-low”, trajectory group 2 (13.8%) were “low-to-high” and trajectory group 3 

were “stable-high” (15.2%) (Figure 1).  

Body mass index trajectories 

The four-group trajectory model for BMI demonstrated the optimal fit and met all a 

priori diagnostic criteria (Online Resource 2). The four-trajectory group model 

demonstrated good model fit with the average posterior probabilities of membership 

for each class ≥ 89%. Trajectory group 1 were “low” (53.0%), group 2 (32.8%) were 

“medium”, trajectory group 3 were “medium-increasing” (11.0%) and trajectory group 4 

were “high-increasing” (3.1%) (Figure 2). 
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Dual trajectories of C-reactive protein and body mass index (Aim 2) 

The probability of being in the 3 different hs-CRP trajectories differed significantly 

depending upon the assigned BMI trajectory (chi-sq=136.41, p<0.001), displaying a 

longitudinal relationship between these measures (Figure 3, Table 3). For example, of 

those in the “high-increasing” BMI trajectory, 68.9% were estimated to belong to the 

‘stable-high’ hs-CRP trajectory, with only 9.1% and 22.1% estimated to be it the “stable-

low” or “low-to-high” hs-CRP trajectories respectively. In contrast, of those in the “low” 

BMI trajectory, 81.7% were estimated to belong to the “stable-low” hs-CRP trajectory 

with a minority estimated to be in the “stable-high” and “low to high” hs-CRP 

trajectories. In the “medium-increasing” BMI trajectory, there was not a higher 

probability of being in the “stable-high” hs-CRP trajectory versus the other hs-CRP 

trajectories. 

Sensitivity analyses were completed for both the univariate trajectory models of BMI 

and CRP only including participants with all four timepoints, without a discernible 

change to results (see Online Resource 3 for sensitivity analysis results). 

Discussion 

Three trajectories of hs-CRP (“stable-low”, “low-to-high”, “stable-high”) were identified 

from adolescence into early adulthood, with the “stable-high” suggesting the potential 

existence of chronic, sub-clinical inflammation earlier in life than previously reported. 

This is a novel finding for this period of the life span, having only previously been 

identified in older adults [16]. Additionally, the trajectory with higher hs-CRP levels over 

time was associated with the trajectory with a “high-increasing” BMI over time, but not 

those in the “low” trajectory. This aligns to recent suggestion of a group of high-risk 

individuals identified in a cross-sectional design [34]. The identification of the 

association between hs-CRP and BMI trajectories demonstrates a longitudinal 

relationship, which will be important to consider in the context of developing protocols 

for risk-profiling, disease prevention and monitoring of treatment effectiveness [8, 12, 

13].  



160 

Trajectories of C-reactive protein (Aim 1) 

It has been suggested that CRP levels tend to be stable over time [14], though with an 

overall increase with increasing age [35]. However, the identification of trajectories of 

hs-CRP suggests that levels of sub-clinical inflammation are more complex than 

previously thought. One prior study utilized hs-CRP trajectory modelling in older adults, 

and identified three trajectories in common with groups in our study [16]. A “stable-low” 

trajectory represented 71% of participants in both samples, and the ascending 

trajectories about 14% in both samples. A difference was an absence of a descending 

trajectory in our data, which might be related to the different age profiles of the two 

studies. Continued tracking of CRP levels/trajectories in our now young adult sample 

over time will be valuable, with ongoing data collections occurring. 

Relationship between C-reactive protein trajectories and BMI trajectories (Aim 2) 

Using dual trajectory analysis we found a link between higher levels of hs-CRP and 

higher BMI. No previous study using this approach to assess the relationship between 

chronic, sub-clinical inflammation and obesity has been reported. More broadly in the 

literature, longitudinal investigations of the relationship between chronic inflammation 

show links between sub-clinical inflammation and obesity at all ages [17, 18], supporting 

mechanistic links between obesity and a pro-inflammatory state [3, 4]. Our results 

provide new insight into this relationship. 

The association of higher levels of CRP with higher BMI is consistent with this broader 

literature. Using data from late adolescence (age 18, n=3877) and early adulthood (age 

22, n=3483), positive associations between CRP levels and a broad array of adiposity 

measures were documented in a birth cohort in Brazil [22]. A positive association has 

also been shown from childhood (age 6-8 years) to adolescence (age 12-16 years) in 

Spanish schoolchildren (n=272) [36]. Our trajectory analysis supports these findings, 

while expanding them using data from four time points rather than two, providing data 

at multiple times not only for adiposity but also for inflammation, and specifically 

investigating sub-clinical inflammation. Taken together these studies indicate that an 

overall pro-inflammatory state is more likely to be present in individuals with higher BMI 

as they transition from childhood, through adolescence and into early adulthood.  
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Strengths, limitations and methodological considerations 

Use of community-dwelling participant data from the Raine Study enables the 

extrapolation of the results to the general population. Having participants of the same 

age with data collected from them at four separate timepoints allows for a fidelity in the 

trajectory patterns during this period of the lifespan that has not been previously 

possible. The Raine Study cohort is predominantly Caucasian [24], and ethnicity can 

influence CRP levels (highest to lowest levels: African Americans, Hispanics, South 

Asians, whites, and East Asians) [37]. However, there appeared to be minimal difference 

between the trajectory groups in terms of ethnicity (Table 2). Medication use at the time 

of blood collection, such as anti-inflammatories, was not known. Blood samples were 

frozen for variable, short time frames before processing, but short term storage in this 

manner is unlikely to significantly affect the assay outcomes [38, 39] (in comparison to 

storage for many years which may have an effect [40]). Although data points with hs-

CRP >10 mg/L were excluded, as this is likely to indicate acute inflammation and current 

infection rather than a chronic inflammation state, aligning with previous research 

methodology [16], there was still a possibility elevated CRP ≤10mg/L could still be 

secondary to acute illnesses.  

Trajectory modelling is an increasingly popular method of analysing data over time. 

