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ABSTRACT 

Rheumatoid Arthritis (RA) is a chronic autoimmune disease characterised by high-grade local and 

systemic inflammation. People with RA experience a multitude of symptoms, such as chronic pain, 

fatigue, poor mental health and psychological wellbeing and disability, which impact their overall 

quality of life. People with RA typically engage in low levels of physical activity (PA) and spend long 

periods of time in sedentary behaviours (SB). Research suggests that increasing PA and reducing SB 

may improve outcomes in RA. However, this research is limited by the use of non-validated or 

reliable measurement methods of PA, SB, and health outcomes. In addition, studies rarely assess the 

different dimensions and elements of PA and SB, and their relative and independent relationships 

with health in people with RA.   

The overarching aim of this research was therefore to develop the understanding of the role of PA 

and SB for health in RA, through building on existing research in this domain. Specifically, the aim of 

this thesis was to contribute novel data examining the links between different dimensions of PA and 

SB with RA outcomes considered to be important by both patients and health professionals. 

Initiatives such as Outcome Measures in Rheumatoid Arthritis Clinical Trials (OMERACT), have 

created core outcome sets of patient- and clinician-important symptoms experienced by people with 

RA. This thesis focuses on the links between PA and SB with the following OMERACT outcomes: pain, 

disease activity, functional ability, fatigue, depression, anxiety, subjective vitality, and quality of life.   

First, the quality of the current evidence regarding lifestyle PA and SB interventions in people with RA 

was explored in a systematic review and meta-analysis (Chapter 2). In subsequent methodological 

chapters (Chapters 3 and 4), the reliability and validity of quantitative sensory testing (QST) 

modalities and reliability of different ActiGraph accelerometer model and placement site specific cut-

points were investigated. The results of these methodological chapters were to inform the design 



 
 

and methods of a longitudinal study, to be conducted as Chapter 5 of this thesis. The aim of this 

study was to explore the relationships between ActiGraph-measured PA and activPAL™-measured SB 

with OMERACT health outcomes in people with RA. 

However, due to the COVID-19 pandemic, the study to be conducted as part of Chapter 5 was unable 

to proceed. As a consequence, Chapter 6 comprised an online survey investigating the cross-

sectional associations between different dimensions of self-reported of PA and SB with OMERACT 

health outcomes in people with RA during the COVID-19 pandemic.  

Overall, thesis findings demonstrated individual links exist between lifestyle PA, non-exercise light 

intensity PA (LPA), walking, exercise, and sedentary time with core OMERACT patient- and clinician-

important outcomes. More specifically, existing lifestyle PA and SB interventions are effective at 

increasing PA, reducing SB, and improving OMERACT outcomes in people with RA. Furthermore, 

methodological chapters suggested that QST, the ActiGraph GT9X and activPAL™ are reliable and 

valid assessments of pain, free-living PA, and SB, respectively. In addition, thesis findings also 

reported that non-exercise LPA, and walking in particular, demonstrated significant positive 

associations with OMERACT indicators of mental health and psychological wellbeing during the 

COVID-19 pandemic. These dimensions of PA should therefore be recommended to people with RA 

to improve mental health and psychological wellbeing, particularly during future pandemics.  

To conclude, this thesis provides novel evidence regarding the complex and distinct relationships 

between different dimensions and elements of PA and SB with core OMERACT health outcomes in 

people with RA, particularly during the unique worldwide event of the COVID-19 pandemic. 
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Rheumatoid Arthritis 

Epidemiology  

Rheumatoid Arthritis (RA) is an autoimmune disease, characterised by chronic systemic 

inflammation. This high-grade inflammation can lead to articular manifestations such as painful, stiff, 

tender and swollen joints and poor functional ability (Smolen et al., 2016; Uhlig et al., 2014). Extra-

articular manifestations are highly prevalent in people with RA, including fatigue, poor mental health 

and psychological wellbeing and cardiovascular disease (CVD) (Katz, 2017b; Matcham et al., 2013; 

Metsios et al., 2015; Smolen et al., 2016). Disease activity is known to fluctuate in people with RA, 

with periods of acute disease activity, known as flares, interspersed with low disease activity periods, 

known as remission. If disease activity is poorly controlled in the long term, this can lead to 

irreversible structural joint damage and functional disability (Lee & Weinblatt, 2001; Smolen et al., 

2016). The societal burden of people with RA is substantial, with healthcare and economic costs 

coming from reduced work capacity and informal care requirements (Smolen et al., 2016). The 

United Kingdom (UK) has an ageing population and RA is more common in older adults, so this 

societal burden of RA may continue to rise. A greater wealth of research is needed to investigate 

novel approaches to manage and treat this disease (Hsieh et al., 2020). 

RA is the most common form of inflammatory arthritis, affecting approximately 0.5−1% of adults 

worldwide (Almutairi et al., 2021; Uhlig & Kvien, 2005; Uhlig et al., 2014), and 0.84% of UK adults 

aged >16 years (Arthritis Research UK, 2018; Gulati et al., 2018). RA is usually diagnosed in people 

aged 30−50 years (Smolen et al., 2016; Uhlig et al., 2014). Females are twice as likely to have RA, and 

there are sex differences in the reported symptoms. For example, hand and foot joints more 

frequently affected in women, whilst men experience greater large joint involvement (St. Clair et al., 

2004). The exact pathophysiology of RA is unclear, but it is thought that disease development is 

precluded by a combination of genetic, lifestyle, and environmental factors. For example, a family 
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history of RA increases the risk of developing the disease by 3−5% (Smolen et al., 2016). In addition, 

there are environmental factors predisposing people to developing RA, which include infectious 

agents, and lifestyle risk factors such as smoking (St. Clair et al., 2004).  

Classification and Diagnosis 

RA can be classified according to the American College of Rheumatology−European Alliance of 

Associations for Rheumatology (ACR−EULAR) criteria (Aletaha et al., 2010). This criteria requires the 

presence of synovitis in at least 1 joint, and a score ≥6 (on a scale of 1-10) from 4 domains: 1) number 

and site of involved joints (score: 0= 1 large joint; 1= 2−10 large joints; 2= 1−3 small joints 

(with/without large joint involvement); 3= 4−10 small joints (with/without large joint involvement); 

5= >10 joints (with at least 1 small joint)), 2) serological abnormality (score: 0= negative rheumatoid 

factor (RF) and negative anti-citrullinated protein antibody (ACPA); 2= low-positive RF or low-positive 

ACPA; 3= high-positive RF or high-positive ACPA), 3) elevated acute-phase response (score: 0= normal 

serum C-reactive protein (CRP) and normal erythrocyte sedimentation rate (ESR); 1= abnormal CRP 

or abnormal ESR) and 4) duration of symptoms (score: 0= <6 weeks; 1= ≥6 weeks) (Aletaha et al., 

2010). The ACR criteria gives 91-94% sensitivity and 89% specificity at classifying RA (Arnett et al., 

1988).  

In early RA where little or no erosive joint damage is seen, diagnosis involves taking a medical 

history, physical examination, laboratory investigation and imaging techniques (St. Clair et al., 2004). 

Physical examination can include checking for joint swelling, tenderness and range of motion. This 

examination forms part of a clinically validated measure of RA disease activity, the Disease Activity 

Score 28 (DAS28) (Prevoo et al., 1995). The DAS28 includes physical examination of 28 joints (5 

metacarpophalangeal finger joints, the interphalangeal joint of the thumb, and the second through 

fifth proximal interphalangeal joints, wrist, elbow, shoulder and knee joints) creating a count of the 

number of swollen and tender joints. In addition, patients rate their global health on a scale of 0 to 
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100 (whereby 0 = best health imaginable and 100 = worst health imaginable) on a visual analogue 

scale (VAS) to give an indicator of overall health. Finally, serological measures of inflammation, CRP 

or ESR levels from blood tests, are also used in the calculation of the DAS28. A DAS28 score of ≤3.2 is 

classified as low disease activity, 3.2–5.1 is moderate disease activity, and >5.1 classified as high 

disease activity (Gossec, 2018). The DAS28 is used in routine rheumatology appointments, and 

compared against ACR-EULAR criteria, to assess therapeutic efficacy and identify if treatment 

adaptations are needed (Prevoo et al., 1995; Smolen et al., 2016). In addition, imaging methods are 

increasingly used to identify and diagnose early RA, through ultrasonography, computerised 

tomography and magnetic resonance imaging (Østergaard et al., 2005).  

Clinical Features  

The most common clinical features of RA are joint pain, stiffness and swelling, with symptoms 

generally worse in the mornings. These can impair functional ability and ability to do activities of 

daily life (St. Clair et al., 2004). Disease progression can be highly variable, with some patients having 

mild inflammation and slow disease progression, and other patients having rapid disease onset over 

the course of days or weeks (Lee & Weinblatt, 2001). However, initial onset of RA is normally 

polyarticular and slow, taking place over weeks or months (Gulati et al., 2018). In early disease, the 

most frequently affected joints are the metacarpophalangeal, proximal interphalangeal and 

metatarsophalangeal joints of the fingers and toes, as well as the ankle and wrist joints (St. Clair et 

al., 2004). As the disease progresses, irreparable joint damage can lead to deformities, disability, 

impaired functional ability and mobility. Some studies have reported that only 17% of patients are 

free from disability after 10 years of having RA (Sherrer et al., 1986). Research has shown that 

disability can develop relatively soon after diagnosis and that initial aggressive treatment is required 

to combat this (Sherrer et al., 1986). 
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Comorbidities, such as CVD, osteoporosis, hypertension and pulmonary diseases, are common in 

people with RA (Gabriel et al., 1999; St. Clair et al., 2004). Many of these comorbidities develop due 

to extra-articular manifestations (e.g., rheumatoid nodules, myopathy, weight loss and rheumatoid 

cachexia) which are present in approximately 40% of individuals with RA (Cimmino et al., 2000; 

Cojocaru et al., 2010). Patients with extra-articular involvement often have more active and severe 

disease, and an increased risk of mortality (Cojocaru et al., 2010; St. Clair et al., 2004).  

Pharmacological Treatment and Management 

Pharmacological therapy is the first-line of treatment for the majority of people with RA, normally 

involving a combination of multiple drugs, to reduce the joint inflammation and slow or halt joint 

destruction (Smolen et al., 2017). Disease-modifying antirheumatic drugs (DMARDs) aim to suppress 

inflammation, and reduce disease progression and structural damage (Lee & Kavanaugh, 2003). 

Glucocorticoids provide control over inflammatory symptoms, and may be able to slow or halt 

radiographic changes associated with RA progression (Kirwan, 1995; Wassenberg et al., 2005). A 

combination therapy consisting of DMARDs and glucocorticoids are now commonly used in initial 

treatment of RA (Landewé et al., 2002), as joint damage can take place in the early stages of the 

disease, perhaps even before diagnosis (Smolen et al., 2017). Therefore, aggressive initial treatment 

to control disease activity is pivotal to prevent long term structural damage and maintain low disease 

activity, or even lead to remission in the long term (Boers et al., 1997; Smolen et al., 2016). Non-

steroidal anti-inflammatory drugs (NSAIDs), are also prescribed to provide symptomatic relief 

through reducing inflammation, pain, and stiffness, and consequently improve function (Guidelines, 

2002). However, they cannot slow joint damage or disease progression (Guidelines, 2002; Lee & 

Kavanaugh, 2003). In advanced stages of RA, biological DMARDs (e.g., infliximab and etanercept- 

examples of tumour necrosis factor inhibitors) can be prescribed, which target and inhibit specific 

immune pathways involved in RA (Lee & Kavanaugh, 2003; Smolen et al., 2016; Smolen et al., 2017). 
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Non-pharmacological Treatment 

As RA is a multidimensional disease, affecting multiple aspects of both physical and mental health, 

non-pharmacological treatments are also recommended for both symptomatic relief and to slow 

disease progression. These can include self-management, education, and physical activity (PA) 

interventions. A multitude of research has already been done into these non-pharmacological 

approaches, with promising results (Christie et al., 2007). This thesis will examine non-

pharmacological treatments for RA, with a particular focus on PA and sedentary behaviour (SB) 

interventions, which will be discussed in more detail later in this chapter.  

Patient- and Clinician-important Health Outcomes in Rheumatoid Arthritis 

As a consequence of the high disease activity, functional disability and pain associated with RA, many 

people with RA also experience poor mental health and psychological wellbeing, and high levels of 

fatigue. These can, in turn, further exacerbate RA symptoms. Together, these outcomes can 

significantly impact quality of life among people living with RA (Treharne et al., 2007). However, 

owing to the complex and multifaceted nature of RA, there has been a lack of consensus regarding 

which outcomes are the most important to assess in research seeking to improve management and 

treatment of RA, and how to measure such outcomes. 

The ACR and EULAR have previously recommended that initiatives be created to develop outcome 

measures for rheumatic diseases. Since this, core sets of patient- and clinician-important outcomes 

have been determined by groups of experts, through the Outcome Measures in Rheumatoid Arthritis 

Clinical Trials (OMERACT) and Core Outcome Measures in Effectiveness Trials (COMET) (Bartlett et 

al., 2012; Boers et al., 1994; Van Tuyl & Boers, 2015; Williamson et al., 2017). OMERACT was 

developed in order to provide a consensus between researchers on optimal outcomes and 

measurements used in RA clinical trials. This was due to previous studies using highly varied 
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outcomes and endpoints, which were difficult to pool in meta-analyses (Boers et al., 2014). 

Individuals involved in the OMERACT initiative have consulted previous research, literature and 

expert opinions to derive core outcome sets specifically for people with rheumatic diseases since 

1992 (Boers et al., 2014; Van Tuyl & Boers, 2015). OMERACT have consequently developed an index 

of core outcomes and linked tools to assess these outcomes, in different conditions and types of 

trials.      

Due to being classed as a core outcome by OMERACT, and the most commonly reported symptom in 

individuals with RA (Heiberg & Kvien, 2002; Pollard et al., 2006), the experience of pain and its 

management in RA, was identified as a key focus of this thesis. In addition, further highly reported 

and relevant patient- and clinician-important indicators of disease activity, functional ability, fatigue, 

mental health and psychological wellbeing (i.e., depression, anxiety, and subjective vitality) and 

quality of life are investigated within the studies comprising this thesis. These outcomes are 

described in detail below.  

Pain  

Pain is associated with and causes the development of many of the other OMERACT patient- and 

clinician-important outcomes, such as poor psychological wellbeing, fatigue, impaired functional 

ability, as well as increased healthcare use (Walsh & McWilliams, 2014). Pain is defined as “an 

unpleasant sensory and emotional experience associated with actual or potential tissue damage, or 

described in terms of such damage” (Merskey & Bogduk, 1994). According to one study, arthritis pain 

is most commonly described as “aching”, “throbbing”, “tender” and “shooting” (Burckhardt, 1984). 

Investigation into the complex mechanisms behind the chronic pain prevalent in patients with RA has 

been carried out to gain understanding of how to target this debilitating symptom. Further 

understanding of pain mechanisms at play in people with RA, may then assist in the development of 

future interventions (Rolke et al., 2006a). It is thought that multiple pain processing mechanisms are 
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responsible for RA-related pain, and it may result from an interplay between central and peripheral 

sensory pathways and joint pathology (Walsh & McWilliams, 2014). Research has shown that 

augmented pain processing from both the central nervous system and peripheral nerves is present in 

patients with RA, which initiate and facilitate RA inflammation (Walsh & McWilliams, 2014).  

Moreover, people with RA report experiencing more pain after periods of poor mental health and 

psychological wellbeing, with a bidirectional relationship observed between pain with depression and 

anxiety (Walsh & McWilliams, 2014). Large-scale observational studies have demonstrated that pain 

is associated with perceived health and activity limitation in people with RA (Demmelmaier et al., 

2017). Interestingly, many of these associations were independent of disease activity, and in patients 

with controlled disease activity and inflammation, pain can still remain present (Lee et al., 2011; 

Pollard et al., 2006). 

Measurement  

Pain can be quantified in different ways, and the measurement tools used can reflect the presence or 

absence of different pain processing pathways. However, in order to better understand the relative 

contribution of the different mechanisms of pain in people with RA, we need to look critically at the 

different measurement methods available.  

In RA clinical research, pain has been most frequently quantified using self-report methods, such as 

the McGill pain questionnaire (MPQ) (Melzack, 1987) or using a VAS (Scott & Huskisson, 1976), which 

have shown good reliability and accuracy at assessing pain (Van Lankveld et al., 1992). A VAS simply 

measures the overall intensity of pain, and is single-item in nature. Whereas, the MPQ, which was 

designed specifically for adults with chronic pain, including pain due to rheumatic conditions, 

assesses both the intensity and quality of subjective pain. Therefore, it may give a greater insight into 

the sensory aspects of pain and its potential effects on quality of life (Van Lankveld et al., 1992). Both 
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the full 78 item MPQ and short form version are widely used in research, for their ability to quantify 

affective and sensory aspects of pain (Hawker et al., 2011). 

Quantitative Sensory Testing (QST), has been promoted by many researchers as the optimal method 

to explore the multidimensional aspects of pain in RA. QST can involve a number of different 

psychophysical tissue-stimulation laboratory-based tests which can quantify the central and 

peripheral mechanisms and processing pathways involved in pain (Arendt-Nielsen et al., 2015; 

Pavlakovic & Petzke, 2010). QST modalities can include tests which measure a pain threshold in 

response to a mechanical or thermal stimulus (known as Pressure-Pain Threshold [PPT] test), 

measuring a temporal response to repeated stimulation (known as Temporal Summation [TS] test), 

or measuring pain thresholds with the addition of a pain-inducing conditioning stimulus (known as 

Conditioned Pain Modulation [CPM]).  

Measuring PPT involves increasing pressure applied to a pre-specified body site using an algometer. 

Once the sensation of pressure becomes painful, participants press a button and the pressure value 

is recorded (Joharatnam et al., 2015; Walton et al., 2011). TS is assessed by repeated application of a 

retractable blunt needle to the skin. A single stimulus is applied, followed by 10 repetitive stimuli, 

and participants rate the pain intensity on a 0 to 10 scale after the single and 10 stimuli (where 0 

signifies no pain and 10 signifies the worst pain imaginable). The TS score can be calculated as a 

difference (between the score of the single stimulus and the average pain experienced during the 10 

subsequent stimuli (TSWUD)) or as a ratio (as the average pain during the 10 stimuli divided by pain 

rating of single stimulus (TSWUR)) (Nie et al., 2005). Finally, CPM measurement involves PPT 

assessment whilst concurrent pain is induced by a conditioning stimulus. The conditioning stimulus 

can be a heat, cold or ischaemic stimulus, to induce pain inhibition (Kennedy et al., 2016). CPM is 

calculated by subtracting an unconditioned PPT measurement from the conditioned PPT 

measurement.  
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QST has been increasingly used for quantifying the multidimensional aspects of pain in recent clinical 

research among patients suffering from musculoskeletal and neuropathic pain (Moloney et al., 2012; 

Rolke et al., 2006a), individuals with osteoarthritis (Suokas et al., 2012) and chronic lower back pain 

(LBP) (Geletka et al., 2012). Table 1.1 describes the design, methods, findings, and limitations of QST 

studies conducted in people with RA. In brief, studies have reported lower pain thresholds and 

increased pain sensitivity (as indicated by lower PPT and TS, respectively) in individuals with RA 

compared to healthy controls (Ayhan et al., 2014; Gerecz-Simon et al., 1989; Lofgren et al., 2018b; 

Vladimirova et al., 2015). Joharatnam et al. (2015) reported a more sensitive PPT was significantly 

associated with higher levels of inflammation, sleep disturbances, higher DAS28 and poorer mental 

health (Lee et al., 2009). In addition, PPT has been linked to other core OMERACT outcomes (i.e., 

functional ability, depression, anxiety and fatigue) in people with RA (Pollard et al., 2012), 

emphasising the link between multiple parameters of pain with other aspects of quality of life.  

As well as quantifying pain, the use of different and multiple QST modalities has the ability to 

measure and reflect the relative contribution of both central and peripheral pain mechanisms 

involved in pain modulation (Arendt-Nielsen & Yarnitsky, 2009; Courtney et al., 2010; McWilliams & 

Walsh, 2017). This is a key advantage of QST over many single-item self-report methods. For 

example, when PPT is conducted on an anatomical site proximal to an inflamed joint, it has the ability 

to evaluate peripheral pain or sensitisation, and when conducted at a distant site, it assesses central 

sensitisation (Middlebrook et al., 2020). Table 1.1 reports the clinical studies examining pain 

mechanisms in people with RA. In brief, results show that people with RA experience lower pain 

thresholds and increased sensitivity at anatomical sites distal to inflamed joints (Edwards et al., 2009; 

Joharatnam et al., 2015). This is evidence of abnormal and augmented central pain processing 

present in patients with RA (Walsh & McWilliams, 2014). Other QST studies have reported 

associations between pain threshold and augmented joint tenderness near affected joints, 

suggesting peripheral sensitisation is also involved in RA pain (Table 1.1) (Konttinen et al., 1992). 
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Although these studies demonstrate evidence of peripheral and central components in RA-related 

pain, very few of these studies established reliability of QST measures before use in their trials. Other 

limitations of these studies include small sample sizes of RA participants, and the majority only 

conducted PPT, with no other modalities to assess other aspects of pain processing (Table 1.1).  

Before QST modalities can be used in clinical research to investigate RA-related pain, population and 

assessor-specific reliability of assessments must be confirmed. In order to ensure reliability when 

performing QST in research and clinical settings, environmental (e.g., room temperature) and 

methodological (e.g., test protocol and application) factors must be controlled and standardised 

(Middlebrook et al., 2020). To my knowledge, only 1 study has examined reliability of QST measures 

in RA participants (Table 1.1). Lee et al. (2018) assessed only inter-rater reliability (i.e., reliability of 

one rater compared to a ‘reliable’ second rater) of PPT, TS and CPM modalities before conducting 

these QST assessments in an RA cohort. However, authors did not provide sufficient detail of 

methods, assessors and participants involved in this reliability sub-study. Future studies assessing 

both inter-rater and test-retest (i.e., the reliability of one rater performing QST assessments at 2 

different time points) reliability of a standardised QST protocol in patients with RA are required.  

Therefore, Chapter 3 of this thesis will investigate inter-rater and test-retest reliability of PPT, TS and 

CPM QST modalities in healthy participants and individuals with RA and chronic LBP.  
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Table 1.1: Studies conducting pressure-pain threshold, temporal summation and/or conditioned pain modulation in people with Rheumatoid Arthritis 

Study Title Population 
QST modality and 

location 
Results/Findings Limitations 

Lee Y. C., Bingham 

C.O., Edwards R.R., 

et al. (2018) 

Pain Sensitization is Associated 

with Disease Activity in 

Rheumatoid Arthritis Patients: A 

Cross-Sectional Study  

(Follow up: Association of Pain 

Centralization and Patient‐

Reported Pain in Active 

Rheumatoid Arthritis) 

139 RA PPT – trapezius muscle 

TS-  dorsal forearm 

CPM- cold water bath, 

left trapezius muscle. 

Sites were distal to 

articular sites, avoids 

peripheral sensitisation 

• Initial inter-rater reliability- 

subgroup of 4 assessors 

• Associations with disease activity, 

tender joints, global assessment  

• ICC to assess reproducibility of QST 

between assessors 

• ICC ranged from .71 to .9 for PPTs 

and TS, whereas the ICC for CPM 

was .45 

• Does not specify if participants for 

reliability testing are healthy or 

have RA 

• Single score ICCs used- not 

average measures so results 

cannot be extrapolated to other 

assessors.  

Joharatnam N., 

McWilliams D.F., 

Wilson D. et al. 

(2015) 

A cross-sectional study of pain 

sensitivity, disease-activity 

assessment, mental health, and 

fibromyalgia status in rheumatoid 

arthritis  

50 stable long 

standing RA 

PPT- knee, tibia and 

sternum 

• More-sensitive (lower) PPTs at 

sites over or distant from joints 

were each associated with greater 

reported pain, higher patient-

reported DAS28 components, and 

poorer mental health 

• Indicates central sensitisation 

contributes to pain in RA. 

• Participants had high levels of 

disease activity (DAS28>3.1)- 

results are not relevant to those 

with lower disease activity. 

• No mention of assessor reliability 

testing done beforehand. 

• QST only conducted by 1 assessor 

• Only conducted PPT- this assesses 

only 1 aspect of pain processing 

Konttinen Y.T., 

Honkanen V.E., 

Grönblad M., et al. 

(1992) 

The relation of extraarticular 

tenderness to inflammatory joint 

disease and personality in patients 

with rheumatoid arthritis 

44 RA Pain tenderness 

threshold in 16 

fibrositic tender points 

• Associations between pain 

threshold and joint score index- 

tenderness is augmented near 

active joints. 

• Small sample size 

• No mention of assessor reliability 

testing done beforehand. 

• Only conducted PPT- this assesses 

only 1 aspect of pain processing 

Lee Y.C., Chibnik 

L.B., Lu B., et al. 

(2009) 

The relationship between disease 

activity, sleep, psychiatric distress 

and pain sensitivity in rheumatoid 

arthritis: a cross-sectional study 

59 RA PPT at joint (wrist), 

close to joints 

(thumbnail) and distal 

(trapezium muscles) 

sites 

• Significant correlations between 

PPT with tender joints, sleep 

problems and psychiatric distress  

• Multivariable models assessed - 

CRP inversely associated with wrist 

pain threshold (p= .003) 

• Small sample size 

• No mention of assessor reliability 

testing done beforehand. 

• Female participants only 

• 1 rheumatologist performed all 

assessments 

• Only conducted PPT- this assesses 

only 1 aspect of pain processing 
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Vladimirova N., 

Jespersen A., 

Bartels E.M., et al. 

(2015) 

Pain Sensitisation in Women with 

Active Rheumatoid Arthritis: A 

Comparative Cross-Sectional Study 

38 active RA 

38 healthy 

controls 

Cuff pressure 

algometry (tourniquet 

and compressor) on 

dominant lower leg 

(pain detection and 

tolerance, TS) 

• RA participants had lower pain 

detection and tolerance threshold 

and TS compared to healthy 

controls. 

• Indicates the presence of central 

pain processing in participants 

with RA.  

• Female participants with active RA 

(DAS28>2.6) only 

• No mention of assessor reliability 

testing done beforehand 

• Only differences (t-tests) assessed 

• Small RA sample size  

Ayhan, F., Gül, S., 

Uyar, S., et al. 

(2014) 

 

The Decreased Sensory Thresholds 

in Rheumatoid Hand: Comparisons 

with Osteoarthritic and Normal 

Hands. 

72 RA  

43 OA 

39 controls 

Touch pressure 

thresholds- hand 

Pinch strength- median 

nerve in hand 

• Participants with RA had greater 

sensitivity to light touch pressure 

threshold than OA and controls  

• Disease duration, DAS28, HAQ-DI 

deformities and inflammatory 

biomarkers were predictors of 

touch pressure threshold in RA 

• Female participants only 

• Only assessed QST on hand 

anatomical sites 

• No mention of reliability testing 

done beforehand 

Gerecz-Simon E.M., 

Tunks E.R., Heale 

J.A., et al. (1989) 

Measurement of pain threshold in 

patients with rheumatoid arthritis, 

osteoarthritis, ankylosing 

spondylitis, and healthy controls 

36 RA 

36 OA 

18 AS 

36 Healthy 

controls 

PPT- forehead, lateral 

aspect of the arm, 

midpoint of ulna, palm, 

midpoint of quadricep, 

midpoint of antero-

medial aspect of tibia 

• PPT in non-affected body site in RA 

participants were significantly 

lower than healthy controls  

• Females had lower PPT 

• No mention of reliability testing 

done beforehand 

• Small RA sample size 

• Only conducted PPT- this assesses 

only 1 aspect of pain processing 

Pollard L.C., 

Ibrahim F., Choy 

E.H., et al. (2012) 

Pain thresholds in rheumatoid 

arthritis: the effect of tender point 

counts and disease duration 

105 RA PPT • PPT significantly correlated with 

tender joint count, HAQ-DI, 

fatigue, depression and anxiety. 

• Regression analysis showed tender 

point count and disease duration 

were predictors of PPT 

• Only conducted PPT- this assesses 

only 1 aspect of pain processing 

• No mention of reliability testing 

done beforehand 

 

Löfgren M., Opava 

C.H., Demmelmaier 

I., et al. (2018) 

Pain sensitivity at rest and during 

muscle contraction in persons with 

rheumatoid arthritis: a substudy 

within the Physical Activity in 

Rheumatoid Arthritis 2010 study 

46 RA 

20 Healthy 

controls 

PPT, suprathreshold 

pressure pain at rest at 

6 sites.  

• RA participants had lower PPT, 

greater suprathreshold pressure 

pain than controls 

• Increased pain sensitivity in RA 

participants 

• Participants were those 

participating in an exercise 

intervention- not generalisable to 

full RA population 

• No mention of reliability testing 

done beforehand 

Note: RA= Rheumatoid Arthritis, OA= Osteoarthritis, AS= Ankylosing Spondylitis, PPT= Pressure-pain threshold, TS= Temporal Summation, VAS= Visual Analogue Scale, QST= Quantitative 

Sensory Testing, CPM= Conditioned Pain Modulation, CRP= C-reactive Protein, ICC= Intraclass Correlation Coefficient, DAS28= Disease Activity Score 28, HAQ-DI= Health Assessment 

Questionnaire Disability Index (measure of functional ability).
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Functional Ability 

Poor functional ability is a common symptom in people with RA, and can be caused by joint swelling 

and pain (reversible features of RA), as well as joint destruction and deformities (irreversible features 

of RA) (Aletaha et al., 2006). With the prevalence of joint damage and destruction increasing over 

time, as does the likelihood of functional impairment; whereby people with long-term RA are more 

likely to have irreversible disabilities (Aletaha et al., 2006). Longitudinal studies have shown that RA 

disease activity is also a determinant of functional ability (Drossaers-Bakker et al., 1999; Plant et al., 

2005; Welsing et al., 2001), and poor function has been found to be an early feature of RA (Plant et 

al., 2005; Wolfe et al., 1991). 

Impaired functional ability is a major factor contributing towards worsened health outcomes (e.g., 

anxiety, depression, independence and quality of life), leads to the development of comorbidities, 

and can exacerbate the already substantial societal burden of living with RA (Englbrecht et al., 2013; 

Smolen et al., 2016). Due to the impact of functional ability on patient-reported disease activity and 

wellbeing (Englbrecht et al., 2013), it is not surprising that it is deemed a core patient- and clinician-

important outcome by OMERACT (Bartlett et al., 2015; Boers et al., 1994; Van Tuyl & Boers, 2015).  

Measurement 

Functional ability is measured routinely in clinical assessment and is a common outcome measure in 

observational studies and assessing the effectiveness of RA behavioural interventions. The Stanford 

Health Assessment Questionnaire disability index (HAQ-DI) is used in clinical practice and research to 

quantify functional ability (Fries et al., 1980). The HAQ-DI is made up of 8 subscales that reflect a 

different activity of daily living (i.e., dressing, rising, eating, walking, hygiene, grip, reach and 

activities). Patients rate their ability to complete a specific activity within these subscales (e.g., “open 

car doors”) on a scale from 0 − 3 (with 0 = without any difficulty, 1 = with some difficulty, 2 = with 

much difficulty, 3 = unable to do), and whether they require any devices/tools (e.g., walking stick, 
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raised toilet seat, stair lift) or help from another person to assist them with completion of these 

activities. From this, an overall disability index can be calculated as an average of the score from each 

of the subscales, with a higher score representing higher functional disability (Kirwan & Reeback, 

1986). The HAQ-DI is a standardised, reliable and highly validated measure in RA (Fries et al., 1980).  

Fatigue 

Fatigue is one of the most frequently reported and debilitating symptoms reported by people with 

RA, with 40-70% of individuals reporting severe fatigue (Hewlett et al., 2010; Wolfe et al., 1996). It is 

the second most important domain that reflects remission, and significantly impacts wellbeing and 

quality of life for people with RA (Katz, 2017a). Hence, fatigue is a core patient-important outcome 

defined by OMERACT (Kirwan et al., 2007). People with RA report their fatigue as overwhelming, 

debilitating and uncontrollable, highlighting it’s severity (Katz, 2017a).  

Fatigue occurs in people with RA potentially as a result of the inflammation involved in the disease 

progress, and studies have demonstrated that fatigue is linked to multiple inflammatory biomarkers 

(e.g., ESR) and DAS28 (Madsen et al., 2016). A greater level of fatigue is associated with functional 

disability and pain (Nikolaus et al., 2013). In detail, pain thresholds have been found to predict levels 

of fatigue in people with RA, independently of disease activity, indicating disease activity may be a 

mediator in the relationship between pain and fatigue (Madsen et al., 2016; Walsh & McWilliams, 

2014). Therefore, targeting pain clinically may have beneficial effects on fatigue (Katz, 2017b). 

Fatigue also related to psychological and behavioural outcomes in RA, with high levels of fatigue 

reported to affect mental health, quality of life, ability to do daily tasks, and increase healthcare 

utilisation (Katz, 2017a; Nikolaus et al., 2013; Repping-Wuts et al., 2008). However, despite the 

strong links between fatigue and other core OMERACT outcomes in RA, qualitative studies have 

demonstrated that RA patients rarely report being asked about fatigue by physicians (Ward et al., 

2017).  
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Measurement 

In order to develop more effective fatigue management in people with RA, it should be measured as 

part of clinical assessment. Consequently, in 2006, OMERACT recommended that fatigue should be a 

core outcome measure in clinical trials of RA treatments (Kirwan et al., 2007). Since then, there has 

been growing research into fatigue as a core outcome in RA, using a wide range of self-report 

measures. These include the multidimensional assessment of fatigue (MAF), the multidimensional 

fatigue inventory (MFI), a VAS, and the vitality subscale of the short form-36 (SF-36) scale (Hewlett et 

al., 2007; Smets et al., 1995; Tack, 1991; Ware & Sherbourne, 1992; Wolfe et al., 1996). 

Depression  

Poor mental health and psychological wellbeing is part of the extensive health burden in people with 

RA. People with RA are more likely to suffer with low self-esteem, anxiety, and depression than the 

general population (Gettings, 2010). Depression is characterised by persistent sadness and low 

mood, lack of interest and poor concentration (WHO, 2020b). In RA, depression is prevalent in up to 

66% of individuals (Fiest et al., 2017).   

Depression has been linked to RA-related inflammation, with recent studies finding that 

inflammatory mediators in the hypothalamic-pituitary axis may contribute towards the development 

of depression in people with RA (Margaretten et al., 2011; Nerurkar et al., 2019). It is also 

hypothesised that RA-related pain and fatigue play a role in the development of depressive 

symptoms in people with RA (Nerurkar et al., 2019). However, the exact cause of the poor mental 

health and psychological wellbeing present in many people with RA, is unknown; and consequently it 

is poorly understood, recognised and rarely treated in people with RA.  

Depression in RA is associated with other OMERACT patient- and clinician-important health 

outcomes (e.g., increased pain and reduced functional ability and quality of life) (Margaretten et al., 
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2011). It can also increase the risk of many comorbidities (e.g., CVD (Treharne et al., 2005)) and 

mortality. In addition, poorer clinical characteristics can contribute towards development of 

depressive symptoms (Margaretten et al., 2011). Furthermore, in people with RA, depression can 

independently contribute towards work disability, unemployment and increased healthcare costs. 

These numerous links highlight the need for further research into the prevalence and predictors of 

depression, and methods to manage and treat this debilitating symptom in the RA population (Fiest 

et al., 2017; Margaretten et al., 2011). 