Debate continues around the use of different types of models [31, 41]. In interpretation 

of the results it is important to consider that; (1) individuals do not actually belong to a 

trajectory group, rather groups are used as a convenient approximating device to 

represent a more complex underlying reality, (2) the number of groups is not 

immutable, and (3) the trajectory is a summary device that describes the behaviour of 

individuals following approximately the same course (just the same way as an average 

will not exactly match each data component contributing to it; no individual trajectory 

will exactly match the group trajectory). The potential influence of other time-varying 

covariates on the form of the BMI and CRP trajectories and the association between 

them, such as physical activity, diet or allergies, was not considered in this study. These 

may be either confounders or on the mechanism pathway for the relationships. Further 

detailed analyses will be needed in future studies. 
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We opted to use BMI as the measure for adiposity in presenting the results of this study, 

given the high correlation between BMI and waist girth at all timepoints (between 

0.867-0.900) and its use in other research. Given the complexity in involved in different 

measures of adiposity [42], there may be benefit in further research investigating the 

relationship between chronic, sub-clinical inflammation and other measures of 

adiposity. 

Clinical relevance and future directions 

The findings of this study support the presence of a chronic, sub-clinical, pro-

inflammation state in individuals who are overweight/obese that persists from 

adolescence into early adulthood. Recognition of this as a mechanism in the negative 

effects of obesity at this stage of life appears warranted. Elevated sub-clinical levels of 

CRP inducing the presence of a pro-inflammatory state have been linked to health 

disorders affecting multiple body systems [9, 14] including cardiovascular disease, 

diabetes, mental health and musculoskeletal pain/arthritis. Trajectory based modelling 

of hs-CRP in adults [16] supports this in adults, and future research should assess 

possible links between the early-life trajectories identified here and specific health 

conditions as well as risk factors for future poor health. Further the emergence of this 

relationship may well start even earlier than adolescence [36], which would benefit from 

additional research using trajectory-based modelling. This is an important area of 

investigation as globally childhood obesity is increasing, including in developing 

countries [43]. This is projected to have a major impact on the global burden of non-

communicable diseases [44].  

It has been suggested that CRP levels during childhood and adolescence could be utilised 

in risk-profiling, monitoring disease states and to assess the effectiveness of treatment 

purposes [12, 13]. There is some suggestion it could increase the fidelity of risk profiling 

as part of a broad screening approach rather than just weight/adiposity screening [3, 13, 

37]. Monitoring inflammatory status along with weight and body fat may be beneficial in 

providing additional insight into the potential complexity in interpreting clinical change 

[8]. Interestingly, it has been suggested monitoring CRP may be a useful motivational 

tool for patients in need of making lifestyle changes [12]. Overall though, the clinical 

utility of monitoring CRP from childhood to adolescence to early adulthood requires 
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further linking of longitudinal data, such as that in our study, with specific clinical 

outcomes.  

Rather than considering prevention and management of health disorders and risk 

factors in silos, addressing obesity and chronic, sub-clinical pro-inflammation together as 

potential modifiable factors is warranted given the likely associated substantial disease 

burden [2, 45-49]. 

Conclusion 

Overall, we found an associated between hs-CRP and BMI from adolescence to early 

adulthood. “Stable high” CRP trajectory membership was most likely in participants 

estimated to be in the “high-increasing” BMI trajectory group, and less likely in 

participants estimated to be in the “low” BMI trajectory group. Defining chronic, sub-

clinical inflammatory trajectories from adolescence into early adulthood is an important 

step in understanding the significance of obesity in early life on health status at the time 

and into the future. The association of hs-CRP trajectories with BMI trajectories early in 

the life course indicate a longitudinal relationship between these measures, which is 

consistent with a biological link between sub-clinical inflammation and obesity. The 

information provided here should assist efforts to translate this knowledge into better 

clinical practice to prevent and manage inflammation and obesity related issues early in 

life. 
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Figure 1: Trajectories of High Sensitivity C-Reactive Protein (hs-CRP) from 14 to 22 years with 

95% confidence intervals. 

Figure 2: Trajectories of Body Mass Index from 14 to 22 years with 95% confidence intervals. 
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Figure 3: Conditional probability of C-Reactive Protein Trajectory Membership given Body Mass 

Index Trajectory with 95% confidence intervals. (Between Body Mass Index groups statistically 

significant difference: * ‘stable-high’ C-Reactive Protein: ‘high-increasing’ and ‘medium-

increasing’ to other Body Mass Index groups; ** ‘stable-low’ C-Reactive Protein: ’high-increasing’ 

and ‘medium-increasing’ to other Body Mass Index groups) 
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Table 1: Age, number and sex of participants at each follow-up, plus the number of 

participants with available data for each variable. 

SD = standard deviation, hs-CRP =high sensitivity C-reactive protein, BMI = body mass index 

Raine 

Study 

Follow-up 

Ages 

(mean 

(SD)) 

Total 

Participants 

(n (% 

female)) 

Had hs-

CRP 

data 

(n) 

Had hs-CRP 

≤10mg/L 

(n) 

Mean 

hs-CRP 

(mg/L) 

BMI data 

(n) 

Waist girth 

data 

(n) 

14.1 (0.2) 1865 (49) 1370 1355 0.76 1606 1582 

17.1 (0.3) 1693 (50) 1268 1239 1.33 1251 1205 

20.0 (0.5) 1577 (50) 1173 1118 1.61 1325 1335 

22.2 (0.8) 1235 (52) 980 938 1.65 1068 1067 
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Table 2: Characteristics of the cohort included in this study and for each of the C-

reactive protein trajectory groups. 

Cohort 

included in 

study 

C-reactive protein trajectory group

(n=1312) 

stable-low 

(n= 987) 

low-to-high 

(n=137 ) 

stable-high 

(n= 188) 

Birth 

Birth Weight (g) (mean(SD)) 3301.0 (620.9) 3296.5 (637.4) 3209.0 (626.2) 3391.9 (511.4) 

Ethnicity (n (%)) 

Caucasian  

Aboriginal  

Polynesian  

Vietnamese 

Chinese 

Indian  

Other  

1142 (89.0) 

31 (2.4) 

10 (0.8) 

3 (0.2) 

49 (3.8) 

30 (2.3) 

18 (1.4) 

859 (89.2) 

23 (2.4) 

9 (0.9) 

3 (0.3) 

29 (3.0) 

25 (2.6) 

15 (1.6) 

118 (88.1) 

4 (3.0) 

0 (0.0) 

0 (0.0) 

9 (6.7) 

3 (2.2) 

0 (0.0) 

165 (88.7) 

4 (2.2) 

1 (0.5) 

0 (0.0) 

11 (5.9) 

2 (1.1) 

3 (1.6) 

Socioeconomic status (n (%)) 

Economic Resources 

1st quartile  

2nd quartile 

3rd quartile 

4th quartile 

210 (23.8) 

226 (25.6) 

228 (25.9) 

217 (24.6) 

169 (25.4) 

165 (24.8) 

162 (24.3) 

170 (25.5) 

19 (20.9) 

25 (27.5) 

32 (35.2) 

15 (16.5) 

22 (17.7) 

36 (29.0) 

34 (27.4) 

32 (25.8) 
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Education and occupation 

1st quartile  

2nd quartile 

3rd quartile 

4th quartile 

218 (24.7) 

215 (24.4) 

232 (26.3) 

216 (24.5) 

171 (25.7) 

157 (23.6) 

172 (25.8) 

166 (24.9) 

23 (25.3) 

28 (30.8) 

25 (27.5) 

15 (16.5) 

24 (19.4) 

30 (24.2) 

35 (28.2) 

35 (28.2) 

14 year follow-up 

Height (cm) (mean (SD)) 164.5 (7.9) 164.5 (7.9) 164.3 (8.0) 164.2 (8.1) 

Weight (kg) (mean (SD)) 57.9 (13.1) 56.2 (11.1) 58.7 (13.6) 66.4 (18.2) 

Waist Girth (cm) (mean(SD)) 75.5 (10.6) 74.0 (9.0) 76.0 (11.2) 82.8 (14.3) 

Diet Type (n (%)) 

Healthy patterns 

Less (Low) 

More (High) 

Western patterns 

Less (Low) 

More (High) 

401 (55.2) 

325 (44.8) 

380 (52.3) 

346 (47.7) 

314 (56.3) 

244 (43.7) 

280 (50.2) 

278 (49.8) 

41 (57.8) 

30 (42.2) 

44 (62.0) 

27 (38.0) 

46 (47.4) 

51 (52.6) 

56 (57.7) 

41 (42.3) 

17 year follow-up 

Height (cm) (mean (SD)) 172.4 (9.2) 173.0 (9.3) 170.1 (9.3) 170.8 (8.4) 

Weight (kg) (mean (SD)) 68.3 (14.5) 66.4 (12.4) 68.8 (15.3) 78.0 (19.6) 

Waist Girth (cm) (mean(SD)) 79.2 (11.0) 77.6 (9.2) 79.9 (11.5) 87.4 (15.4) 

Diet Type (n (%)) 

Healthy patterns 

Less (Low) 239 (57.0) 174 (56.7) 28 (59.6) 37 (57.9) 
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More (High) 

Western patterns 

Less (Low) 

More (High) 

180 (43.0) 

232 (55.4) 

187 (44.6) 

133 (43.3) 

171 (55.7) 

136 (44.3) 

19 (40.4) 

28 (59.6) 

19 (40.4) 

28 (43.1) 

33 (50.8) 

32 (49.2) 

Total Metabolic Equivalent 

(mins/week (mean(SD)) 

5137.6 

(6155.3) 

5118.2 

(6260.0) 

5641.7 

(6369.9) 

4852.7 

(5492.3) 

20 year follow-up 

Height (cm) (mean (SD)) 172.8 (9.5) 173.6 (9.6) 169.9 (9.0) 170.8 (8.5) 

Weight (kg) (mean (SD)) 73.1 (16.6) 71.0 (14.2) 73.5 (17.2) 84.0 (22.9) 

Waist Girth (cm) (mean(SD)) 80.0 (12.4) 78.2 (10.3) 80.6 (13.8) 89.2 (17.0) 

22 year follow-up 

Height (cm) (mean (SD)) 172.9 (9.5) 173.8 (9.7) 169.9 (8.5) 170.6 (8.3) 

Weight (kg) (mean (SD)) 75.4 (17.3) 73.0 (14.7) 78.3 (21.6) 85.5 (21.8) 

Waist Girth (cm) (mean(SD)) 83.3 (13.4) 80.9 (10.7) 86.6 (17.0) 92.9 (17.2) 

Total Metabolic Equivalent 

(mins/week) (mean(SD)) 

3921.1 

(3721.5) 

3943.1 

(3742.5) 

3506.4 

(2895.3) 

4104.9 

(4087.2) 
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Table 3: Model precision using bootstrap sampling: Conditional probabilities of CRP given BMI 

group 

Body mass index C-reactive protein Estimated  
Conditional 
probabilities (%) 

95% CI 

Low stable low 81.7 (77.2, 86.2) 

low-to-high 11.6 (6.5, 16.6) 

stable high 6.7 (3.7, 9.7) 

Medium stable low 68.6 (58.8, 78.5) 

low-to-high 18.4 (8.8, 28.1) 

stable high 12.9 (7.6, 18.3) 

Medium-increasing stable low 18.0 (5.4, 30.7) 

low-to-high 33.1 (11.1, 55.2) 

stable high 48.8 (31.9, 65.6) 

High-increasing stable low 9.1 (-6.4, 24.4) 

low-to-high 22.1 (-6.3, 40.4) 

stable high 68.9 (45.5, 92.2) 

CI= confidence interval 
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Online Resource 1: Final List of Items of the Guidelines for Reporting on Latent Trajectory Studies (GRoLTS) Checklist: Guidelines for 

Reporting on Latent Trajectory Studies 

Checklist Item Reported? Notes/ Page(P) 

1. Is the metric of time used in the statistical model reported? Yes Data collection: P9. Table 1. 
Figures 1 and 2 

2. Is information presented about the mean and variance of time within a wave? Yes Table 1 

3a. Is the missing data mechanism reported? Yes Data Collection P9, 
Statistical analysis: starting 
P10, Table 1 

3b. Is a description provided of what variables are related to attrition/missing data? Yes Results: P13 

3c. Is a description provided of how missing data in the analyses were dealt with? Yes Statistical analysis:  starting 
P10 

4. Is information about the distribution of the observed variables included? Yes Table 1 and 2 

5. Is the software mentioned? Yes Statistical analysis:  starting 
P10 

6a. Are alternative specifications of within-class heterogeneity considered (e.g., LGCA vs. LGMM) and clearly documented? If not, was sufficient 
justification provided as to eliminate certain specifications from consideration? 

Yes Statistical analysis:  starting 
P10 

6b. Are alternative specifications of the between-class differences in variance–covariance matrix structure considered and clearly documented? If 
not, was sufficient justification provided as to eliminate certain specifications from consideration? 