Measurement 

Depression is rarely measured clinically as part of RA assessment. However, in research, self-report 

questionnaires, such as the hospital anxiety and depression scale (HADS) or the EuroQoL 5-

Dimensional Descriptive System (EQ-5D) (Balestroni & Bertolotti, 2012), have been more frequently 

used. HADS and EQ-5D scores have been shown to be independently influenced by functional ability 

(measured using HAQ-DI), general VAS, pain VAS, disease activity (measured by DAS28), disease 

duration and worklessness (Hattori et al., 2018). These links demonstrate that assessing depression 

(and anxiety) is essential in people with RA (Hattori et al., 2018). The HADS and EQ-5D are widely 

validated in individuals with RA (Hurst et al., 1997; Linde et al., 2008; Zigmond & Snaith, 1983), and 

are being increasingly used as outcome measures in cross-sectional and intervention studies.  

Anxiety 

Although depression in people with RA has been studied, in comparison, anxiety has been somewhat 

overlooked (VanDyke et al., 2004). Many studies in people with RA examining anxiety have combined 

it with depression in outcome measures (Machin et al., 2020). However, anxiety is distinct from 

depression, and a recent meta-analysis has found that people with RA are at a significantly increased 

risk of developing anxiety than non-RA controls (Qiu et al., 2019). Further studies have found 
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anywhere between 20-70% of the RA population can be classified as anxious (Chandarana et al., 

1987; Fiest et al., 2017; Ho et al., 2011).  

Anxiety is related to other OMERACT patient- and clinician-important outcomes in people with RA, 

such as depression, pain, functional ability, tender joint counts, quality of life and disease activity (Ho 

et al., 2011; Matcham et al., 2016; Qiu et al., 2019; VanDyke et al., 2004). Studies in healthy 

individuals have shown anxiety and depression do not always co-exist (Machin et al., 2020). 

However, research into anxiety as a distinct outcome from depression is still scarce in individuals 

with RA, as demonstrated by the heterogeneity between anxiety prevalence reported in different 

studies. 

Measurement 

Although anxiety is a core OMERACT patient- and clinician-important outcome, and highly prevalent 

in people with RA, it is rarely assessed clinically or in research. Anxiety is most commonly measured 

alongside depression, as an overall indicator of “mental health”, using questionnaires such as the 

HADS or EQ-5D (Balestroni & Bertolotti, 2012; Zigmond & Snaith, 1983). The HADS however can also 

specifically measure anxiety, as it is able to produce depression and anxiety sub-scores. Therefore, 

systematic reviews have recommended the use of this questionnaire, so that anxiety to be assessed 

as a separate outcome from depression in future studies (Machin et al., 2020). 

Subjective Vitality 

Although anxiety and depression provide a good indicator of negative mental health and 

psychological wellbeing, positive psychological states can also be explored and measured in RA to 

give a more comprehensive overview of wellbeing. Quality of life measures can assess positive 

mental wellbeing, however, these measurement tools focus on more hedonic (i.e., happiness or 

pleasure) aspects of wellbeing, and are not able to capture the eudaimonic features (i.e., meaning, 
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energy, spirit and optimal functioning) (Rouse et al., 2015; Ryan & Deci, 2001). In people with RA, 

eudaimonic wellbeing is particularly important as poor functional ability can be a debilitating 

symptom, and optimal functioning is a primary aim of RA treatment. Therefore, being able to 

quantify eudaimonic psychological wellbeing, and explore factors that may influence this outcome, 

can give a more relevant and all-encompassing view of wellbeing and its determinants in this 

population.  

Subjective vitality is one such positive indicator of eudaimonic wellbeing and psychological 

functioning, and can be defined as feeling alive, vital and full of energy (Rouse et al., 2015; Ryan & 

Frederick, 1997). By assessing subjective vitality in people with RA, additional information can be 

obtained regarding the influence and relative contribution of RA disease on physical and 

psychological function (Rouse et al., 2015).  

Measurement 

Whilst hedonic wellbeing can be captured using quality of life measures (see below), the subjective 

vitality scale (SVS) was designed to specifically assess eudaimonic psychological functioning and 

wellbeing, and has been validated in multiple populations, including people with RA (Rouse et al., 

2015; Ryan & Frederick, 1997). The SVS has been recommended for use in research and clinical 

settings, and is particularly relevant to people with RA, who may experience many of the negative 

symptoms assessed in the questionnaire (e.g., lack of energy) (Rouse et al., 2015).  

Quality of Life 

In comparison to subjective vitality, quality of life measures generally assess hedonic aspects of 

wellbeing. Quality of life is defined as “a broad ranging concept incorporating in a complex way the 

person’s physical health, psychological state, level of independence, social relationships, person’s 

beliefs and their relationship to salient features of the environment” by the World Health 
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Organisation (WHO) (WHO, 1995). Many core OMERACT outcomes, such as high disease activity, 

pain, fatigue, poor mental health and psychological wellbeing and impaired functional ability, are 

determinants of poor quality of life in people with RA (Matcham et al., 2014; Rosa-Gonçalves et al., 

2018; Senra et al., 2017; Wan et al., 2016). In detail, increased disease activity is related to worsened 

pain, fatigue, impaired functional ability and poorer mental health and wellbeing, which, in turn, can 

all negatively impact quality of life (Matcham et al., 2014; Rosa-Gonçalves et al., 2018).  

Measurement 

Quality of life and hedonic wellbeing can be quantified using questionnaires such as the Quality of 

Life Scale (Burckhardt & Anderson, 2003), SF-36 (Ware & Sherbourne, 1992) or EQ-5D (Balestroni & 

Bertolotti, 2012), which are validated and reliable measures in patients with RA (Hurst et al., 1997; 

Linde et al., 2008). The SF-36 is a particularly comprehensive measure, which has been most widely 

used in people with RA (Kanecki et al., 2013; Rouse et al., 2015), and captures various components of 

positive psychological functioning. As quality of life has been deemed a key patient- and clinician-

important outcome by OMERACT and COMET (Bartlett et al., 2012; Boers et al., 1994; Van Tuyl & 

Boers, 2015; Williamson et al., 2017), studies in RA patients frequently measure quality of life as an 

indicator of intervention efficacy (Barber et al., 2017).  

Improving core OMERACT outcomes in RA: the role of Physical Activity and Sedentary 

Behaviour  

Pharmacological interventions have been traditionally used to gain tight control over RA disease 

activity, in order to slow joint damage and reduce the experience of debilitating symptoms for 

people living with RA. For example, as high DAS28 scores can predict increased pain in people with 

RA (Walsh & McWilliams, 2012), targeting disease activity through biologic therapies and joint 

surgery have significantly impacted RA pain. Similarly, pharmacological therapies aim to improve RA-
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related function through targeting disease activity, inflammation and minimising joint damage (Maini 

et al., 2004).  

However, RA is complex, and the pharmacological control of disease activity does not always result in 

resolution of symptoms. For example, there is currently no effective pharmacological treatment for 

fatigue in RA, and many people with well controlled disease activity still experience symptoms of 

fatigue (Olsen et al., 2016). In addition, pharmacological therapies for depression can be less 

effective in people with RA, due to drug interactions (Fiest et al., 2017; Warner-Schmidt et al., 2011), 

and research suggests that RA patients with persistent anxiety may have reduced responses to 

pharmacological treatment (Matcham et al., 2016).  

As conventional treatments generally only target disease symptoms and progression, a 

multidisciplinary approach, involving non-pharmacological therapies, has been recommended to 

manage RA symptoms (Gettings, 2010). Some non-pharmacological interventions have targeted 

increasing PA, and, more recently, reducing SB, and are increasingly recommended to target core 

OMERACT patient- and clinician-important outcomes (Fenton et al., 2018a; Hewlett et al., 2011; Katz, 

2017a; O'Brien et al., 2021; Rongen-van Dartel et al., 2015).  

The following sections will highlight role of PA and SB in the broad context of health, outline methods 

used to assess PA and SB in research, and detail studies of PA and SB in RA, utilising different PA and 

SB measurement approaches. 

Physical Activity 

PA is defined as any bodily movement produced by skeletal muscles that leads to an energy 

expenditure beyond the resting rate. Exercise is a subcategory of PA, which is planned, structured 

and repetitive, and done in order to maintain or improve physical fitness (Caspersen et al., 1985). The 

WHO recommends young and older adults, as well as many clinical populations, should take part in 
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at least 150-300 minutes of moderate intensity PA (MPA, [3.0-5.99 metabolic equivalent of task 

(METs)]), or 75-150 minutes vigorous intensity PA (VPA, [≥6.0 METs]) per week (WHO, 2020c), 

whereby 1 MET equals the amount of oxygen consumed at rest (i.e., 3.5 ml∙kg-1∙min-1) (Ainsworth et 

al., 2011).  

PA is encouraged for people of any age, healthy or diseased, for its physical and mental health 

benefits. Within the general population, PA is an effective non-pharmacological approach towards 

lower the risk of developing type 2 diabetes, cancer, hypertension and overall mortality (Helmrich et 

al., 1994; McTiernan et al., 2003; Schnohr et al., 2003; Wahid et al., 2016; Whelton et al., 2002). PA is 

often also prescribed to improve mental health, and systematic reviews have emphasised the 

efficacy of PA for improving quality of life in healthy adults (Bize et al., 2007). 

PA is similarly advocated for older adults and people with musculoskeletal conditions to prolong life 

expectancy, reduce comorbidities and improve health outcomes. PA participation declines with age, 

and one such method to prolong healthy ageing is to increase PA engagement (Taylor et al., 2004). 

PA in older adults has benefits for cardiovascular, bone and muscle health (Taylor et al., 2004). 

Moreover, randomised controlled trials have reported a large antidepressant effect of exercise in 

older adults with clinical depression (Blumenthal et al., 1999; Singh et al., 2001; Taylor et al., 2004), 

highlighting the efficacy of PA also for mental health and wellbeing. 

The majority of initial research assessing the links between PA with health, involved structured and 

organised exercise training or moderate to vigorous PA (MVPA). It is now well documented that 

MVPA is effective at preventing many morbidities (Amagasa et al., 2018; Lee et al., 2012). More 

recently, research has begun to explore the health benefits of light intensity PA (LPA [1.6-2.9 METs]), 

as an alternative to MVPA. LPA can involve structured exercise of a light intensity, such as slow 

walking or yoga, or incidental PA, such as cooking, laundry or dusting. According to data from the 

National Health and Nutrition Examination Survey (NHANES), adults in the United States spend on 
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average 7.8 hours per day engaging in LPA (Young et al., 2016). A meta-analysis has found 

independent associations between LPA with all-cause mortality, cardiometabolic risk factors and 

metabolic syndrome in healthy adults (Amagasa et al., 2018). Targeting and promoting LPA may 

therefore have additional health benefits, which may be particularly beneficial and more achievable 

in older and clinical populations with additional barriers to MVPA engagement (McMullan et al., 

2020). 

Another method to increase LPA participation can be through increasing engagement in overall PA, 

accrued through incorporating more activities into an individual’s daily lifestyle. This approach of 

increasing overall PA can be referred to as increasing “lifestyle PA”. Lifestyle PA has no formal 

definition, but it can encompass all PA which is accumulated as part of day-to-day life. Examples of 

lifestyle PA can include increasing total PA through: incidental PA (i.e., PA built up in small amounts 

over the course of a day, e.g., walking upstairs); increasing home-based PA (e.g., gardening, 

household chores); or increasing activities, such as walking, which may be higher intensity in nature 

(Katz et al., 2018). In addition, by decreasing SB, this can also result in heightened lifestyle PA, as less 

time spent sitting will assist in increasing an individual’s total daily PA engagement.  

Targeting and increasing lifestyle PA may be a more feasible and achievable alternative to MVPA to 

increase PA engagement for people who have additional barriers to being active (Veldhuijzen Van 

Zanten et al., 2015). In addition, increasing lifestyle PA is being progressively advocated as a cost-

effective and clinically meaningful strategy to increase overall PA, and has demonstrated good 

acceptability and achievability in both healthy individuals and people with musculoskeletal diseases 

(Chmelo et al., 2013; Duvivier et al., 2013; Giraudet-le Quintrec et al., 2007; Swardh et al., 2020; 

Thomsen et al., 2017; Van Roie et al., 2010). However, lifestyle PA research is still a relatively novel 

concept, and few studies have assessed the links between lifestyle PA with health, and the efficacy of 
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lifestyle PA interventions in healthy participants, and clinical populations. Consequently, lifestyle PA, 

as an approach to increase overall PA engagement, will be a key focus of this thesis.  

Sedentary Behaviour 

SB is defined as “any waking behaviour characterised by an energy expenditure ≤1.5 METs while in a 

sitting or reclining posture” (Ainsworth et al., 2011; Sedentary Behaviour Research Network, 2012). 

Examples of common SBs include working at a computer, watching television or travelling in a 

vehicle; so SB can take place in most life domains (Ainsworth et al., 2011).   

Previously, populations which did not meet WHO PA recommendations (of 150-300 minutes of MPA, 

or 75-150 minutes VPA per week, (WHO, 2020c)), were referred to as sedentary (Sedentary 

Behaviour Research Network, 2012). However, research now recognises SB as a distinct construct to 

physical inactivity (Fenton et al., 2018a; Owen et al., 2010). Therefore, someone can be classed as 

sedentary but also physically active if they spend large portions of their day sitting, but still engage in 

sufficient PA to meet the recommended guidelines (i.e., someone who has an office job but cycles to 

and from the office every day). Therefore, more recent activity-based studies have included both SB 

and PA as independent and distinct determinants and outcomes, and research is increasingly being 

conducted to investigate the independent contribution of SB to health in healthy and clinical 

populations.  

SB is becoming increasingly prevalent in people of all ages and from all backgrounds. A British Heart 

Foundation report from 2017 estimated that that the average person in the UK spends 76 days per 

year sitting, and almost 30 hours per week watching TV (Foundation, 2017). In healthy young adults, 

SB is independently related to poor cardiovascular and cardiometabolic health, cancer, metabolic 

syndrome and premature mortality (Biswas et al., 2015; Carson et al., 2014; Ekelund et al., 2019; 

Green et al., 2014). Research in older adults has revealed independent associations between device-
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assessed SB with functional ability, and fitness, which are key outcomes affecting quality of life 

(Rosenberg et al., 2016; Santos et al., 2012). Studies in older adults also suggest SB is independently 

related to other deleterious health outcomes, such as pain, fatigue, indicators of poor mental health 

and psychological wellbeing, as well as mortality (Balboa-Castillo et al., 2011; Chastin et al., 2014; 

Greenwood-Hickman et al., 2015; Okely et al., 2019; Park et al., 2018; Rosenberg et al., 2016; 

Saunders et al., 2020). These findings have been strengthened by results of 2 meta-analyses showing 

that ≥9.5 hours per day spent sedentary is linked to higher risk of death in older adults (Ekelund et 

al., 2019). This meta-analysis also reported that >3 hours per day watching TV was related to 

premature mortality, regardless of levels of PA engagement (Ekelund et al., 2016). 

The Importance of Accurately Measuring Physical Activity and Sedentary Behaviour 

There is a wealth of research investigating the relationships between PA and SB with health 

outcomes in various populations. However, in order to accurately measure engagement in these 

behaviours, make links with important health outcomes, and evaluate the effectiveness of 

interventions targeting PA and SB, free-living PA or SB must be accurately and reliably quantified. The 

following section will focus on the tools currently employed to measure PA and SB.  

First, when assessing the usefulness of a tool for measuring PA or SB, it is important to appreciate the 

components of these behaviours. There are various intensities and types of PA which can have varied 

and differing associations with health outcomes. The acronym ‘FITT’ can be used to categorise the 

multidimensional elements of PA which should be considered when measuring PA. FITT stands for: 

frequency, intensity, time, and type of PA. Different measurement tools are able to specifically 

measure these different elements of PA with varying degrees of accuracy. Intensities can include LPA 

and MVPA, whilst types can include: non-exercise or leisure time PA, walking, occupational or 

transport-related PA. Different PA types have differing associations and relationships with various 

health outcomes (Fenton et al., 2018b). For example a systematic review and meta-analysis by 
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Samitz et al. (2011) has demonstrated there is an inverse relationship between domain specific PA 

with all-cause mortality in healthy adults, with particularly strong associations for exercise, leisure PA 

and activities of daily living compared to occupational and transport-related PA  (Samitz et al., 2011). 

To add to this, a population-based study has found leisure-time PA was positively related to quality 

of life, whilst domestic and transport-related PA were inversely related to quality of life (Jurakić et al., 

2010). Therefore, these highlight the need for accurate and reliable measurement tools to quantify 

different FITT elements of PA in research.  

Regarding SB, it is not just overall sedentary or sitting time that has implications for health. There are 

many dimensions and types of SB which can also be quantified by measurement tools, which 

demonstrate independent associations with different aspects of health (Fenton et al., 2018a). 

Following on from the FITT acronym for PA, there exists a ‘SITT’ acronym (Tremblay et al., 2010). The 

components of SITT are: 

• S – SB frequency (number of sedentary bouts) 

• I – interruptions (number of breaks during sedentary time) 

• T – time (duration of SB) 

• T – type (context of SB) 

As with FITT, different measurement tools are able to quantify different elements of SITT and SB. For 

example, typically questionnaires and device-based tools attempt to quantify duration of SB (i.e., 

sedentary time, SITT). Device-based measures can also offer the ability to measure the number of 

sedentary bouts (SITT), average sedentary bout length, and the frequency of interruptions (SITT) in 

sedentary time (Tremblay et al., 2010). On the other hand, self-report questionnaires and diaries may 

be able to assess type of SB (SITT), enabling understanding into the context of the behaviours 

performed. For example, SB types can be: TV viewing, occupational, transport and leisure time SB 

(Fenton et al., 2018a), and each of these types of SB could have different implications for health. 
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Physical Activity and Sedentary Behaviour Measurement Methods  

PA and SB can be measured either subjectively, through questionnaires or self-report diaries, or using 

device-based measures. The following section will provide details of different methods of quantifying 

PA and SB, and Table 1.2 summarises the different methods and their advantages and disadvantages 

for use in research.  