N/A N/A for LCGA 

7. Are alternative shape/functional forms of the trajectories described? Yes Statistical analysis:  starting 
P10 

8. If covariates have been used, can analyses still be replicated? Yes Statistical analysis:  starting 
P10 
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Note. LGCA = latent class growth analysis; LGMM = latent growth mixture modeling. 

9. Is information reported about the number of random start values and final iterations included? No Not included. Not an option 
in utilised software. 
Understand that a local 
solution with low 
trajectories using LCGA is 
unlikely. 

10. Are the model comparison (and selection) tools described from a statistical perspective? Yes Statistical analysis:  starting 
P10 

11. Are the total number of fitted models reported, including a one-class solution? No Online Resource 2. From 2-
6 groups. 

12. Are the number of cases per class reported for each model (absolute sample size, or proportion)? Yes Online Resource 2 

13. If classification of cases in a trajectory is the goal, is entropy reported? Yes Entropy is not an output 
statistic; a number of other 
posterior probability fit 
measures are provided: 
Online Resource 2 

14a. Is a plot included with the estimated mean trajectories of the final solution? Yes Figures 1, 2 and 3 

14b. Are plots included with the estimated mean trajectories for each model? No Not included but can be 
provided from the authors 
at reasonable request 

14c. Is a plot included of the combination of estimated means of the final model and the observed individual trajectories split out for each latent 
class? 

Yes Online Resource 2 

15. Are characteristics of the final class solution numerically described (i.e., means, SD/SE, n, CI, etc.)? Yes Figures 1, 2 and 3, Table 2
Online Resource 2 

16. Are the syntax files available (either in the appendix, supplementary materials, or from the authors)? Yes Available from the authors 
at reasonable request and 
with approval given by the 
Raine Study committee. 
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Online Resource 2 

TableS2.1: Model selection based on Bayesian Information Criterion (BIC) 

C-REACTIVE PROTEIN

Number of 
groups 

BICa: Total number of 
observations 

BICa: Total number of 
participants 

Smallest group sizeb

n (%) 

2 -6099.58 -6095.56 286 (21.8%) 

3 -6037.45 -6032.29 137 (10.4%) 
4 -5998.10 -5991.22 29 (2.2%) 

5 -5965.86 -5957.26 28 (2.1%) 
6 -6019.76 -6009.44 1 (0.8%) 

BODY MASS INDEX 

Number of 
groups 

BICa: Total number of 
observations 

BICa: Total number of 
participants 

Smallest group sizeb 

n (%) 

2 -11678.45 -11674.84 194 (15.2%) 
3 -11243.86 -11238.44 112 (8.5%) 
4 -10944.62 -10937.39 42 (3.2%) 
5 -10807.04 -10798.01 16 (1.2%) 
6 -10733.43 -10722.59 16 (1.2%) 
aBIC: Bayesian Information Criterion (large BIC indicates better fit) 
bMinimum group size of 30 participants  

TableS2.2: Model fit diagnostic criteria for trajectories 

C-REACTIVE PROTEIN

Trajectory group Average 
posterior 
probabilitya: 
% 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: 
% 

1. “stable-low” 92.1 22.2 71.0 (67.0, 74.7) 75.2 

2. “low-to-high” 75.3 60.8 13.8 (10.2, 18.7) 10.4 
3. “stable-high” 88.0 104.8 15.2 (12.1, 18.2) 14.3 

BODY MASS INDEX 

Trajectory group Average 
posterior 
probabilitya: 
% 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: 
% 

1. “low” 93.8 46.6 53.0 (47.3, 58.7) 53.7 

2. “medium” 89.6 49.8 32.8 (28.5, 37.1) 32.3 
3. “medium-increasing” 94.2 313.2 11.0 (8.9, 13.1) 10.8 

4. “high-increasing” 95.3 1355.1 3.1 (1.4, 4.9) 3.2 
aLowest acceptable posterior probability 70% 
bLowest acceptable odds of correct classification 5.0 
CI = confidence interval 
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Online Resource 3 

Sensitivity Analyses for trajectories only including participants with all four timepoints 

C-REACTIVE PROTEIN

Trajectory group Average 
posterior 
probabilitya: 
% 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: 
% 

1. “stable-low” 95.4 135.9 73.4 (68.1, 78.4) 74.8 

2. “low-to-high” 74.0 151.4 11.2 (6.1, 16.4 10.5 
3. “stable-high” 85.3 220.0 15.4 (10.5, 20.3) 14.65 

BODY MASS INDEX 

Trajectory group Average 
posterior 
probabilitya: 
% 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: 
% 

1. “low” 90.9 137.5 47.1 (34.8, 59.4) 47.7 

2. “medium” 92.2 128.5 39.3 (29.5, 49.0) 38.4 
3. “medium-increasing” 94.8 864.9 11.5 (7.3, 15.7) 11.7 

4. “high-increasing” 99.9 240021.5 2.2 (0.6, 3.8) 2.2 
aLowest acceptable posterior probability 70% 
bLowest acceptable odds of correct classification 5.0 
CI = confidence interval 
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Appendix Two- Ethics Approvals 
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Appendix Three- Online Supporting Appendix for 

studies 

Chapter Two: Scoping Review of potential risk factors and triggers for 

back pain in children and young adults. Part I 

Additional file 1: Search strategy used for the literature search 

Databases: PubMed, Cochrane Database. Database search from inception to September 

2018, limited to English articles. 

PubMed Search:

1. “young adult”

2. “adolescen*”

3. “teenager”

4. “juvenile”

5. “child*”

6. 1 OR 2 OR 3 OR 4 OR 5

7. “low back pain”

8. “back pain”

9. “mid back pain”

10. 7 OR 8 OR 9

11. “risk”

12. “risk factor”

13. “causality”

14. “epidemiological factor”

15. “indicators”

16. “prognostic”

17. “cause”

18. “comorbidities”,

19. “prevalence”

20. “incidence”.

21. 11 OR 12 OR 13 OR 14 OR 15 OR 16

OR 17 OR 18 OR 19 OR 20

22. 6 AND 10 AND 21

Cochrane Search: 

1. young adult OR adolescen* OR teenager OR juvenile OR child*

2. low back pain OR back pain OR mid back pain

3. risk OR risk factor OR causality OR epidemiological factor OR indicators OR

prognostic OR cause OR comorbidities OR prevalence OR incidence

4. S1 AND S2 AND S3
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Additional File 2 
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Additional file 3 
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Additional file 4 
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Additional file 5 
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Chapter Two: Scoping Review of potential risk factors and triggers for 

back pain in children and young adults. Part II 

Additional file 1: Search strategy used for the literature search 

Databases: PubMed, Cochrane Database. Database search from inception to September 

2018, limited to English articles. 