Self-report Methods 

Self-report methods used to assess PA and SB include questionnaires, such as the International 

Physical Activity Questionnaire (IPAQ), Sedentary Behaviour Questionnaire (SBQ), National Institutes 

of Health-American Association of Retired Persons (NIH-AARP) Diet and Health Study questionnaire 

and SIT-Q-7d Questionnaire (Cleland et al., 2018; DiPietro et al., 2018; Gierach et al., 2009; 

Rosenberg et al., 2010; Wijndaele et al., 2014). Questionnaires are the most extensively used self-

report assessment tool to quantify free-living PA and sedentary time (SITT) in large-scale observational 

and epidemiological studies (Healy et al., 2011; Sylvia et al., 2014). They are often designed to 

measure a particular type of PA or SB (SITT), or assess time spent in activities  of SB over a particular 

time period (e.g., past week or month, SITT) (Cleland et al., 2018). Questionnaires can also vary by 

how data is reported (i.e., time per day, calories, activity score), and obtained (i.e., computerised or 

written questionnaire) (Sylvia et al., 2014). 

PA questionnaires have shown inconsistent results in validation studies when compared against 

doubly-labelled water (DLW) method, the gold standard measure of energy expenditure (Sylvia et al., 

2014; Westerterp, 2009). Advantages and limitations of questionnaires are summarised in Table 1.2. 

Benefits include relative ease and low cost of administration, with minimal burden for participants 

(Healy et al., 2011; Sylvia et al., 2014). However, questionnaires asking about PA and SB over large 

timeframes are susceptible to recall bias (Dowd et al., 2018). People frequently over-report PA, 

under-report sedentary time and misinterpret questions, resulting in inaccurate answers about the 
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duration, frequency and intensity of PA or SB (Sylvia et al., 2014). Nevertheless, self-report measures 

have the ability to contextualise PA and SB (SITT), and they can perhaps be useful additional tools to 

device-based measures which do not have this capability. 

PA diaries offer an alternative self-report method of PA quantification. For example, the Bouchard 

Physical Activity Record is a diary which asks participants to report the dominant activity done every 

15 minutes, in real-time, for a period of 3 days (Bouchard et al., 1983; O'Brien et al., 2018b; Sylvia et 

al., 2014). Diaries has been widely used to provide context to PA and SB (SITT) in clinical research 

(O'Brien et al., 2018b). PA diaries are able to overcome some questionnaire limitations (Table 1.2): 

they can be completed multiple times a day, and have less potential for recall bias (Van Der Ploeg et 

al., 2010). However, for this reason, activity diaries can be more of a burden for participants, and are 

still a subjective assessment method (Rachele et al., 2012).  

Device-based Methods 

Device-based measures are another method of quantifying free-living PA and SB which have become 

more popular in recent times. Compared to self-report methods, device-based measures have 

demonstrated less variability and greater reliability at assessing PA and SB, particularly across 

different activity intensities (Dowd et al., 2018). Consequently, they are often preferred to self-report 

methods in small-scale studies and in some large-scale epidemiological research where financial 

resources allow (Brady et al., 2019; Matthews et al., 2008). PA can be measured using pedometers 

and accelerometers, whilst sedentary time (SITT) and other elements of SB can be measured using 

accelerometers and posture sensors.  

Pedometers 

Pedometers can measure daily time in PA (FITT) by recording the number of steps a person takes, and 

are typically worn attached to clothing or a belt on the hip. Steps are measured via a horizontal lever 

arm which gets deflected when a person’s hip displaces vertically during walking. Each time the lever 
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arm moves past a pre-specified threshold, a step is counted. As step count accumulates, this provides 

an estimate of PA over the time period of interest (Liu et al., 2015; Sylvia et al., 2014).  

A typical experimental protocol involves participants wearing pedometers during waking hours for 4-

7 days, to give a comprehensive overview and reliable estimate of average daily step count and PA 

(Brady et al., 2019). Advantages of pedometers are summarised in Table 1.2, and include that they 

are small, inexpensive and easy to wear (Brady et al., 2019; Sylvia et al., 2014). They can pick up PA of 

short durations, which are typically missed by self-report methods (Sylvia et al., 2014). Pedometers 

are highly validated and reliable measures of PA in healthy adults (Tudor-Locke et al., 2005), 

demonstrating ±3%, and ±10% error compared to direct observation at counting steps in controlled 

laboratory conditions and free-living settings, respectively (Liu et al., 2015). However, they are 

unable to assess non-ambulatory activities (e.g., cycling or swimming) and cannot quantify the 

frequency (FITT), type (FITT) or intensity (FITT) of PA. This can be problematic in clinical research 

investigating relationships between different types of PA with health (Brady et al., 2019). Moreover, 

pedometers can underestimate steps at slow walking speeds; demonstrating 56% error in 

participants with a slow step cadence of 50 steps per minute (Liu et al., 2015). This lack of sensitivity 

at assessing PA in people with slow step cadence, such as clinical or older, less mobile populations 

(Martin et al., 2012), means pedometers are not recommended for use in research involving these 

groups of participants.  

Accelerometers  

Accelerometers offer an alternative to pedometers for assessing free-living PA, and are also 

frequently used to quantify SB in research, particularly in clinical and older adult populations. They 

are small, lightweight devices which measure activity via acceleration of body movements of the area 

of the body they are attached to. Accelerometers can be used to assess frequency (FITT), intensity 

(FITT) and duration (FITT) of PA, as well as different features of SB. Specifically, in reference to the SITT 
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acronym, accelerometers can measure sedentary time (SITT), sedentary bouts (SITT) and sedentary 

breaks (SITT). 

Accelerometers record bodily accelerations as an analogue voltage created by a piezoelectric 

instrument which can sense compression from 1 (vertical (Y)) or 3 (the vertical (Y), antero-posterior 

(Z), and medio-lateral (X)) axes (Vanhelst et al., 2012). Accelerometers whereby the piezoelectric 

instrument is only sensitive to compression in a vertical direction, that record movement from 

vertical axis only, are called uniaxial accelerometers. Those recording accelerations from 3 axes are 

triaxial accelerometers. Triaxial accelerometers are able to pick up a greater variety of body 

movements and activities which require movement in a antero-posterior (Z) or medio-lateral (X) 

direction (Vanhelst et al., 2012). The acceleration data from the 3 axes are used to calculate vector 

magnitude (VM) (VM = √(axisY2 + axisZ2 + axisX2)). 

Acceleration data can be downloaded as raw data (i.e., gravity-based acceleration (g) units, where 

1g= 9.81ms-1) or as “count-based” data. Manufacturer software can be used to compress and time-

stamp raw accelerations to create an “accelerometer count” per unit of time, called an epoch. The 

higher the count within each epoch, the higher the intensity of PA performed (Vanhelst et al., 2012). 

Either raw or count-based data can be used and interpreted to quantify PA. Furthermore, the raw or 

count-based output can be calibrated against energy expenditure (as measured by indirect 

calorimetry) to identify PA “thresholds”, or “cut-points”, which correspond to different intensities of 

PA (e.g., LPA, MVPA), or sedentary time (Freedson et al., 1998; Matthews, 2005; Migueles et al., 

2017). Different cut-points have been developed specifically for different makes and models of 

accelerometers (Matthews, 2005), as well as being population and placement site specific (Migueles 

et al., 2017). 

Typically, accelerometers are worn on the hip, but can also be worn on the wrist, ankle or foot 

(Rhudy et al., 2020). Experimental protocols typically require participants to wear accelerometers for 
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7 days during waking hours, in order to reliability assess free-living PA and SB (Dowd et al., 2018). 

Advantages and limitations of using accelerometers in research to quantify free-living PA and SB are 

summarised in Table 1.2. Benefits include their ability to assess multiple components of FITT and 

SITT. Specifically they can measure the duration, intensity and frequency of activity. In addition, 

accelerometry is precise, reproducible, and cause minimal interferences with normal daily living 

(Vanhelst et al., 2012). Various makes and models of accelerometer have been validated for 

measuring different intensities of PA and SB amongst both healthy and clinical populations in 

laboratory and free-living settings (Calabro et al., 2014; Dowd et al., 2018; Feito et al., 2012; Kelly et 

al., 2013). In detail, for treadmill walking in a laboratory setting, correlations of r=.88 were 

demonstrated between the counts per minute (cpm) of a widely used accelerometer model with the 

gold standard, indirect calorimetry (Kelly et al., 2013). In free-living settings, accelerometers have 

displayed good inter-monitor reliability for estimates of LPA and MPA (Calabro et al., 2014). Further 

studies have confirmed these findings, and the superior validity of accelerometers compared to self-

report measures has led to them being more commonly used in large-scale epidemiological research 

to quantify free-living PA and SB (Matthews et al., 2008; Troiano et al., 2008).  

However, using accelerometers in research can be complex, and has its limitations (Table 1.2). For 

example, analysing and interpreting accelerometer data requires researchers to make their own 

decisions regarding data capture methods (i.e., cut-points, valid wear days, epoch length). As a result, 

analytical approaches are observed to be heterogeneous across studies (Migueles et al., 2017), and 

there becomes an inherent degree of subjectivity in data processing and analysis. In addition, 

accelerometers are comparatively more expensive than many self-report measures, and despite 

causing minimal interference in daily activities, many studies have reported poor wear compliance of 

hip-worn accelerometers. One cohort study in adults demonstrated only 78% adherence over 3 to 6 

days of hip-worn accelerometer wear (Evenson et al., 2015). Finally, accelerometers cannot 

accurately assess activities whereby there is little bodily movement, but require energy expenditure, 
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such as weight-lifting or cycling, particularly when they are worn on an area of the body not involved 

in the movement (Table 1.2) (Brady et al., 2019). They are also unable to measure the type or 

context of PA (FITT) or SB (SITT), which are important dimensions to understand the types of activities 

different populations partake in (Tremblay et al., 2010). However, these activities can be captured via 

other means, such as questionnaires, so many studies employ multiple methods to give a greater 

overview of total PA. Despite these limitations, accelerometers remain accurate and reliable 

research-grade measurement tools for assessing free-living PA and SB, frequently employed in large-

scale epidemiological and intervention studies (Matthews et al., 2008; Troiano et al., 2008).     

ActiGraph Accelerometer 

The ActiGraph GT3X triaxial accelerometer is one of the most frequently used research-grade 

accelerometers (Duncan et al., 2018). The most common wear site for the GT3X is attached to an 

elasticated belt, on the hip at the anterior axillary line (Figure 1.1). When worn on the hip, the GT3X 

gives reliable and valid measurements of sedentary time and PA in healthy adults (Aadland & 

Ylvisaker, 2015; Clevenger et al., 2020a; Santos-Lozano et al., 2013). 

The ActiGraph GT9X is a more recent triaxial ActiGraph model. It calculates accelerations and activity 

counts using the same method as the GT3X, with additional features: a display screen, gyroscope and 

secondary accelerometer to measure rotation, movement and body position (Duncan et al., 2018; 

Ekelund et al., 2020; Loprinzi & Smith, 2017). When worn on the hip (Figure 1.2), the GT9X reliably 

assesses laboratory and free-living PA in healthy young and older adults, and has been validated 

Figure 1.1: ActiGraph GT3X+ and example of accelerometer wear on elasticated band on the right 

hip 
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against previous ActiGraph models, demonstrating good to excellent inter-monitor reliability 

(Clevenger et al., 2020a; Clevenger et al., 2020b; Montoye et al., 2018b). Due to being a relatively 

new model, the GT9X has not been widely validated against gold standard measures for 

measurement of sedentary time. 

 As with other triaxial accelerometers, the ActiGraph GT3X and GT9X capture movement on 3 axes, 

which can be used to determine VM. These accelerations, along with a user-defined epoch length, 

can be compressed into activity counts using ActiGraph-specific software, ActiLife (ActiGraph, LLC., 

Pensacola, Florida, USA). ActiLife software can also classify data into “wear time” and “non-wear 

time” using detection algorithms. Non-wear time is defined as a certain number of consecutive 0 

activity counts, and can include time intervals when participants remove accelerometers such as to 

sleep and water-based activities. It is critical to determine non-wear time so these periods are not 

incorrectly classified as sedentary time or other activity intensities (Choi et al., 2011; Mâsse et al., 

2005).  

Automated algorithms within ActiLife use criteria to detect and remove non-wear periods. The most 

widely used algorithm was developed by Troiano (2007), and has subsequently been used in the 

NHANES large-scale population-based dataset (Matthews et al., 2008). Non-wear was defined as ≥60 

consecutive minutes of zero VM counts, with a spike tolerance of 2 minutes of counts between 0-100 

counts (Troiano, 2007). Once non-wear has been determined, researchers must decide on how much 

accelerometer wear determines a “valid day” and “valid week”. From this, researchers can then 

Figure 1.2: ActiGraph GT9X and example of accelerometer wear on elasticated band on the right hip 

and attached to a watchstrap on the wrist 
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determine if a participant has worn the accelerometer for a sufficient amount of time to be included 

in further analysis. Typical studies in healthy adults use criteria of ≥4 valid days/week, including ≥1 

weekend day, to comprise valid wear time (Troiano et al., 2008). Participants log books or activity 

diaries are frequently checked to help determine wear and non-wear. 

Once non-wear data has been removed, the next stage of analysis is to apply cut-points to activity 

counts (i.e., count-based cut-points), to quantify time spent in different activity intensities (e.g., 

sedentary time, LPA, MVPA etc.). Although, there are other approaches to process and analyse 

ActiGraph data (e.g., using intensity gradients and average acceleration to capture the volume and 

intensity of PA (Rowlands et al., 2018; Rowlands et al., 2019b), cut-points remain the most 

commonplace and easy to use method (Montoye et al., 2018a; Rowlands et al., 2019a). For this 

reason, this thesis will focus on the cut-point method of PA quantification by accelerometers. The 

most commonly used ActiGraph uniaxial cut-points (calculated using accelerations from the vertical 

(Y) axis only) were defined by Troiano et al. (2008), as sedentary time = <100 cpm, LPA = 100-2019 

cpm and MVPA = ≥2020 cpm, and were developed in a study using the uniaxial 7164 ActiGraph 

model. The cut-points were defined from weighted average calculations from results of multiple 

calibration studies assessing walking and running activities only (Brage et al., 2003; Freedson et al., 

1998; Leenders et al., 2001; Yngve et al., 2003). Since then, these cut-points have been widely 

employed in epidemiological datasets (Matthews et al., 2008). However, they have demonstrated 

poor validity at assessing PA when compared to the “gold standard” PA measure of indirect 

calorimetry, and poor validity at estimating sedentary time compared to the activPAL™ (“gold 

standard” free-living measure of sedentary time) (Crouter et al., 2013; Koster et al., 2016; Watson et 

al., 2014). In spite of this, Troiano cut-points remain the most frequently used in accelerometer 

research for measurement of PA and SB, even though they are uniaxial, and were developed 

specifically for older uniaxial ActiGraph models (Koster et al., 2016).  
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The most common placement site of ActiGraph accelerometers is on the hip, although research has 

found that this can result in poor wear compliance (Rhudy et al., 2020; Troiano et al., 2014). A 

popular alternative with research participants (Rhudy et al., 2020; Troiano et al., 2014), and the 

general population (Montoye et al., 2020), is to wear accelerometers on the wrist. Wrist-worn 

accelerometers may be able to capture non-ambulatory activities (e.g., ironing, dusting, upper body 

resistance exercises), and obtain PA and SB information from people with atypical gait (Diaz et al., 

2018; Troiano et al., 2008). Some epidemiological studies now employ wrist-worn accelerometers to 

measure PA for these reasons (Troiano et al., 2014). The ActiGraph GT3X and GT9X have the option 

of being worn, attached to a watchstrap, on the wrist (Figure 1.2). 

Growing research has indicated that accelerometer cut-points should be placement site and model 

specific (Migueles et al., 2017; Rhudy et al., 2020). Consequently, newer cut-points have been 

developed specifically for the hip- and wrist-worn triaxial ActiGraph models (i.e., GT3X, GT9X). For 

example, Sasaki et al. (2011) triaxial cut-points were developed specifically for hip-worn ActiGraph 

GT3X. They define PA and sedentary time as: sedentary time= ≤150 cpm, LPA= 151–2690 cpm, MPA= 

2691–6166 cpm, VPA= 6167–9642 cpm, and very vigorous intensity PA (VVPA)= >9642 cpm (Sasaki et 

al., 2011). In addition, Montoye et al. (2020) have developed triaxial cut-points for the wrist-worn 

ActiGraph GT9X as: sedentary time = <2860 cpm, LPA= 2860−3940 cpm and MVPA= ≥3941 cpm. 

As triaxial cut-points use data from 3 axes, research has suggested that they may give a more 

comprehensive measure of different intensities of PA and sedentary time compared to uniaxial cut-

points (Kozey-Keadle et al., 2014; Leeger-Aschmann et al., 2019). However, these triaxial placement-

specific cut-points must be compared against widely used uniaxial cut-points (e.g., Troiano et al. 

(2008)), in order to determine the extent to which PA and sedentary time estimates differ when 

different cut-points are employed to the same data. This will elucidate the extent to which studies 

utilising different devices (uniaxial vs triaxial), placement sites (wrist vs hip), and analytical methods 
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(e.g., the cut-points selected to quantify PA and sedentary time) when employing accelerometers, 

may influence PA and SB outcomes reported in research. As such, one of the aims of this thesis is to 

compare the estimates of LPA, MVPA and sedentary time produced by newer triaxial wrist-worn 

GT9X-specific cut-points (developed by Montoye et al. (2020)) and triaxial hip-worn GT9X-specific 

cut-points (developed by Sasaki et al. (2011)) with uniaxial hip-worn cut-points (developed by 

Troiano et al. (2008)) (Chapter 4). Results of this study will enable comparisons across studies, and 

aid in the movement towards more homogenous analytical approaches and measurement methods 

for quantification of PA and SB in research.  