PubMed Search:

1. “young adult”

2. “adolescen*”

3. “teenager”

4. “juvenile”

5. “child*”

6. 1 OR 2 OR 3 OR 4 OR 5

7. “low back pain”

8. “back pain”

9. “mid back pain”

10. 7 OR 8 OR 9

11. “risk”

12. “risk factor”

13. “causality”

14. “epidemiological factor”

15. “indicators”

16. “prognostic”

17. “cause”

18. “comorbidities”,

19. “prevalence”

20. “incidence”.

21. 11 OR 12 OR 13 OR 14 OR 15 OR 16

OR 17 OR 18 OR 19 OR 20

22. 6 AND 10 AND 21

Cochrane Search: 

1. young adult OR adolescen* OR teenager OR juvenile OR child*

2. low back pain OR back pain OR mid back pain

3. risk OR risk factor OR causality OR epidemiological factor OR indicators OR

prognostic OR cause OR comorbidities OR prevalence OR incidence

4. S1 AND S2 AND S3
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Additional file 2 
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Additional file 4 
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Additional file 5 
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Chapter Three: Systematic Review: Chronic physical illnesses, mental 

health disorders, and psychological features as potential risk factors for 

back pain from childhood to young adulthood 

Online Resource 1: Full Search Strategies 

MEDLINE 

Ovid MEDLINE(R) Epub Ahead of Print, In-Process & Other Non-Indexed Citations, Ovid 
MEDLINE(R) Daily and Ovid MEDLINE(R) 

1 exp Back Pain/ 

2 exp Sciatic Neuropathy/ 

3 back ache.ti,ab. 

4 back disorder*.ti,ab. 

5 back injur*.ti,ab. 

6 back pain.ti,ab. 

7 backache.ti,ab. 

8 coccydynia.ti,ab. 

9 coccyx.ti,ab. 

10 dorsalgia.ti,ab. 

11 lumbago.ti,ab. 

12 lumbar pain.ti,ab. 

13 sciatic neuropathy.ti,ab. 

14 sciatica.ti,ab. 

15 spondylosis.ti,ab. 

16 or/1-15 

17 risk.mp. 

18 mortality.mp. 

19 cohort.tw. 

20 or/17-19 

21 Pediatrics/ 

22 (infan* or newborn* or new-born* or perinat* or neonat* or baby or baby* or 
babies or toddler* or minors or minors* or boy or boys or boyfriend or 
boyhood or girl* or kid or kids or child or child* or children* or schoolchild* or 
schoolchild or adolescen* or juvenil* or youth* or teen* or underage* or 
pubescen* or pediatric* or paediatric* or peadiatric* or prematur* or 
preterm*).mp. 

23 school*.ti,ab. 

24 or/21-23 

25 Epidemiologic studies/ 

26 Exp case control studies/ 

27 Exp cohort studies/ 

28 Case control.tw. 

29 (cohort adj (study or studies)).tw. 

30 Cohort analy$.tw. 
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31 (Follow up adj (study or studies)).tw. 

32 (observational adj (study or studies)).tw. 

33 Longitudinal.tw. 

34 Retrospective.tw. 

35 or/25-34 

36 16 and 20 and 24 and 35 

Embase 

1 'backache'/exp 

2 'sciatic neuropathy'/exp 

3 'back ache':ti,ab 

4 'back disorder*':ti,ab 

5 'back injur*':ti,ab 

6 'back pain':ti,ab 

7 backache:ti,ab 

8 coccydynia:ti,ab 

9 coccyx:ti,ab 

10 dorsalgia:ti,ab 

11 lumbago:ti,ab 

12 'lumb* pain':ti,ab 

13 'sciatic neuropathy':ti,ab 

14 sciatica:ti,ab 

15 spondylosis:ti,ab 

16 #1 OR #2 OR #3 OR #4 OR #5 OR #6 OR #7 OR #8 OR #9 OR #10 OR #11 OR 
#12 OR #13 OR #14 OR #15 

17 risk 

18 mortalit* 

19 cohort 

20 #17 OR #18 OR #19 

21 'pediatrics'/de 

22 infan* OR newborn* OR 'new-born*' OR perinat* OR neonat* OR baby OR 
baby* OR babies OR toddler* OR minors OR minors* OR boy OR boys OR 
boyfriend OR boyhood OR girl* OR kid OR kids OR child OR child* OR 
children* OR schoolchild* OR schoolchild OR adolescen* OR juvenil* OR 
youth* OR teen* OR underage* OR pubescen* OR pediatric* OR paediatric* 
OR peadiatric* OR prematur* OR preterm* 

23 school*:ti,ab 

24 #21 OR #22 OR #23 

25 'clinical study'/de 

26 'case control study'/de 

27 'family study'/de 

28 'longitudinal study'/de 

29 'retrospective study'/de 

30 'prospective study'/de 

31 'randomized controlled trial'/de 

32 #30 NOT #31 
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33 'cohort analysis'/de 

34 cohort NEAR/1 (study OR studies) 

35 'case control' NEAR/1 (study OR studies) 

36 'follow up' NEAR/1 (study OR studies) 

37 observational NEAR/1 (study OR studies) 

38 epidemiologic* NEAR/1 (study OR studies) 

39 #25 OR #26 OR #27 OR #28 OR #29 OR #32 OR #33 OR #34 OR #35 OR #36 OR 
#37 OR #38 

40 #16 AND #20 AND #24 AND #39 

CINAHL with Full Text 

1 (MH "Back Pain+") 

2 (MH "Sciatica") 

3 TI "back ache" OR AB "back ache" 

4 TI "back disorder*" OR AB "back disorder*" 

5 TI "back injur*" OR AB "back injur*" 

6 TI "back pain" OR AB "back pain" 

7 TI backache OR AB backache 

8 TI coccydynia OR AB coccydynia 

9 TI coccyx OR AB coccyx 

10 TI dorsalgia OR AB dorsalgia 

11 TI lumbago OR AB lumbago 

12 TI "lumbar pain" OR AB "lumbar pain" 

13 TI "sciatic neuropathy" OR AB "sciatic neuropathy" 

14 TI sciatica OR AB sciatica 

15 TI spondylosis OR AB spondylosis 

16 S1 OR S2 OR S3 OR S4 OR S5 OR S6 OR S7 OR S8 OR S9 OR S10 OR S11 OR S12 
OR S13 OR S14 OR S15 

17 risk 

18 mortalit* 

19 cohort 

20 S17 OR S18 OR S19 

21 (MH "Pediatrics") 

22 infan* OR newborn* OR 'new-born*' OR perinat* OR neonat* OR baby OR 
baby* OR babies OR toddler* OR minors OR minors* OR boy OR boys OR 
boyfriend OR boyhood OR girl* OR kid OR kids OR child OR child* OR 
children* OR schoolchild* OR schoolchild OR adolescen* OR juvenil* OR 
youth* OR teen* OR underage* OR pubescen* OR pediatric* OR paediatric* 
OR peadiatric* OR prematur* OR preterm* 

23 TI school* OR AB school* 

24 S21 OR S22 OR S23 

25 (MH "Prospective Studies") 

26 (MH "Case Control Studies+") 

27 (MH "Correlational Studies") 

28 (MH "Nonconcurrent Prospective Studies") 
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29 cohort N1 (study OR studies) 

30 observational N1 (study OR studies) 

31 S25 OR S26 OR S27 OR S28 OR S29 OR S30 

32 S16 AND S20 AND S24 AND S31 

Scopus 

( TITLE-ABS-KEY ( "back ache"  OR  "back disorder*"  OR  "back injur*"  OR  "back pain"  

OR  backache  OR  coccydynia  OR  coccyx  OR  dorsalgia  OR  lumbago  OR  "lumbar pain" 

OR  "sciatic neuropathy"  OR  sciatica  OR  spondylosis ) )  AND  ( TITLE-ABS-KEY ( risk  OR  

mortality  OR  cohort ) )  AND  ( TITLE-ABS-KEY ( infan*  OR  newborn*  OR  "new-born*"  

OR  perinat*  OR  neonat*  OR  baby  OR  baby*  OR  babies  OR  toddler*  OR  minors  

OR  minors*  OR  boy  OR  boys  OR  boyfriend  OR  boyhood  OR  girl*  OR  kid  OR  kids  

OR  child  OR  child*  OR  children*  OR  school*  OR  schoolchild*  OR  schoolchild  OR  

adolescen*  OR  juvenil*  OR  youth*  OR  teen*  OR  underage*  OR  pubescen*  OR  

pediatric*  OR  paediatric*  OR  peadiatric*  OR  prematur*  OR  preterm* ) )  AND  ( ( 

TITLE-ABS-KEY ( ( prospective  OR  epidemiologic*  OR  "case control"  OR  cohort  OR  

"follow up"  OR  observational )  W/1  ( study  OR  studies ) ) )  OR  ( TITLE-ABS-KEY ( 

"cohort analy*"  OR  longitudinal  OR  retrospective ) ) )  AND NOT  INDEX ( medline )  

AND NOT  INDEX ( embase ) 
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Online Resource 2: Modified QUIPS: Risk of bias for Etiological studies 

Domains Issues to consider for judging overall rating of "Risk of 
bias" 

Ratings 

Study 
Participation 

a) The source population or population of interest is
adequately described for key characteristics

b) Similar identification of non-diseased populations at
baseline

c) The sampling frame and recruitment are adequately
described, including methods to identify the sample
sufficient to limit potential bias (number and type
used, e.g., referral patterns in health care)

d) Period of recruitment is adequately described.
e) Place of recruitment (setting and geographic location)

are adequately described.
f) Inclusion and exclusion criteria are adequately

described (e.g., including explicit diagnostic criteria
description).

g) There is adequate participation in the study by eligible
individuals.

h) The baseline study sample (i.e., individuals entering
the study) is adequately described for key
characteristics.

High bias: The relationship 
between the RF and outcome is 
very likely to be different for 
participants and eligible 
nonparticipants 
Moderate bias: The relationship 
between the RF and outcome may 
be different for participants and 
eligible nonparticipants 
Low bias: The relationship 
between the RF and outcome is 
unlikely to be different for 
participants and eligible 
nonparticipants 

Study 
Attrition 

a) Response rate (i.e., proportion of study sample
completing the study and providing outcome data) is
adequate.

b) Attempts to collect information on participants who
dropped out of the study are described

c) Reasons for loss to follow-up are provided.
d) Participants lost to follow-up are adequately described

for key characteristics (LIST).
e) There are no important differences between key

characteristics (LIST) and outcomes in participants
who completed the study and those who did not.

High bias: The relationship 
between the RF and outcome is 
very likely to be different for 
completing and non-completing 
participants 
Moderate bias: The relationship 
between the RF and outcome may 
be different for completing and 
non-completing participants 
Low bias: The relationship 
between the RF and outcome is 
unlikely to be different for 
completing and non-completing 
participants 

Risk Factor 
Measurement 

a) A clear definition or description of 'RF' is provided
(e.g., including dose, level, duration of exposure, and
clear specification of the method of measurement).

b) Method of RF measurement is adequately valid and
reliable to limit misclassification bias (e.g., may include
relevant outside sources of information on
measurement properties, also characteristics, such as
blind measurement and limited reliance on recall).

c) The method and setting of measurement of RF is the
same for all study participants.

d) Adequate proportion of the study sample has
complete data for RF variable.

e) Appropriate methods of imputation are used for
missing 'RF' data.

High bias: The measurement of 
the RF is very likely to be different 
for different levels of the 
outcome of interest 
Moderate bias: The 
measurement of the RF may be 
different for different levels of the 
outcome of interest 
Low bias: The measurement of 
the RF is unlikely to be different 
for different levels of the 
outcome of interest 
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Outcome 
Measurement 

a) A clear definition of outcome is provided, including
duration of follow-up and level and extent of the
outcome construct.

b) The method of outcome measurement used is
adequately valid and reliable to limit misclassification
bias (e.g., may include relevant outside sources of
information on measurement properties, also
characteristics, such as blind measurement and
confirmation of outcome with valid and reliable test).

c) The method and setting of outcome measurement is
the same for all study participants.