The activPAL™ 

The activPAL™ is a postural classification device, typically worn on the thigh in the mid-anterior 

position (Figure 1.3) (Edwardson et al., 2017). Its major differences from previously mentioned 

accelerometers is that it incorporates gravity into its readings, allowing for postural allocation to 

determine free-living sedentary (sitting/lying), upright (standing) and ambulatory (walking) activities 

(Chan et al., 2017). Advantages and limitations of using the activPAL in clinical research are 

summarised in Table 1.2. In brief, the activPAL is small, lightweight and easy to wear, due to its thigh 

placement. The activPAL has the ability to measure many components of SITT, including sedentary 

bouts (SITT), interruptions (SITT) and sedentary time (SITT). However, the activPAL is relatively expensive 

compared to self-report methods. In addition, the activPAL is limited in its ability to classify lower 

limb movement and to detect steps of a slow cadence (≤0.47 m/s) (Taraldsen et al., 2011), and may 

therefore inaccurately quantify step count in elderly or clinical populations (Chan et al., 2017; Grant 

et al., 2010).  

A growing number of studies have determined the validity of the activPAL in for measuring 

components of PA and SB different populations (Dowd et al., 2012; Edwardson et al., 2017; Kozey-

Keadle et al., 2011; Sellers et al., 2016). Consequently, the activPAL is considered the “gold standard” 
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device-based measure for the assessment of free-living sedentary time, and is used as a criterion 

when assessing the validity or reliability of new accelerometers or cut-points (Edwardson et al., 2017; 

O'Brien et al., 2020). In accordance with this, one of the aims of this thesis is to assess the validity of 

triaxial wrist-worn GT9X-specific cut-points (developed by Montoye et al. (2020)), triaxial hip-worn 

GT9X-specific cut-points (developed by Sasaki et al. (2011)), and uniaxial hip-worn cut-points 

(developed by Troiano et al. (2008)) compared to the activPAL for measurement of free-living 

sedentary time in healthy adults (Chapter 4).    

Figure 1.3: The activPAL and example of wear on the thigh in the mid-anterior position 
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Table 1.2: Measurement methods of physical activity and sedentary behaviours in clinical research 

Method of 
assessment 

Self-report or 
Device-based 

Examples Advantages Disadvantages 

Questionnaires Self-report IPAQ 
SBQ 
NIH-AARP Diet and 
Health Study 
questionnaire  
SIT-Q-7d Questionnaire 

• Easy for participants and researchers 

• Low cost of administration 

• Minimal burden for participants 

• Can provide context to activities 

• Useful in large-scale research 

• Recall bias- participants frequently over-report PA, under-
report SB and misinterpret questions, resulting in inaccurate 
answers about the duration, frequency and intensity of PA or 
SB 

• Inconsistent results in validation studies when compared 
against DLW method 

• Subjective method 

Activity diaries Self-report Bouchard Physical 
Activity Record 

• Less potential for recall bias due to real-time 
completion  

• Easy for participants and researchers 

• Low cost of administration 
 

• Increased participant burden due to having to complete 
multiple times a day 

• Memory bias may occur when diaries not completed in real-
time 

• Subjective method 

Pedometers Device-based Yamax pedometer 
DigiWalker 
 
 

• Small 

• Inexpensive  

• Easy to wear 

• Can pick up PA of short durations 

• Highly validated and reliable measure of PA in 
healthy adults 

• Unable to assess non-ambulatory activities  

• Cannot quantify the frequency, duration or intensity of PA 

• Underestimate steps at slow walking speeds  

• Lack of sensitivity when assessing PA in clinical populations  

Accelerometers Device-based ActiGraph GT3X 
ActiGraph GT9X 

• Can assess PA duration, intensity and frequency 

• Precise and reproducible 

• Minimal interference with daily living 

• Widely validated and reliable for measuring 
different intensities of PA  

• Commonly used in large epidemiological studies 

• Data analysis and interpretation involves skill and expertise  

• Approaches can be heterogeneous across studies 

• Poor wear compliance of hip-worn accelerometers 

• Cannot detect posture 

• Cannot accurately assess activities with little bodily 
movement, but require energy expenditure 

• More expensive than self-report methods 

activPAL™ Device-based activPAL™ • “Gold standard” measure of sedentary time 

• Small and lightweight 

• Easy to wear with high wear compliance 

• Can detect posture 

• More expensive than self-report methods 

• Limited ability to classify lower limb movement  

• Limited ability to detect steps of slow cadence 

Note: IPAQ= International Physical Activity Questionnaire, SBQ= Sedentary Behaviour Questionnaire, NIH-AARP= National Institutes of Health-American Association of Retired Persons, PA= Physical Activity, SB= 

Sedentary Behaviour, DLW= Doubly Labelled Water. 
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Physical Activity and Sedentary Behaviour in Rheumatoid Arthritis 

The incidence of PA and SB, and relationships with health are well documented in healthy adults. In 

comparison, fewer studies have investigated PA and SB, and their associations with health outcomes 

in people living with RA. The following section will describe measurement methods, and prevalence 

of PA and SB in individuals with RA, and the links between PA and SB with health, with a focus on 

core OMERACT patient- and clinician-important outcomes.     

Measurement of Physical Activity in Rheumatoid Arthritis 

In order to accurately assess PA, researchers must weigh up the benefits and limitations of 

measurement tools to decide which is most suitable for the population of interest. In people with RA, 

the most common method to assess PA is self-report measures, such as the IPAQ (Cleland et al., 

2018). However, similarly to healthy individuals, patients with RA have the tendency to over-report 

PA levels (Yu et al., 2015). A study assessing the agreement between the IPAQ with accelerometer-

measured PA in patients with RA found participants reported less time spent in LPA and more MVPA 

compared to accelerometer (ActiGraph GT3X) measurements (Yu et al., 2015). In addition, only self-

reported MPA and MVPA intensities were correlated with VO2 max (assessment of cardiorespiratory 

fitness) (Yu et al., 2015). Nevertheless, self-report questionnaires may have a place in large-scale and 

epidemiological studies in people with RA, where device-based measurement of PA is not feasible.  

Alternatively, there is a growing body of research that has used device-based measures to quantify 

free-living PA in people with RA (Fenton et al., 2017; Fenton et al., 2018b). Reliability and validity in 

the RA population specifically must be determined in order for these devices to be deemed accurate 

for measuring PA in high-quality research. Associations between accelerometer (ActiGraph GT3X) 

assessed PA with VO2 max have been investigated in patients with RA, and results found significant 

correlations between the two measures for all PA intensities (Yu et al., 2015). More recently, a 
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validation study by O'Brien et al. (2020) created RA-specific ActiGraph GT3X triaxial cut-points. These 

cut-points were: LPA= 245–2501 cpm; MPA= ≥2502 cpm; and showed good validity when compared 

against indirect calorimetry for assessments of all PA intensities (O'Brien et al., 2020). From this, 

future studies are able to apply these RA-specific triaxial cut-points to ActiGraph GT3X data from RA 

patients to give more valid and reliable measurement of free-living PA, than has been possible 

previously. 

Levels of Physical Activity in Rheumatoid Arthritis 

PA guidelines for people with RA are not different to the WHO recommendations advocated for the 

general population. That is, at least 150 minutes MPA or 75 minutes VPA, as well as muscle 

strengthening activities are recommended at least twice per week (Metsios et al., 2015). However, 

research has shown that only a small proportion of people with RA meet these PA recommendations 

(Iversen et al., 2017), and many people living with RA are less active than the general population. 

Cross-sectional studies have reported that 70% people with RA do not partake in regular PA (Metsios 

et al., 2015; Sokka et al., 2008; Tierney et al., 2012), and a systematic review found lower PA levels in 

the RA population, compared to healthy controls (Tierney et al., 2012). However, the majority of 

studies included in the review used self-report measures to assess free-living PA, and people have 

previously shown that they are likely to overestimate engagement in self-reported PA compared to 

device-based measures (Hagstromer et al., 2010; Yu et al., 2015). Therefore, levels of PA are probably 

lower than those reported in these self-report studies, and results should be interpreted with caution 

(Tierney et al., 2012).  

As well as investigating total PA, it is important to understand the composition of PA by assessing 

different intensities of PA. Khoja et al. (2016) conducted a cross-sectional study using accelerometry, 

and estimated that participants with RA spent 3.5 hours/day in very light intensity PA [1.1 − 1.9 

METs], 2.1 hours/day in LPA and 35 minutes/day in MPA, with only 17% participants meeting PA 
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recommendations (Khoja et al., 2016). Another cross-sectional study assessing accelerometer-

measured PA was conducted by Fenton et al. (2020b), who reported RA participants spent over 4 

hours/day in LPA and 18 minutes/day in MVPA. These findings indicate that the majority of daily PA 

among people living with RA may be accumulated through LPA. However, few studies have used 

accelerometry to estimate overall PA and time spent in different PA intensities in individuals with RA, 

and longitudinal research is needed to strengthen and confirm these findings.   

Physical Activity and Health in Rheumatoid Arthritis 

Traditionally, rheumatologists would advise people with RA to restrict exercise and PA, due to fears 

that it may exacerbate symptoms such as pain and fatigue (Cooney et al., 2011; Metsios & Kitas, 

2018). However, substantial evidence now indicates PA can significantly improve health outcomes, 

and is not accompanied by aggravation of RA symptoms or any joint damage (Cooney et al., 2011; 

Metsios & Kitas, 2018; Van Den Ende et al., 1998; Veldhuijzen Van Zanten et al., 2015). As a result, 

the ACR and EULAR now recommend PA as an effective non-pharmacological method to improve RA 

disease activity (Rausch-Osthoff et al., 2018). The following section will evaluate evidence for the 

associations between PA with core OMERACT patient- and clinician-important outcomes in people 

with RA. It will concentrate on results of cross-sectional and intervention studies, summarise the 

relevant limitations and conclusions of existing studies, and identify areas of future research.  

Physical Activity and Pain 

Pain is frequently reported as a reason for not engaging in PA by people with RA (Law et al., 2013). 

Previous beliefs and physician recommendations were that PA may aggravate joint inflammation and 

pain, which have since been disproven (Hernández-Hernández & Díaz-González, 2017). Cross-

sectional studies assessing associations between PA and pain in people with RA are limited. However, 

Haider et al. (2020) found no link between accelerometer-measured MVPA with pain intensity 

(measured using a VAS). The DAS28 measure of disease activity includes an assessment of number of 
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painful or tender joints, and a study by Hernández-Hernández et al. (2014) discovered that DAS28 

was negatively correlated with IPAQ measured PA. They also demonstrated a trend towards a 

negative association with accelerometry measured PA. However, painful joint count demonstrated 

no links with IPAQ or accelerometer-measured PA (Hernández-Hernández et al., 2014). Finally, 

Prioreschi et al. (2013) found self-reported pain (assessed using SF-36) was not correlated with 

accelerometer-measured PA. All these studies assessed pain using self-report or single-item 

methods, and therefore, results should be interpreted with caution. These methods may not be able 

to measure the fluctuating and multidimensional nature of pain, which is particularly prevalent in 

people with RA.  

Nevertheless, multimodal management, including PA and exercise interventions, are recommended 

to reduce pain associated with RA (Walsh & McWilliams, 2014) and results of these intervention 

studies have supported these recommendations (Li et al., 2020; Lofgren et al., 2018a; Neuberger et 

al., 1997; Nordgren et al., 2015; Stenstrom, 1994). For example, a 12 week home-based exercise 

intervention demonstrated improvements in pain in patients with RA (Stenstrom, 1994). In addition, 

Neuberger et al. (1997) found that participation in their 12 week PA program resulted in reduced 

pain perception, and Lofgren et al. (2018a) reported reductions in global pain at 2 year follow-up 

after a health-enhancing PA program. Nevertheless, other PA interventions have displayed no effects 

on pain (Brodin et al., 2008; Cramp et al., 2020; Feldthusen et al., 2016; Gilbert et al., 2018; Katz et 

al., 2018). Furthermore, narrative and systematic reviews have displayed varied results regarding the 

efficacy of PA for improving RA-related pain (Pedersen & Saltin, 2006; Plasqui, 2008; Stenström & 

Minor, 2003). 

The mixed results of cross-sectional and intervention studies suggest that mechanisms behind PA-

induced analgesia may not be completely understood. Furthermore, it is thought that the application 

of QST to quantify the multidimensional aspects and mechanisms of RA-related pain in clinical 
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populations may aid the development of more appropriate and targeted interventions for pain 

management (Moloney et al., 2012).  

Physical Activity and Disease Activity 

Disease activity has been shown to be a determinant of participation in PA, as research has found 

that high disease activity interferes with time spent in MVPA among RA patients (Hernández-

Hernández et al., 2014). Observational and intervention studies have found that regular PA in people 

with RA is associated with lower levels of CRP and ESR inflammatory markers (Hakkinen et al., 2001; 

Metsios et al., 2009; Stavropoulos-Kalinoglou et al., 2013). In detail, DAS28 (using CRP) has 

demonstrated significant correlations with IPAQ-measured PA in one cross-sectional study 

(Hernández-Hernández et al., 2014). Khoja et al. (2016) also found very light intensity PA, LPA and 

MPA (measured using accelerometry) were significantly correlated with DAS28, but associations 

were only observed in regression models for very light intensity PA. Conversely, another study found 

no difference in accelerometer-assessed MVPA between RA patients with low, moderate and high 

disease activity (measured using CDAI) (Haider et al., 2020). 

Further PA interventions have demonstrated mixed results regarding efficacy at improving disease 

activity. Katz et al. (2018) and Lange et al. (2020) demonstrated reductions in disease activity, with 

contrasting results reported from other PA interventions (Knittle et al., 2015; Veldhuijzen Van Zanten 

et al., 2021). However, interventions were heterogeneous in terms of the type and intensity of PA 

targeted.  

Physical Activity and Functional Ability 

The links between PA and functional ability have been investigated by cross-sectional studies. One 

study found accelerometer-measured MVPA was related to HAQ-DI-measured functional ability. 

However, when models were adjusted for age, sex and education level, these associations did not 

continue (Haider et al., 2020). Contrastingly, Hernández-Hernández et al. (2014) found HAQ was 
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negatively correlated with IPAQ and accelerometer-measured PA. In addition, Prioreschi et al. (2013) 

reported the HAQ-DI was negatively associated with Actical accelerometer-measured PA, even when 

age and disease duration were adjusted for (r= .34, p=.03). Another study showed accelerometer-

measured very light intensity PA, LPA and MPA were inversely associated with HAQ scores, with 

regression analysis demonstrating that a greater amount of time spent in MPA was associated with 

higher HAQ scores (R2Δ= .11, p<.05), and smaller associations with very light intensity PA and LPA 

(R2Δ= .05, p<.05) (Khoja et al., 2016). This greater link between higher intensity PA with functional 

ability has also been reported by Fenton et al. (2017), who found accelerometer-measured MVPA, 

but not LPA, was correlated with HAQ-DI. Together, this cross-sectional evidence suggests that 

different intensities of PA have individual and differing links with functional ability.  

In addition, there is growing confirmation that PA or exercise training can improve disease activity, 

fitness, strength and pain in people with RA, which may have downstream beneficial effects on 

functional ability (Hurkmans et al., 2009; Metsios & Kitas, 2018). The majority of interventions in 

people with RA have focused on more structured and organised exercise, as opposed to overall PA. 

One randomised controlled trial revealed that participating in a 2 year high intensity aerobic and 

strength training exercise program significantly improved functional ability (De Jong et al., 2003), 

agreeing with findings from other exercise interventions (Hakkinen et al., 2001). When functional 

ability has been targeted by interventions targeting overall PA, not just exercise, results have been 

less concrete. Some PA interventions have demonstrated improvements in functional ability (Katz et 

al., 2018; Nordgren et al., 2015; Van Den Berg et al., 2006; Veldhuijzen Van Zanten et al., 2021), 

whereas an intervention by Knittle et al. (2015) led to increased PA but no improvements in 

functional ability.  
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Physical Activity and Fatigue 

Fatigue is commonly reported as one of the major disease-related barriers for not engaging in PA by 

people with RA (Law et al., 2013; Veldhuijzen Van Zanten et al., 2015). Despite this, there are a 

limited number of cross-sectional studies that have investigated the links between PA and fatigue in 

individuals with RA. Hernández-Hernández et al. (2014) reported fatigue (measured using Functional 

Assessment of Chronic Illness Therapy) showed a nearly significant negative relationship with self-

reported PA (measured using IPAQ). Furthermore, associations have been observed between 

achieving an activity goal and decreased fatigue in people with RA (Weinstein et al., 2009).  

Nonetheless, randomised controlled trials have been conducted to assess the effects of organised 

exercise training of fatigue in people with RA. For example, a 12 week PA program involving regular 

exercise sessions demonstrated reductions in fatigue (Neuberger et al., 2007). Walking interventions 

and interventions targeting overall PA in people with RA have also shown positive reductions in 

fatigue (Feldthusen et al., 2016; Katz et al., 2018; Knittle et al., 2015). Consequently, systematic 

reviews have found that exercise and PA may be beneficial for managing fatigue in this population 

(Balsamo et al., 2014; Cramp et al., 2013). Results of one meta-analysis in people with RA revealed 

that exercising for 12 weeks resulted in a significant reduction in fatigue, compared to non-exercising 

controls (Rongen-van Dartel et al., 2015). Review findings also included that although land-based 

aerobic exercise programs positively affected fatigue, effects were not sustained at 24 week follow-

up (Rongen-van Dartel et al., 2015). However, this review included aerobic exercise interventions 

only, and people with RA may have additional disease-related barriers to exercise of a higher 

intensity, such as pain, fatigue, reduced functional ability and stiffness (Veldhuijzen Van Zanten et al., 

2015).  
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Physical Activity and Mental Health and Psychological Wellbeing 

Early studies have described the presence of a relationship between PA and quality of life in people 

with RA (Chang et al., 2009; Van Lankveld et al., 2000). However, a more recent cross-sectional study 

by Hernández-Hernández et al. (2014) gave contrasting results, finding no relationship between IPAQ 

and accelerometer-measured PA with SF-36-measured quality of life in regression analyses. In 

addition, Prioreschi et al. (2013) assessed correlations between each subscale of the SF-36 with 

accelerometer-measured daily activity counts, and only found significant correlations for the 

“composite physical health” subscale.     