High bias: The measurement of 
the outcome is very likely to be 
different related to the baseline 
level of the RF 
Moderate bias: The measurement 
of the outcome may be different 
related to the baseline level of the 
RF 
Low bias: The measurement of 
the outcome is unlikely to be 
different related to the baseline 
level of the RF 

Study 
Confounding 

a) All important confounders, including treatments (key
variables in conceptual model), are measured.

b) Clear definitions of the important confounders
measured are provided (e.g., including dose, level, and
duration of exposures).

c) Measurement of all important confounders is
adequately valid and reliable (e.g., may include
relevant outside sources of information on
measurement properties, also characteristics, such as
blind measurement and limited reliance on recall).

d) The method and setting of confounding measurement
are the same for all study participants.

e) Appropriate methods are used if imputation is used
for missing confounder data.

f) Important potential confounders are accounted for in
the study design (e.g., matching for key variables,
stratification, or initial assembly of comparable
groups).

g) Important potential confounders are accounted for in
the analysis (i.e., appropriate adjustment).

High bias: The observed effect of 
the RF on the outcome is very 
likely to be distorted by another 
factor related to RF and outcome 
Moderate bias: The observed 
effect of the RF on outcome may 
be distorted by another factor 
related to RF and outcome 
Low bias: The observed effect of 
the RF on outcome is unlikely to 
be distorted by another factor 
related to RF and outcome 

Statistical 
Analysis and 
Reporting 

a) There is sufficient presentation of data to assess the
adequacy of the analysis.

b) The strategy for model building (i.e., inclusion of
variables in the statistical model) is appropriate and is
based on a conceptual framework or model.

c) There is no selective reporting of results.

High bias: The reported results 
are very likely to be spurious or 
biased related to analysis or 
reporting 
Moderate bias: The reported 
results may be spurious or biased 
related to analysis or reporting 
Low bias: The reported results are 
unlikely to be spurious or biased 
related to analysis or 

Modified from: Hayden JA, Côté P, Bombardier C. Evaluation of the Quality of Prognosis Studies in Systematic 
Reviews. Annals of Internal Medicine. 2006; 144:427-437. 
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Chapter Five: Multi-trajectory analysis of C-reactive protein and low back 

pain from adolescence to early adulthood  

Online Resource 1 Model selection and Model fit diagnostic criteria for trajectories 

Model selection based on Bayesian Information Criterion (BIC) and smallest group size 

Number of 
groups 

BICa: Total number of 
observations 

BICa: Total number of 
participants 

Smallest group sizeb 

(n) 

LBP with impact 

2 -2771.76 -2768.89 746 

3 -2759.84 -2754.68 151 

4 -2769.20 -2762.32 132 

5 -2782.22 -2773.04 123 

Multi-trajectory LBP with impact and hs-CRP 

2 -3925.35 -3910.86 446 

3 -3772.43 -3752.76 50 

4 -3753.61 -3726.69 22 

5 -3768.84 -3735.71 21 
aBIC: Bayesian Information Criterion (large BIC indicates better fit) 
bMinimum group size of 30 participants 

Model fit diagnostic criteria for trajectories 

Trajectory group Average 
posterior 
probabilitya: % 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: % 

LBP with impact 

1 “consistently low” 85.6 17.1 46.1 (41.2, 50.9) 49.3 

2 “decreasing” 78.3 65.0 10.4 (8.3, 12.5) 10.1 

3 “increasing” 87.9 26.6 43.5 (38.3, 48.6) 40.7 

Multi-trajectory LBP with impact and hs-CRP 

1 “low CRP, 
low LBP” 

82.9 21.6 52.4 (40.1, 64.7) 54.4 

2 “low CRP, 
increasing LBP” 

82.7 31.2 39.9 (27.6, 52.2) 40.3 

3 “increasing CRP, 
moderate LBP” 

93.4 1060.5 7.7 (5.0, 10.3) 5.3 

aLowest acceptable posterior probability 70% 
bLowest acceptable odds of correct classification 5.0 
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Online Resource 2 Sensitivity analyses of trajectory models 

Model fit diagnostic criteria for sensitivity analyses of trajectory models 

Trajectory group Average 
posterior 
probability 

Odds of 
correct 
classification 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: % 

Low back pain with impact: Males 

1. “consistently low” 85.4 38.1 45.8 (39.3, 52.2) 49.5 

2. “decreasing” 79.2 120.2 11.5 (8.6, 14.5) 11.4 

3. “increasing” 89.0 69.22 42.7 (35.9, 49.5) 39.0 

Low back pain with impact: Females 

1. “consistently low” 84.2 36.8 45.0 (34.9, 55.2) 48.8 

2. “decreasing” 79.5 181.9 10.7 (2.8, 18.5) 8.1 

3. “increasing” 86.7 51.5 44.3 (36.4, 52.2) 43.1 

Low back pain with impact: without 14-year timepoint 

1. “consistently low” 71.7 5.1 51.2 (29.5, 72.9) 59.8 

2. “decreasing” 70.0 527.29 11.5 (1.4, 34.3) 5.6 

3. “increasing” 86.1 27.9 37.4 (30.2, 44.5) 34.6 

Low back pain with impact: participants with all four timepoints 

1. “consistently low” 80.1 43.0 37.8 (27.5, 48.0) 42.5 

2. “decreasing” 81.3 153.9 16.6 (5.8, 27.4) 13.7 

3. “increasing” 90.9 103.6 45.6 (38.3, 52.9) 43.8 

Multi-trajectory hs-CRP and LBP with impact: Males 

1. ”low CRP, low LBP” 83.2 44.7 58.9 (48.6, 69.1) 64.5 

2. “low CRP, increasing LBP” 82.1 95.2 28.4 (18.4, 38.3) 29.6 

3. “increasing CRP, moderate LBP” 92.6 1368.0 12.8 (7.3, 18.2) 5.8 

Multi-trajectory hs-CRP and LBP with impact: Females 

4. ”low CRP, low LBP” 85.5 69.7 46.4 (28.6, 64.2) 45.1 

5. “low CRP, increasing LBP” 83.8 51.0 50.3 (32.4, 68.0) 53.1 

6. “increasing CRP, moderate LBP” 99.5 67361.0 3.4 (1.2, 5.5) 1.8 

Multi-trajectory hs-CRP and LBP with impact: without 14-year timepoint 

1. ”low CRP, low LBP” 81.2 18.8 51.7 (38.5, 64.9) 56.7 

2. “low CRP, increasing LBP” 84.7 37.2 50.8 (27.6, 53.9) 39.5 

3. “increasing CRP, moderate LBP” 91.9 894.7 7.5 (4.8, 10.2) 3.8 

Multi-trajectory hs-CRP and LBP with impact: participants with all four timepoints 

1. ”low CRP, low LBP” 84.6 40.9 54.9 (44.2, 65.7) 58.6 

2. “low CRP, increasing LBP” 83.9 68.4 32.8 (22.3, 43.3) 35.3 

3. “increasing CRP, moderate LBP” 93.3 1120.3 12.2 (7.8, 16.6) 6.1 
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Only males 

Crosstab of low back pain trajectory and low back trajectory with just males 

LBP trajectories LBP males trajectories 
Total GROUP 1 2 3 

1 370 0 1 371 
2 0 76 0 76 
3 11 12 299 322 

TOTAL 381 88 300 769 

Only females 

Crosstab of low back pain trajectory and low back trajectory with just females 

LBP trajectories LBP females trajectories 
Total GROUP 1 2 3 

1 363 0 12 375 
2 0 60 15 75 
3 0 0 294 294 

TOTAL 364 60 321 744 
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Without 14 years (17-22only) 

Crosstab of low back pain trajectory and low back trajectory with just 17-22 years timepoints 

LBP trajectories LBP 17-22 years 
Total GROUP 1 2 3 

1 735 11 0 746 
2 80 71 0 151 
3 92 1 523 616 

TOTAL 907 83 523 1513 

Participants with all four timepoints 

Crosstab of low back pain trajectory and low back trajectory with participants with all four timepoints 

LBP trajectories LBP Participants with 4 timepoints 
Total GROUP 1 2 3 

1 246 8 26 280 
2 0 65 0 65 
3 0 6 227 233 

TOTAL 246 79 253 578 
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Only males 

Crosstab of multi-trajectories with just males 

LBP/CRP 
trajectories 

LBP/CRP male trajectories 
Total 

GROUP 1 2 3 

1 249 1 1 251 
2 36 131 0 167 

3 2 0 25 27 

TOTAL 287 132 26 445 

Only females 

Crosstab of multi-trajectories with just females 

LBP/CRP trajectories LBP/CRP females trajectories 
Total GROUP 1 2 3 

1 219 52 0 271 
2 3 212 0 215 
3 2 0 9 11 

TOTAL 224 264 9 497 
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Without 14 years (17-22only) 

Crosstab of multi-trajectories without 14 year timepoint 

LBP/CRP trajectories LBP/CRP 17-22 years trajectories 
Total GROUP 1 2 3 

1 509 12 1 522 

2 21 360 1 382 

3 4 0 34 38 

TOTAL 534 372 36 942 

Participants with all four timepoints 

Crosstab of multi-trajectories with participants with all four timepoints 

LBP/CRP trajectories LBP/CRP Participants with 4 timepoints 
Total GROUP 1 2 3 

1 239 4 3 246 

2 2 195 4 201 

3 1 0 20 21 

TOTAL 242 199 27 468 
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Chapter Six: Association between cardiovascular disease risk factors and 

future spinal pain with the potential moderating role of health-related 

physical activity (CHAMPS Study-DK) 

APPENDIX A: 

Associations between HOMA-IR and Clustered cardiovascular disease risk score and spinal pain 

Cardiovascular disease risk 

factors 2008 

N Weeks with spinal pain 

Nov 2008-Nov 2010 

Tertile 2 

*beta coefficients (95% CI)

Weeks with spinal pain 

Nov 2008-Nov 2010 

Tertile 3 

*beta coefficients (95% CI)

Log HOMA-IR Girls=440 -0.83 (-1.57, -0.08) -0.80 (-1.65, 0.05)

Boys=406 0.04 (-0.74, 0.83) 0.25 (-0.68, 1.17) 

Clustered CV risk score Girls=433 -0.62 (-1.29, 0.05) -0.00 (-0.83, 0.83)

Boys=397 0.30 (-0.29, 0.89) 0.60 (-0.36, 1.57) 

Cardiovascular disease risk 

factors 2010 

N Weeks with spinal pain 

Nov 2010-Nov 2012 

Tertile 2 

*beta coefficients (95% CI)

Weeks with spinal pain 

Nov 2010-Nov 2012 

Tertile 3 

*beta coefficients (95% CI)

Log HOMA-IR Girls=370 -0.38 (-1.21, 0.45) -1.57 (-2.63, -0.51)

Boys=367 0.42 (-0.37, 1.21) 0.28 (-0.87, 1.43) 

Clustered CV risk score Girls=370 0.39 (-1.08, 1.86) -0.47 (-2.02, 1.07)

Boys=366 -0.11 (-1.13, 0.91) 0.22 (-1.06, 1.50) 

Tertile 1: reference group 

HOMA-IR: homeostasis assessment model-estimated insulin resistance, CV: cardiovascular 

*All models adjusted for age

Bolded results indicate statistically significant results. 
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Chapter Seven: No association between sub-clinical elevation of C-reactive 

protein levels and spinal pain trajectories in children (CHAMPS Study-DK) 

Appendix A Model selection and Model fit diagnostic criteria for trajectories 

Model selection based on Bayesian Information Criterion (BIC) 

Number of 
groups 

BICa: Total number of 
observations 

BICa: Total number of 
participants 

2 -61843.81 -61837.58

3 -54867.53 -54856.12

4 -53700.79 -53684.19

5 -52554.81 -52531.99

6 -52228.38 -52198.30

7 -51905.85 -51872.66

8 -51789.11 -51789.11
aBIC: Bayesian Information Criterion (large BIC indicates better fit) 

Trajectory model diagnostics of Non-traumatic spinal pain trajectories 

Trajectory group Average posterior 
probabilitya: % 

Odds of correct 
classificationb 

Estimated group 
proportions:  
% (95% CI) 

Assigned 
membership: % 

1 “No pain” 86.8 5.3 55.3 (51.9, 58.6) 61.6 

2 “Rare” 80.0 16.2 23.7 (20.1, 27.4) 20.3 

3 “Rare, increasing” 85.6 50.3 13.6 (11.9, 15.3) 10.9 

4. “Moderate,
increasing”

90.4 154.1 6.1 (5.3, 6.9) 6.0 

5. Early onset,
decreasing

97.9 3667.1 1.3 (1.0, 1.5) 1.3 

aLowest acceptable posterior probability 70% 
bLowest acceptable odds of correct classification 5.0 