Intervention studies in people with RA have demonstrated statistically and clinically significant 

reductions in depressive and anxious symptoms (Feldthusen et al., 2016; Kelley et al., 2015; McKenna 

et al., 2021). To confirm this, a meta-analysis has shown that aerobic and strength training 

interventions in the United States caused significant reductions in depressive and anxious symptoms 

and improvements in quality of life (Kelley et al., 2015). However, this meta-analysis was conducted 

in patients with different types of arthritis, and not RA specifically. Contrastingly, some interventions 

targeting overall PA have displayed no significant improvements in psychological health outcomes in 

individuals with RA (Knittle et al., 2015; Veldhuijzen Van Zanten et al., 2021). For example, a 3 month 

self-determination theory-based exercise intervention did display enhanced cardiorespiratory fitness, 

however this was not accompanied by improvements in depression, vitality, quality of life or anxiety. 

(Veldhuijzen Van Zanten et al., 2021)  

Physical Activity and Health in Rheumatoid Arthritis: Limitations and Conclusions 

The existing evidence regarding associations between PA with core OMERACT patient- and clinician-

important outcomes described above is varied within and between outcomes. For example, 

particularly for functional ability, fatigue and mental health and wellbeing outcomes, cross-sectional 

findings were heterogeneous. Furthermore, very few studies explored the links between different 
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types and intensities of PA with OMERACT outcomes, and the limited findings available require 

reinforcing. In addition, observational studies using measures which assess multiple dimensions of 

outcomes, such as QST to assess pain, were scarce. Together, this suggests there is a need for further 

large-scale observational studies to confirm the presence of the link between PA with core OMERACT 

outcomes in RA. Specifically, by investigating different types and intensities of PA using reliable 

device-based measures, this may provide more evidence into the precise types of PA to target in 

future interventions. Moreover, by implementing multidimensional measures to quantify outcomes, 

this may give greater insight into the mechanisms behind associations.  

As well as the need for further observational studies, the evidence regarding the efficacy of current 

PA interventions on OMERACT outcomes requires summarising and evaluating. Researchers have 

highlighted the need for a thorough systematic review and meta-analysis, to draw definitive 

conclusions about the effectiveness of existing PA interventions (Metsios & Kitas, 2018). From this, 

further more targeted interventions assessing the effects of PA on these core OMERACT patient- and 

clinician-important health outcomes in people with RA can be developed. This thesis will address 

some of these limitations and conclusions, and add to the existing evidence database exploring the 

relationships between PA and core OMERACT patient- and clinician-important outcomes in people 

with RA.  

Challenges to Increasing Physical Activity in Rheumatoid Arthritis 

The majority of previous observational studies in people with RA have assessed the relationships 

between OMERACT outcomes with prescribed, organised, structured and repetitive exercise and 

MVPA (Metsios & Kitas, 2018). Although the benefits of partaking in regular MVPA are numerous, 

people with RA report additional barriers to leading an active lifestyle. Qualitative studies have found 

that RA patients report RA-related symptoms, such and pain and fatigue, act as additional barriers to 

PA participation (Larkin et al., 2017). In addition, those patients with highest disease activity, poorest 
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functional ability, or those who experience regular RA disease “flares”, report having more barriers to 

being active (Khoja et al., 2016; Larkin et al., 2017; Veldhuijzen Van Zanten et al., 2015). The RA 

population may, therefore, find the high intensity requirement of MVPA not feasible, and so rely on 

LPA to reach PA recommendations.  

In RA, research investigating the role of LPA is scarce. However, early studies have suggested that 

increased LPA engagement is associated with lower risk of CVD and disease activity, greater 

functional ability and improved psychological wellbeing (Fenton et al., 2018b; Khoja et al., 2016). This 

indicates that PA, at any intensity, may be sufficient for people with RA to achieve health benefits 

(Khoja et al., 2016). LPA may potentially be a more acceptable and achievable approach than MVPA 

to encourage less mobile populations, such as people with RA, to meet PA guidelines (Buman et al., 

2010; Manns et al., 2012). In addition, increasing lifestyle PA (accrued through all activities of daily 

living) and reducing SB, may be another more feasible alternative for people with RA. However, 

limited cross-sectional, longitudinal and intervention studies have been conducted exploring the 

relative contributions of different intensities (e.g., LPA) and types (e.g., lifestyle PA) of PA and SB on 

OMERACT patient- and clinician-important outcomes in people with RA. Nonetheless, before SB can 

be targeted through interventions, accurate measurement within research is essential. 

Measurement of Sedentary Behaviour in Rheumatoid Arthritis 

Until recently, self-report measures were the preferred research method to quantify sedentary time 

and other elements of SB in people with RA due to being cheap and easy, requiring minimal 

participant and researcher burden (Table 1.2) (Fenton et al., 2018a). Most studies have used 

sedentary time (minutes/day) as a SB outcome, and have not assessed the other elements and 

dimensions of SB (i.e., SITT). As with healthy individuals, studies have demonstrated that people with 

RA often under-report their sedentary time when using self-report measures compared to 

accelerometry (Gilbert et al., 2016; Tudor-Locke & Myers, 2001; Yu et al., 2015). One study found 
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that RA participants self-reported significantly less sedentary time (minutes/day) through completion 

of the IPAQ, compared to estimates from the ActiGraph GT3X accelerometer (Yu et al., 2015).  

Consequently, newer studies have employed device-based measures, such as accelerometers (e.g., 

ActiGraph) or posture sensors (e.g., activPAL) to quantify different elements of SB (i.e., sedentary 

bouts, interruptions, and sedentary time) in people with RA. However, most commonly 

accelerometers have been used to quantify total daily sedentary time. In comparison to self-report 

measures, accelerometers are more expensive and burdensome for participants and researchers 

(Fenton et al., 2018a). Further advantages and limitations of these measures are outlined in Table 

1.2.  

In terms of accelerometry, the ActiGraph is a widely used accelerometer that has been validated for 

sedentary time quantification in people with RA (O'Brien et al., 2020). Yu et al. (2015) have 

demonstrated significant positive correlations between ActiGraph GT3X-measured sedentary time 

(minutes/day) with VO2 max, with no associations found for self-reported sedentary time (measured 

using IPAQ). Interestingly, O’Brien et al., (2020) reported that the sedentary time accelerometer cut-

point of <100 cpm (used widely in observational, epidemiological and interventional research 

(Matthews et al., 2008; Troiano et al., 2008)) showed poor validity when used in studies of RA, when 

compared to the activPAL, the “gold standard” measure of free-living sedentary time. This is perhaps 

not surprising given this <100 cpm cut-point was derived from calibration studies in healthy adults, 

using uniaxial accelerometer data (Brage et al., 2003; Freedson et al., 1998; Leenders et al., 2001; 

Yngve et al., 2003). In contrast, O'Brien et al. (2020) developed a new RA-specific triaxial sedentary 

time cut-point of ≤244 cpm. Despite this development in the RA literature, many studies continue to 

use the <100 cpm cut-point in people with RA (Fenton et al., 2020b; Pinto et al., 2020a; Summers et 

al., 2019). 
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One major limitation of using accelerometers to measure SB is their inability to detect changes in 

posture. That is, accelerometers define SB based on the absence of acceleration, rather than a sitting 

posture – where sitting is a core facet of the definition of SB.  As a result, some standing activities 

which require little acceleration, such as washing up or washing laundry, may be misclassified as SB 

(Kozey-Keadle et al., 2011). The activPAL posture sensor overcomes this limitation, as it is able to 

detect posture, and, as stated above, it is now considered the “gold standard” measure of sedentary 

time in research. A total of 2 studies have validated the activPAL for sedentary time measurement in 

people with RA (Larkin et al., 2016; O'Brien et al., 2020). Larkin et al. (2016) showed no significant 

differences, and a strong relationship between activPAL vs direct observation estimates of sedentary, 

standing and stepping time. O'Brien et al. (2020) further displayed that the activPAL accurately 

quantified free-living standing, sitting and stepping time >98% of the time in people with RA. These 

findings suggest that the activPAL is a valid tool to quantify free-living sedentary time in people with 

RA (O'Brien et al., 2020), and could be used as a criterion in order to validate other measurement 

tools in this population.  

Levels of Sedentary Behaviour in Rheumatoid Arthritis 

SB is particularly prevalent in people with clinical conditions that can hinder lifestyle behaviours and 

movement, leading to functional limitation, such as individuals with RA. The majority of studies 

which have used self-report measures in people with RA have reported 4-6 hours sitting per day 

(Semanik et al., 2004; Yu et al., 2015). However, Gilbert et al. (2016) found that people with RA self-

reported spending approximately 13 hours per day sitting. The divergent results may result from 

heterogeneity in populations (e.g., Semanik et al. (2004) included only female participants whilst 

Gilbert et al. (2016) included males and females), in measurement methods of sedentary time (e.g., 

Yu et al. (2015) used the IPAQ, whilst Gilbert et al. (2016) used the Yale Physical Activity Survey 

(YPAS) to quantify total sedentary time), and time periods covered (e.g., IPAQ used by Yu et al. (2015) 



 

51 
 

assesses sedentary time over previous week, and YPAS used by Gilbert et al. (2016) asks about total 

sedentary time over previous month). Few self-report studies have investigated the prevalence of 

the different elements of the SITT acronym, with most studies solely investigating total sedentary 

time (SITT). However, Kramer et al. (2012) and Giles et al. (2008) reported people with RA spend 2 

hours per day watching TV, a particularly deleterious type (SITT) of SB. 

Device-based observational studies have shown that people with RA accumulate approximately 8−9 

hours of sedentary time per day, equivalent of spending between 60−70% of the day sedentary 

(Fenton et al., 2017; Gilbert et al., 2016; Hammam et al., 2019; Yu et al., 2015). This is similar to 

device-based studies in older adults who report 9−11 hours of daily sedentary time (Hajna et al., 

2018; Harvey et al., 2015). However, other studies using devices to quantify sedentary time in people 

with RA, report up to 19 hours per day spent sedentary (Huffman et al., 2014; Paul et al., 2014). 

Variability in sedentary time estimates may be due to differences in study populations, measurement 

tools and data capture methods used, which can be highly variable between studies.  

Sedentary Behaviour and Health in Rheumatoid Arthritis 

Cross-sectional research in RA suggests the presence of relationships between device-based or self-

report different elements and dimensions of SB with pain, disease activity, functional ability, fatigue 

and indicators of mental health and wellbeing (Fenton et al., 2017; Greene et al., 2006; Huffman et 

al., 2014; Khoja et al., 2016; O'Leary et al., 2021). The following sections will review the current cross-

sectional, longitudinal and intervention studies demonstrating links between SB and these core 

OMERACT patient- and clinician-important outcomes in people with RA, and summarise the 

limitations and conclusions of these studies. 
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Sedentary Behaviour and Pain 

As pain is the most commonly reported symptom in people with RA, and PA interventions have 

shown promising results at reducing RA-related pain, there is growing research into SB as a target to 

minimise pain in this population. Cross-sectional studies have indicated that a relationship exists 

between SB and pain in people with RA (Greene et al., 2006; O'Leary et al., 2021). In detail, Greene et 

al. (2006) found higher self-reported sedentary time was related to greater pain intensity. To 

strengthen these findings, a study using the activPAL to assess daily sedentary time demonstrated 

positive associations between sedentary time with pain intensity and number of painful joints 

(O'Leary et al., 2021). However, multivariable analysis indicated that these associations were not 

independent, suggesting pain may not have a significant influence on sedentary time in people with 

RA (O'Leary et al., 2021). In addition, Huffman et al. (2014) found no association between 

accelerometer-measured sedentary time with pain.  

To my knowledge, only 1 longitudinal study has been conducted investigating the link between SB 

with pain in people with RA. O'Brien et al. (2021) conducted longitudinal correlations, regressions 

and path analysis to examine the relationship between sedentary time and pain in RA, and reported 

change in sedentary time was significantly positively associated with change in pain. Path models 

further showed sedentary time had a significant positive bi-directional relationship with pain. These 

findings indicate pain may be both a determinant and consequence of sedentary time in people with 

RA (O'Brien et al., 2021). 

Sedentary Behaviour and Disease Activity 

Research has suggested that links exist between SB with disease activity in people with RA. For 

example, Khoja et al. (2016) reported positive associations between accelerometer-assessed daily 

sedentary time with disease activity (assessed using DAS28) in correlation and regression analysis. 

O'Leary et al. (2021) also reported that device-measured sedentary time was inversely linked to 
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disease activity in participants with RA. Indeed, findings also indicated that disease activity was 

indirectly associated with sedentary time, mediated by pain intensity (O'Leary et al., 2021). However, 

due to the cross sectional nature of these studies, we cannot infer that associations refer to 

causation and therefore, SB may be a cause or a consequence of increased disease activity.  

Longitudinal associations between SB and disease activity have been investigated by Prioreschi et al. 

(2014). Their findings included that, following DMARD therapy, there were improvements in disease 

activity and functional ability in parallel with decreases in accelerometer-measured sedentary time 

(Prioreschi et al., 2014). 

Sedentary Behaviour and Functional Ability 

Regarding the links between SB with functional ability, Greene et al. (2006) reported higher self-

reported sedentary time was associated with functional disability. Another cross-sectional study by 

Khoja et al. (2016), demonstrated significant positive correlations between accelerometer-measured 

sedentary time with HAQ-measured functional ability (r= .43, p<.05). These associations remained in 

regression analysis, when models were adjusted for age and gender (R2Δ= .16, p<.001) (Khoja et al., 

2016). Conversely, Fenton et al. (2017) found no relationship between ActiGraph GT3X-measured 

sedentary time with functional ability in correlation analysis and regression models. These 

contrasting findings may be due to these studies using different definitions of SB (≤1.5 METs by 

Fenton et al. (2017) and <1 METs by Khoja et al. (2016)). In addition, TV viewing, a particularly 

deleterious type of SB, has shown negative associations with functional ability, whereby increasing 

TV viewing by 1 hour per day was related to a 0.09 unit increase in the HAQ score (Giles et al., 2008; 

Greene et al., 2006).  

Sedentary Behaviour and Fatigue 

Despite the fact that fatigue is one of the major reported symptoms by people with RA, few studies 

have been conducted investigating the relationships between SB with fatigue, and findings have 
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been varied. O'Leary et al. (2021) found no association between activPAL-assessed sedentary time 

with overall fatigue severity in patients with RA. Nevertheless, O'Brien et al. (2021) conducted a 

longitudinal study assessing relationships between SB with fatigue in people with RA. Path analysis 

models showed a bi-directional relationship between changes in activPAL-measured sedentary time 

with change in fatigue. Therefore, results indicate variability in fatigue may be a determinant and 

consequence of sedentary time in the RA population (O'Brien et al., 2021).  

Sedentary Behaviour and Mental Health and Psychological Wellbeing 

The link between SB with depression and anxiety has been investigated by O'Leary et al. (2021), who 

found significant correlations between activPAL-measured daily sedentary time with depression 

(r=.28, p<.05) and anxiety (r=.31, p<.05) sub-scores of HADS. To my knowledge, no comparable 

studies exploring links between SB and indicators of mental health and wellbeing have been 

conducted in people with RA.   

Sedentary Behaviour and Health in Rheumatoid Arthritis: Limitations and Conclusions 

As with PA, the links between SB with core OMERACT health outcomes in people with RA are varied 

and inconsistent between outcomes. Relative to PA, SB research in RA is still in its infancy, with a 

limited number of large-scale cross-sectional studies conducted investigating the different 

dimensions and elements of SB (i.e., SITT). Further cross-sectional studies are needed, investigating 

SB as an independent behaviour to physical inactivity, to investigate the extent of the reported 

associations, to confirm findings and determine the direction of relationships. Through using device-

based and reliable measurement tools, this may enable the assessment of different dimensions and 

elements (i.e., sedentary bouts, interruptions, sedentary time and context) of SB (i.e., SITT) and 

outcomes, in order to further understand the relationships.  

To my knowledge, only 1 SB intervention has been conducted in people with RA. The 16 week 

randomised controlled trial involved motivational counselling sessions and text messages sent to 
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participants with the aim to reduce SB (Thomsen et al., 2017). Results demonstrated significant post-

intervention reductions in activPAL-measured daily sitting time, increased standing and stepping 

time, reduced pain (measured via VAS), functional ability (measured via the HAQ) and fatigue 

(measured by the MFI), and increased quality of life (measured using SF-36) (Thomsen et al., 2017). 

Effects were sustained at 18 month follow-up assessment for all these outcomes (Thomsen et al., 

2020). These results were comparable to those of PA interventions in people with RA, and indicate 

that there may be substantial health benefits accrued from and sustained by replacing sitting time 

with standing and/or stepping (Thomsen et al., 2020). 

Nonetheless, this intervention had its limitations. For example, there were significant baseline 

differences between the intervention and control group in daily sitting time, pain and fatigue. The 

intervention group displayed significantly higher pain and fatigue, and more time spent sitting than 

the control group. Therefore, results for these outcomes in particular should be interpreted with 

caution. In addition, the majority of outcome measures were self-reported, and did not assess 

multidimensional aspects of outcomes. For example, a VAS was used to assess pain, which only 

measures overall pain intensity. Perhaps by using QST to quantify multiple mechanisms involved in 

RA-related pain in future SB interventions, it may give a more comprehensive overview of the 

multidimensionality of pain processing present in people with RA, in relation to their SB. 

Furthermore, this intervention did not assess positive and negative aspects of mental health and 

wellbeing, such as depression, anxiety and subjective vitality. Future interventions should seek to 

include these as separate and distinct outcomes, due to their potential for having differing 

relationships with SB in people with RA. Finally, this intervention was perhaps a little premature, as 

research establishing links between the different SITT elements and dimensions of SB with OMERACT 

health outcomes in people with RA is still in its infancy. Thus, only once there is a solid evidence base 

establishing the role of SB for different core OMERACT outcomes, should SB interventions be 

conducted targeting those outcomes identified as being likely to benefit from such interventions. 
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Challenges to Reducing Sedentary Behaviour in Rheumatoid Arthritis 

Qualitative research has indicated that people with RA require significant prioritisation, planning and 

self-management in order to minimise their time spent in SB (Thomsen et al., 2015). In addition, due 

to constant disease fluctuations and periods where patients experience significant pain and fatigue, 

there are times whereby SB may predominate life. Therefore, although SB may benefit health in 

people with RA, and many of the RA population are aware of this, the additional barriers they face 

mean that they require an individually tailored approach to encourage sustainable long-term change 

in SB (Thomsen et al., 2015).  

Research to date indicates that high levels of SB in people with RA may contribute towards the high 

disease burden (Fenton et al., 2018a). However further, more rigorous research is required to 

establish the link between SB and core OMERACT patient- and clinician-important outcomes in RA. 

For example, past research has primarily been conducted in small cohorts, assessing cross-sectional 

associations between SB with RA outcomes. A limited number of longitudinal studies and 

interventions targeting SB have been conducted in RA participants. Although O'Brien et al. (2021) 

demonstrated longitudinal bi-directional relationships between change in sedentary time with pain 

and fatigue in people with RA, investigation into other factors and outcomes that may be influenced 

by changes in SB is required.  

Research investigating the relationships between different elements and dimensions of PA and SB 

(i.e., FITT and SITT) with core OMERACT patient- and clinician-important health outcomes is lacking. 

Particularly important is the need for high-quality studies using reliable, device-based measures of 

behaviours and multidimensional and reliable measures of outcomes. Only once these high-quality 

observational studies have been conducted can we identify the modifiable determinants, and inform 

which outcomes and behaviours to focus on in future PA and SB interventions.  
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Contribution of thesis and aims: pre-COVID-19 

Prior to COVID-19, the primary aims of this thesis were to:  

1. Evaluate the current evidence regarding the efficacy of existing lifestyle PA and SB 

interventions at improving core OMERACT patient- and clinician-important outcomes in 

people with RA, through conducting a systematic review and meta-analysis (Chapter 2). 

2. Advance measurement of pain through psychophysical multidimensional measurement 

methods, by examining the inter-rater and test-retest reliability of QST modalities for 

assessing pain in populations of healthy participants, people with LBP and RA patients 

(Chapter 3).  

3. Assess the comparability of different ActiGraph models, cut-points and placement sites for 

assessing free-living PA, and determine the validity of these models, cut-points and 

placement sites at quantifying free-living sedentary time compared to the activPAL (Chapter 

4).  

4. Use the tools (i.e., QST) and devices (i.e., accelerometers, activPAL) tested in these studies to 

inform the methods and design of a large-scale longitudinal study assessing relationships 

between different intensities and types of PA (i.e., LPA, MVPA, lifestyle PA) and SB with 

OMERACT patient- and clinician-important health outcomes in people with RA (Chapter 5). 

As part of this study, data-prompted interviews with RA patients were intended to provide 

novel qualitative information about determinants, barriers and facilitators to PA and SB, to 

inform intervention design.  

5. To use the quantitative and qualitative data from the longitudinal study, to design and 

compare the initial feasibility of two interventions targeting: 1) increasing MVPA through 

structured exercise vs 2) increasing total PA through increasing lifestyle PA and reducing SB.  
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Methodological aims 

Both reliability and validity are important aspects in order to quantitatively assess the rigour and 

quality of research or measures (Heale & Twycross, 2015; Kimberlin & Winterstein, 2008). Aims 2 and 

3 of this thesis focus on advancing the measurement methods used in research of pain and PA and 

SB. As part of these aims, in Chapters 3 and 4, I aim to assess the reliability and validity of new and 

existing measures, so they can be subsequently used in other studies.  

Validity 

Validity can be defined as the extent to which a measurement tool can accurately measure the 

concept of interest (Heale & Twycross, 2015). There are 4 main types of validity and these are 

content (i.e., does the tool accurately measure all aspects of a construct), construct (i.e., does the 

tool measure what it’s intended to measure) and criterion (i.e., is the tool related to other 

instruments that measure the same outcome) validity. A subset of content validity is face validity, 

which refers to whether the method or tool used looks like it measures the concept intended (Heale 

& Twycross, 2015).  

Reliability 

Reliability describes the extent to which a research tool consistently measures the same results when 

used on repeated occasions in the same environment (Heale & Twycross, 2015), i.e., the stability of a 

measure. Key attributes of reliability are homogeneity, stability and equivalence. Homogeneity (i.e., 

internal consistency) is measured using Cronbach α. Stability can be tested using test-retest reliability 

(level of agreement between measures when they are taken at a different point in time), and 

equivalence can be assessed through inter-rater reliability (level of agreement between 2 

independent observers). Together these can provide an indication of the reliability of a measure 

(Heale & Twycross, 2015).  
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Depending on the outcome measures and populations, different types of validity and reliability 

assessments are warranted. For example, in this thesis, I will explore the test-retest and inter-rater 

reliability of some QST modalities. In addition, I will investigate the inter-monitor reliability of some 

accelerometers worn at different attachment sites, with different cut-points applied for 

measurement of free-living PA. Regarding validity, the face validity of QST measures and criterion 

validity of accelerometer cut-points compared to the activPAL for measurement of free-living 

sedentary time will be explored within this thesis. Once appropriate reliability and validity have been 

established, it can be decided if these measures (accelerometers and QST modalities) can be 

implemented in subsequent research.  

COVID-19 pandemic  

In January 2020, the WHO declared SARS-CoV-2 (known as COVID-19) a public health emergency and 

by March 11, 2020 the outbreak was further declared a pandemic. Since the first confirmed case, 

there have been over 500 million COVID-19 infections, and over 6 million deaths worldwide (as of 

May 2022) (WHO, 2022). Unprecedented nationwide restrictions were enforced, with the UK initially 

going into national lockdown on March 23, 2020. Restrictions required people to only leave their 

homes for some basic necessities (i.e., medical treatment, food shopping), essential work that could 

not be carried out at home, and for daily exercise. COVID-19 restrictions in the UK were ongoing 

throughout 2020 and 2021. As a consequence of this, all NHS-based non-COVID clinical research was 

immediately halted in March 2020. As a result, it was not possible to achieve thesis aims 4 and 5 as 

set out above. 

Nevertheless, the COVID-19 pandemic and UK lockdown was a unique worldwide event which had a 

significant impact on behaviours of daily life, including peoples engagement in PA and SB. Therefore, 

the initial aims of this thesis were revised as described below. 
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Contribution of thesis and aims: post-COVID-19 

Early research conducted during the COVID-19 pandemic found poor mental health and psychological 

wellbeing reported in the general population (Harper et al., 2020; Huang & Zhao, 2020; Lai et al., 

2020; Rodriguez-Rey et al., 2020). The pandemic displayed particularly deleterious effects in people 

with rheumatic diseases (Michaud et al., 2020), with worsened mental health present in 73% of 

patients (Ziade et al., 2020). However, little was known about the relative risk of COVID-19 infection 

on people with auto-immune diseases, such as RA. In addition as people with RA already report high 

levels of poor mental health (Fiest et al., 2017), they may have been at higher risk of adverse mental 

health and psychological wellbeing during the pandemic (Veldhuijzen Van Zanten et al., 2020). The 

OMERACT patient- and clinician-important outcomes highlighted previously all had the potential to 

be impacted further during the pandemic.  

As COVID-19 lockdowns restricted opportunities to be active, large-scale population-based studies 

reported less PA engagement and greater screen time in in healthy adults (Castañeda-Babarro et al., 

2020; Meyer et al., 2020; Pépin et al., 2020). Reduced PA and increased prolonged sitting were also 

reported in people with RA (Pinto et al., 2020b), with another study observing significantly lower self-

reported PA participation (measured via IPAQ) in people with RA compared to healthy controls (1160 

minutes/week for RA and 2940 minutes/week for non-RA, p<.001) (Balchin et al., 2021). Barriers to 

PA participation included limited access to gym facilities and equipment, and this reduced PA was 

accompanied by low mental wellbeing in participants with RA only (Balchin et al., 2021). As research 

into PA and SB emerged during the COVID-19 pandemic, studies showed links between PA and SB 

with health in some populations (Maugeri et al., 2020; Puccinelli et al., 2021; Robinson et al., 2021). 

In response to the COVID-19 pandemic, the amended final aim of this thesis (in place of aims 4 and 5 

above) was:  
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6. To conduct a large-scale online study with the objective to investigate associations between 

different types and intensities of PA (non-exercise light intensity PA, exercise and walking) 

and SB with core OMERACT patient- and clinician-important health outcomes in people with 

RA during COVID-19 (Chapter 6).  
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CHAPTER 2 

 

 

 

 

CHAPTER 2: EFFECTS OF LIFESTYLE 

PHYSICAL ACTIVITY AND SEDENTARY 

BEHAVIOUR INTERVENTIONS ON HEALTH 

OUTCOMES IN RHEUMATOID ARTHRITIS: A 

SYSTEMATIC REVIEW WITH META-

ANALYSIS 

  



 

63 
 

Abstract 

Lifestyle physical activity (PA) is defined as increasing any type of PA as part of daily life and can 

include engagement in activities of daily living, incidental PA, walking or reducing sedentary 

behaviours (SB). People with Rheumatoid Arthritis (RA) experience impaired disease activity, leading 

to worsened health. PA is recommended to improve disease activity and other health outcomes in 

this population. The aims of this systematic review and meta-analysis were to evaluate the 

effectiveness of interventions targeting lifestyle PA and/or SB on 1) disease activity; 2) PA, SB and 

other core patient- and clinician-important outcomes in people with RA. Risk of bias for each 

intervention was assessed. Eight databases were searched from inception until June 2021. Inclusion 

criteria included lifestyle PA and/or SB interventions conducted in adults with RA. Of 880 relevant 

articles, 16 lifestyle PA and/or SB interventions met inclusion criteria. Meta-analyses showed 

significant effects of lifestyle PA interventions on disease activity, moderate to vigorous PA, 

light/leisure PA, steps, functional ability, depression and fatigue. There were significant positive SB 

intervention effects on sedentary time, leisure/light intensity PA, functional ability, pain, fatigue, and 

quality of life. Most interventions displaying improvements in lifestyle PA and SB also had 

improvements in other secondary health outcomes. This is evidence that lifestyle PA and SB 

interventions are promising approaches to increase PA, reduce SB and improve patient- and clinician-

important outcomes in people with RA. More high-quality SB interventions are needed to determine 

their effectiveness at producing clinical benefits in these health outcomes.    
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Introduction 

Rheumatoid Arthritis (RA) is a chronic inflammatory autoimmune condition, characterised by high 

levels of pain and fatigue (Lee & Weinblatt, 2001; Smolen et al., 2016). Consequently, people with RA 

frequently report low levels of physical activity (PA), with a significant proportion of daily life 

engaged in sedentary behaviours (SB) (Sokka et al., 2008; Tierney et al., 2012; Yu et al., 2015). SB is 

defined as any waking activity expending energy ≤1.5 metabolic equivalents (METs) whilst in a 

sitting/reclining/lying posture (Sedentary Behaviour Research Network, 2012). In people with RA, 

participating in PA has shown improvements in disease activity, inflammation, functional ability, pain, 

fatigue, depression and anxiety (Kelley et al., 2015; Metsios et al., 2020; Metsios et al., 2015; 

Nordgren et al., 2015; Rongen-van Dartel et al., 2015). Therefore, regular PA, as well as self-

management, is recommended as a non-pharmacological approach in RA (Nikiphorou et al., 2021). 

Furthermore, recent evidence has shown that high levels of SB are independently related to 

increased disease activity, reduced functional ability and pain in people with RA (Fenton et al., 2018a; 

Khoja et al., 2016; O'Leary et al., 2021). Together, the independent health benefits of PA and SB 

emphasise the need for behavioural interventions to encourage PA and/or reduce SB in people with 

RA.  

Previously, the most commonplace non-pharmacological interventions in RA involved structured, 

supervised, and purposeful exercise, targeting moderate to vigorous PA (MVPA) (i.e., behaviour ≥3 

METs) (Fenton et al., 2020a; Metsios et al., 2015). Despite the well-known benefits of MVPA, exercise 

training can be difficult for people with RA, especially in those with high disease activity (Khoja et al., 

2016), who experience additional barriers to being active (Veldhuijzen Van Zanten et al., 2015). 

Consequently, alternative therapeutic approaches that focus on increasing overall PA, through 

incorporating more PA into an individual’s daily lifestyle, are increasingly advocated (Swardh et al., 
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2020). This approach of increasing “lifestyle PA”, may be perceived as more feasible, achievable, and 

sustainable for people with RA (Brady et al., 2021). 

Although there is no formal definition for lifestyle PA, it comprises increasing any type of PA as part 

of day-to-day life. This can include increasing engagement in activities of daily living (e.g., gardening, 

housework, walking to work), increasing incidental PA (i.e., PA built up in small amounts over the 

day), as well as increasing engagement in activities such as walking, which may be higher-intensity in 

nature (e.g., walking at a moderate to vigorous intensity) (Katz et al., 2018). Reducing SB is also an 

avenue to increasing lifestyle PA, as sitting less will assist in increasing an individual’s total daily PA, 

irrespective of intensity (Thomsen et al., 2017). In healthy individuals and amongst those living with 

other musculoskeletal conditions, emerging evidence has suggested that engagement in lifestyle PA 

is a clinically meaningful and cost-effective strategy to increase PA and improve health outcomes, 

with good compliance and high acceptability (Chmelo et al., 2013; Duvivier et al., 2013; Giraudet-le 

Quintrec et al., 2007; Thomsen et al., 2017; Van Roie et al., 2010).  

There is little summarised information regarding the effectiveness of lifestyle PA and SB 

interventions in people with RA, particularly related to improving core patient- and clinician-

important outcomes (i.e., outlined by Outcome Measures in Rheumatoid Arthritis Clinical Trials, 

OMERACT), and particularly disease activity. Disease activity is associated with disease progression, 

severity, hospitalisation and comorbidities in RA (Metsios et al., 2015; Metsios et al., 2011). There is 

substantial evidence that exercise interventions can improve disease activity (Rausch-Osthoff et al., 

2018). However, to my knowledge, no systematic review has assessed the effectiveness of lifestyle 

PA and SB interventions at improving disease activity in the RA population. To understand the value 

of lifestyle interventions to promote PA or reduce SB for improving health outcomes in RA, it is 

important to examine and appraise the current evidence. The aim of this systematic review and 

meta-analysis was to evaluate the effectiveness of lifestyle PA and SB (both individually and 



 

66 
 

collectively) interventions on disease activity, and other core OMERACT patient- and clinician-

important outcomes in people with RA (Bartlett et al., 2015; Boers et al., 2014). Additional aims 

included assessing the quality of these existing interventions, using risk of bias and quality 

assessments.  

Methods 

Registration 

This systematic review was registered in the International Prospective Register of Systematic Review 

database (PROSPERO, CRD42020149345) and Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) was followed (Moher et al., 2015).  

Electronic Data Sources and Literature Searches 

Following PRISMA guidelines (Moher et al., 2015) and the Cochrane Handbook (Higgins et al., 2021b), 

a literature search strategy was designed, through consultations with research librarians and 

members of the research team. The PICO method was used to assist search strategy creation, and 

the search strategy was adapted for each database.  

Eight databases [Medline, Cochrane Library CENTRAL, Web of Science, PsychINFO, Cumulative Index 

to Nursing & Allied Health Literature (CINAHL), Scopus, Excerpta Medica database (EMBASE) and 

Physiotherapy Evidence Database (PEDro)] were searched from inception to June 2021 to identify 

relevant publications. The search algorithms used in each database can be found in Supplementary 

Table 2.1. 

Study Selection and Inclusion Criteria 

In order to be considered for inclusion, studies needed to: 1) be conducted in adults (≥18 years) with 

self- or physician-diagnosis of RA; 2) include an intervention which is directly or indirectly targeting 
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lifestyle PA and/or SB; and 3) include assessments of core patient- (i.e., functional ability, pain, 

fatigue, depression, anxiety, vitality, quality of life) and/or clinician- (i.e., disease activity, functional 

ability) important outcomes, as defined by OMERACT (Bartlett et al., 2012; Boers et al., 1994; Van 

Tuyl & Boers, 2015). Selection of eligible interventions was based on the nature of outcome measure 

(i.e., an outcome measure quantifying lifestyle PA participation), rather than the nature of the 

intervention. For example, if an exercise intervention had an outcome measure of total PA 

engagement, this indicates that an aim of the intervention was to explore the effectiveness of the 

intervention to change PA as part of daily life (i.e., promoting lifestyle PA), and therefore this 

intervention would be eligible for inclusion in this systematic review. Publications were also required 

to be in English, with no restrictions on length of follow-up or geographic location. Randomised 

controlled trials (RCTs), quasi-randomised and single-arm trials were included in this review. Studies 

involving participants with various diagnoses of arthritis, whereby results of RA participants could not 

be distinguished from other cohorts (e.g., osteoarthritis), were excluded. Additional exclusion criteria 

were if interventions were multicomponent, and the effects of lifestyle PA and/or SB could not be 

separated from other components (e.g., cognitive behavioural therapy, education, and diet). 

Protocols, review articles, poster presentations and conference proceedings were also excluded.  

The primary outcome in this review was disease activity, as it is a OMERACT patient- and clinician-

important outcome, a key clinical target for treatment and management of RA, and a predictor of 

health, disease severity and hospitalisation (Arts et al., 2015; Metsios et al., 2015; Metsios et al., 

2011). Secondary outcomes consisted of lifestyle PA and SB (including, total PA, steps, MVPA, and 

leisure/light intensity PA and sedentary time) and other core OMERACT outcomes relevant to RA 

(pain, functional ability, fatigue, anxiety, depression and quality of life) (Bartlett et al., 2015; Boers et 

al., 2014). 
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Data Extraction and Risk of Bias Assessment 

Data were extracted from all included studies. Details of each study were collected and characterised 

by author, date of publication, sample size, participant characteristics (i.e., age, gender, disease 

duration, and disease activity), intervention characteristics (i.e., description of intervention, 

assessment timepoints and intervention length), methods of outcome assessment and results.  

Study risk of bias was appraised using the Cochrane Risk of Bias 2 (RoB2) tool for randomised trials. 

The National Institute of health (NIH) National Heart Lung and Blood Institute study quality 

assessment tool for before-after (pre-post) studies with no control group, was used where 

intervention studies: 1) had no control group (i.e., single-arm trials) [n=2], or 2) did not measure any 

of the primary or secondary outcomes of this review [n=2] (Higgins et al., 2021a; National Heart, 

2019; Sterne et al., 2019). Two reviewers independently graded the risk of bias for each study, and 

any inconsistencies were discussed, and resolved with an additional third reviewer, if required. The 

RoB2 was individually scored for 5 domains, as outlined in Figures 2.3a, 2.3b and 2.4. To assess the 

outcome bias domain, we used the most consistently reported outcomes across studies (disease 

activity and functional ability) (Higgins et al., 2021a; Sterne et al., 2019). An overall risk of bias was 

calculated, as “low risk”, “some concerns” or “high risk”, for each study. For the four studies which 

we used the NIH tool, overall risk of bias was assessed by answering 12 questions, and studies were 

scored as “good”, “fair” or “poor” (National Heart, 2019). 

Quality of evidence was assessed using Grading of Recommendations Assessment Development and 

Evaluation (GRADE) analysis, with overall GRADE quality of evidence rated as high, moderate, low or 

very low quality (Table 2.2).  
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Data Synthesis and Analysis 

For studies that provided suitable data for a meta-analysis, we extracted and collated data into 

relevant outcomes. Where similar outcomes measures were assessed in different studies, these were 

grouped appropriately using continuous, inverse variance, random effects models. Where data was 

not reported by studies, efforts were made to contact authors [n=10] to obtain additional data (i.e., 

e-mails sent, with follow up 2 weeks later), and if data could still not be obtained, reviewers imputed 

means and standard deviations [for n=5 interventions], where possible, using the Cochrane 

Handbook recommended methods (Higgins et al., 2021b).  

Mean differences (MD) (for outcomes containing studies that used the same measurement scales) 

and standardised mean differences (SMD) (for outcomes containing studies that used different 

measurement scales) were tested between experimental groups and control groups (or pre- and 

post-intervention data, n=2 single-arm studies (Cramp et al., 2020; Nordgren et al., 2015)). As some 

studies only reported non-normally distributed data for each outcome, normally distributed values 

were logarithmically transformed to non-normal values, so all studies included in one outcome meta-

analysis contained non- normally distributed data (Feng et al., 2014; Higgins et al., 2008). Where this 

was not possible (for functional ability and depression outcomes), normal and non-normally 

distributed data were analysed separately. We evaluated the 95% confidence intervals (CI) and 

heterogeneity between studies using the I² statistic, which indicates the variability of the 

intervention effect due to heterogeneity. A result was considered statistically significant if p<.05, and 

interpretation of I² value was made based on Cochrane recommendations, whereby, 0−40%= not 

important; 30−60%= moderate heterogeneity; 50−90%= substantial heterogeneity; and 75−100%= 

considerable heterogeneity (Higgins et al., 2021b). Review Manager 5.4.1 was used to conduct meta-

analyses. Subgroup analysis was conducted to compare the similarity of findings between different 

types of interventions. Subgroup analysis focused on 1) target of intervention, i.e., intervention 
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primarily targeting PA or SB, and 2) outcome assessment timepoint, i.e., during/immediately post-

intervention or follow-up. 

Results 

Searching and Selection Procedure Results 

The search procedure is described Figure 2.1 (PRISMA flowchart). Initial database searches identified 

1156 relevant articles, with a total of 880 articles when duplicates (n= 276) were removed. Titles and 

abstracts for all articles were retrieved and reviewed by two independent reviewers. Where title and 

abstract did not provide sufficient information regarding the intervention, full texts were examined. 

Reference lists of included articles were manually examined to supplement searches and identify 

further relevant studies. Full texts (n=120) were retained and reviewed against inclusion and 

exclusion criteria by 2 independent reviewers. Where reviewers disagreed, discrepancies were 

discussed and a third reviewer was involved to make final inclusion decisions. In total, 17 studies 

provided sufficient data to be included in this systematic review and meta-analysis, with 1 study 

providing insufficient information (Van Den Berg et al., 2006). 
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Total records identified through database 

searches Medline, Cochrane Library CENTRAL, 

Web of Science, PsychINFO, CINAHL, Scopus, 

EMBASE and PEDro  

(n = 1156) 

Titles and abstract 
assessed for eligibility 

Included, n= 120 

Full text articles assessed for 
eligibility 
(n = 120) 

Included, n= 16 

Full text articles included for full critical review 
 

Total of 16 interventions identified: 
Main trial reporting (n = 16) 

 
Plus: 

• Protocols (n = 8) 

• Follow-up papers (n = 5) 

• Secondary analysis of included interventions, where 
outcomes included PA or SB (n = 6) 

• Feasibility study of included intervention (n = 1) 

Hand search via reference 
lists of relevant systematic 
reviews – n=0 additional 
articles identified meeting 
inclusion criteria 

Records excluded (n = 760): 
 

• Not intervention (e.g., observational) 

• Not adult RA (e.g., children, adolescents) 

• Not RA (e.g., osteoarthritis, fibromyalgia) 

• Intervention not targeting lifestyle PA/SB (e.g., 
pharmacological, nutritional, psychological) 

• Interventions in which lifestyle PA or SB were 
not assessed as an outcome (e.g., supervised 
exercise focussed on CVD risk factors, 
function) 

Records excluded (n = 104): 
 

• Interventions results not presented for adult 
RA only (e.g. adolescents, osteoarthritis) 
(n=13) 

• Not intervention (e.g., observational) (n=1) 

• Interventions not targeting or measuring 
lifestyle PA and/or SB as an outcome (n=45) 

• Scientific abstract, poster or protocol paper 
(results not yet reported) (n=25) 

• Protocols or papers reporting secondary 
outcomes of included interventions (n=20) 

 

Additional studies 
identified via hand 
searches of reference lists 
of the n = 120 included 

articles (n = 0) 

Total records once duplicates 

were removed,  

n = 880 

Duplicates 
excluded, n = 276 

 

Figure 2.1: PRISMA diagram of the literature search results. 
Note: PA= Physical Activity, SB= Sedentary Behaviour, CVD= Cardiovascular Disease, CINAHL= Cumulative Index to Nursing & Allied 

Health Literature, EMBASE= Excerpta Medica database, PEDro= Physiotherapy Evidence Database, PRISMA= Preferred Reporting Items 

for Systematic Reviews and Meta-Analyses. 
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Table 2.1: Summary of Findings  

Author, year 
and Country 

of 
publication 

Characteristic: 
Sample size 

(n), 
Age (M ± SD), 

Gender (% 
female) 

IG and CG: design and content 
Duration 

& 
timepoints 

Assessment 
of PA 

and/or SB 

Disease activity  
Results 

PA/SB Results Secondary Outcomes Results 

Brodin et al., 
2008 
 
Sweden 

IG: 
94 
54 ± 14.0 
72  
 
CG: 
134 
56 ± 13.9 
75 

IG: Individual coaching program aimed to implement 
healthy PA. Telephone support given after 1 week, then 
monthly. 
3 monthly function tests to support adherence 
 
CG: Ordinary physical therapy 

1 year   
 
baseline 
DI: 3 
months  
DI: 6 
months 
DI: 9 
months  
PI: 1 year  
FU: NR  

SR: 3 
questions- 
intensity of 
low, 
moderate 
and high 
intensity PA  
 
not 
validated in 
RA 

DAS28 (ESR): IG: 
~ , CG: ~ 
BGD not 
assessed 

IG: n=26 (34%) ↑, n=19 (20%) ↓  
CG: n=23 (20%) ↑, n=31 (23%) ↓ 
 
no BGD in number increasing PA 

FA (HAQ): IG: ~ , CG: ~ , no BGD  
 
QoL: IG: ↑* , CG: ~ , sig. BGD  
 
Pain: IG: ~ , CG: ~ , no BGD 

Feldthusen 
et al., 2016 
 
Sweden 

IG: 
36 
54.2 ± 8.5  
88.9  
 
CG: 
34 
52.7 ± 10.9 
88.2 

IG: Develop self-care plan focussing on tailoring health 
enhancing PA (reaching adult PA guidelines- i.e., aerobic 
MPA>30min, 5d/week; aerobic VPA >20min, 3d/week; 
combination of the 2)) and balancing life activities 
Follow-up support meetings and telephone calls 
conducted by specialised physical therapists. Frequency of 
follow-up was individualised. 
 
CG: Usual care and activities only 

12 weeks 
 
baseline 
PI: 12 
week  
FU: 6 
months  

SR: LTPAI 
 
not 
validated in 
RA 

DAS28 (ESR): IG: 
↓ (at post-test 
and follow-up) , 
CG: ~ , no BGD  

LTPAI: IG:↑ , CG: ~  
 
sig. BGD between at PI and FU 

Fatigue: IG: ↓* , CG: ↓* at PI and 
FU, no BGD 
 
Pain: IG: ~ , CG: ~ , no BGD 
 
Anxiety: IG: ↓* , CG: ~ , sig. BGD 
at PI and FU 
 
Depression: IG: ↓* , CG: ~ , no 
BGD  
 
QoL: IG: ↑* , CG: ~ , sig. BGD at 
FU 

Gilbert et 
al., 2018 
 
USA 

IG: 
93 
55.0 ± 13.8 
82.8  
 
CG: 
92 
54.7 ± 13.7 
84.8 

IG: Minimum 3-monthly motivational interviews with HCP 
(in person/telephone)- , individual goal setting, tailored 
strategies for increasing PA and monitoring progress 
Progress evaluated in subsequent interviews and further 
goals set 
 
CG: Brief PA counselling - physician advice only 

24 months 
 
baseline  
DI: 3 
months 
DI: 6 
months 
DI: 12 
months 
PI: 24 
months 
FU: NR 

DB: GT1M 
ActiGraph 
 
SR: Yale 
physical 
activity scale 

 Total PA (mins/day): IG: ~ , CG: ~ , no BGD 
 
MVPA (mins/day): IG: ~ , CG: ~ , no BGD 

FA (HAQ): IG: ~ , CG: ~ , no BGD  
 
QoL- Physical: IG: ~ , CG: ~ , no 
BGD  
 
QoL- Mental: IG: ~ , CG: ~ , sig. 
BGD at follow-up  
 
Pain: IG: ~ , CG: ~ , no BGD  
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Knittle et al., 
2015 
 
Netherlands 

IG: 
38 
60.7 ± 11.9 
79* 
 
CG: 
40 
64.7 ± 11.5 
55* 

IG: Small group patient education sessions delivered by 
physical therapist- and one to one motivational interviews 
and self-regulation coaching 
FU telephone self-regulation coaching sessions  
 
CG: Group based patient education session  
  

5 weeks 
 
baseline  
PI: 6 
weeks  
FU: 32 
weeks  

SR: SQUASH RADAI: IG: ~ , 
CG: ~ , sig. BGD 
at FU in favour 
of CG 

Leisure time PA (mins/week): IG: ↑ , CG: ~ , 
sig. BGD at FU 
 
Number active days (days/week): IG: ↑ , CG: ~ 
, sig. BGD at PI and FU 

FA (HAQ)): IG: ~ , CG: ~ , no BGD  
 
Depression: IG: ~ , CG: ~ , no BGD    
 
Fatigue: IG: ~ , CG: ~ , no BGD 

Giraudet-Le 
Quintrec et 
al., 2008 
 
France 

IG: 
104 
55.3 ± 11.8 
86.4 
 
CG: 
104 
54.3 ± 14.4 
85.4 

IG: multidisciplinary educational intervention- home 
based exercise prescription and recommendations for 
leisure PA  
8 group weekly face to face, 5-hour education program 
sessions on RA management and physical program, OT, 
physical therapist, aquatic or relaxation training  
 
CG: Usual medical care and information booklets with PA 
recommendations and exercises  

12 months 
 
baseline 
DI: 6 
months   
PI: 12 
months 
FU: NR 

SR: Baeke 
questionnair
e (assessed 
leisure time 
PA (sports + 
hobbies)) 
 
not 
validated in 
RA 

DAS28 : IG: ~ , 
CG: ~ , no BGD 

Leisure PA score: IG: ↓ , CG: ↓ , no BGD FA (HAQ): IG: ~ , CG: ~ , no BGD  
 
Anxiety: IG: ~ , CG: ~ , no BGD 
 
Depression: IG: ~ , CG: ~ , no BGD 
 
QoL: IG: ~ , CG: ~ , no BGD  
 
Fatigue: IG: ~ , CG: ~ , no BGD  

Thomsen et 
al., 2017 
 
Denmark 

IG: 
75 
59.7 ± 10.7 
81 
 
CG: 
75 
59.5 ± 12.7 
80 

IG: 1: 3x individual motivational counselling sessions - 
individual goal setting and self-efficacy, set behavioural 
goals to reduce sitting, motivation and confidence to 
encourage behaviour change. Booklets given containing 
key messages 
2: SMS reminders- based on  goals (frequency is 
individualised) 
 
CG: Current lifestyle 

16 weeks 
 
baseline  
PI: 16 
weeks-  
FU: 6 
months 
FU: 22 
months  

DB: 
activPAL™  
 
SR: PAS 2.1 

DAS28 (CRP): IG: 
↓ , CG: ↓ , no 
BGD  
 
(assessed at FU 
only) 

DB sitting time (hr/day): IG: ↓ , CG: ↑ , sig. 
BGD at PI and FU 
 
DB standing time (hr/day): IG: ↑ , CG: ↓ , sig. 
BGD at PI and FU 
 
DB stepping time (hr/day): IG: ↑ , CG: ↓ , sig. 
BGD at PI and FU 
 
SR sitting at work (hr/day): IG: ↓ , CG: ~ , sig. 
BGD at PI and FU 
 
SR sitting in leisure (hr/day): IG: ↓ , CG: ↑ , 
sig. BGD at PI and FU 

FA (HAQ): IG: ↓* , CG: ↑* , sig. 
BGD at post-test and follow-up  
 
QoL:  IG: ↑* , CG: ↓* , sig. BGD 
at post-test and follow-up 
 
Pain: IG: ↓*, CG: ↑* , sig. BGD at 
post-test and follow-up 
 
Fatigue: IG: ↓*, CG: ↑* , sig. 
BGD at post-test and follow-up  
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Van den 
Berg et al., 
2006 
 
Netherlands 

IG: 
82 
49.5 (12.9) 
median (IQR) 
76 
 
CG: 
78 
49.8 (13.9)  
median (IQR) 
77 

IG: Internet based PA programme (performed 5x/week)- 
Individual PA guidance, bicycle ergometer. Participants 
advised to do other forms of PA as well.  
Weekly email supervision with physical therapist 
3-monthly group meetings - demonstrated new exercises, 
exchange of experiences. Tailored self-management 
strategies addressed during meeting  
 
CG: Internet based general PA training advice 

12 months 
 
baseline  
DI: 3 
months 
DI: 6 
months 
DI: 9 
months 
PI: 12 
months 
FU: NR 

SR: 
Questionnair
e (number 
meeting 
MPA and 
VPA 
recommend
ations) 
 
 
DB: Actilog 3  

DAS28 (ESR): IG: 
↓ , CG: ↓ , no 
BGD   

MPA: IG: ↑ , CG: ↑ , sig. BGD at 6 and 9 
months 
 
VPA: IG: ↑ , CG: ↑ , sig. BGD at 6, 9 and 12 
months 
 
DB PA score: IG: ↓ , CG: ↓ (at 6 months), no 
BGD 
 
DB Peak amplitude: IG: ~ , CG: ~ , no BGD 
 
DB No. peaks: IG: ~ , CG: ~ , no BGD 

FA (HAQ): IG: ↓* , CG: ~ , sig. 
BGD at 12 months only  
 
QoL : IG: ↑* , CG: ↑* , sig. BGD 
at 9 and 12 months 

Veldhuijzen 
et al., 2021 
 
England 

IG: 
43 
55.4 ± 12.1 
63 
 
CG: 
45 
54.5 ± 13.0 
69 

IG: 3-month exercise program and SDT-based 
psychological intervention 
One to one consultations with BC counsellor: to support 
autonomous motivation for PA 
RA tailored exercise program: 3x30min/wk independent 
exercise sessions at gym (x2) and home (x1), semi-
supervised 
 
CG: RA tailored exercise program  

3 months 
 
baseline 
PI: 3 
months  
FU: 6 
months  
FU: 12 
months  

SR: IPAQ DAS28: IG: ~ , 
CG: ~ , no BGD 

MVPA (mins/week): IG: ~ , CG: ↓ , sig. BGD at 
3, 6 and 12 months 

FA (HAQ): IG: ↓* , CG: ↑*, sig. 
BGD at 6 and 12 months  
 
QoL: IG: ~ , CG: ~ , no BGD 
 
Depression: IG: ~ , CG: ~ , no BGD 
 
Anxiety: IG: ~ , CG: ~ , no BGD 
 
Fatigue: IG: ~ , CG: ~ , no BGD 

Li et al., 
2020 
 
Canada 

IG: 
43 
54.8 ± 15.4 
88.4 
 
CG: 
43 
55.3 ± 11.5 
93 

IG: 1. in person group education session and individual 
counselling.   
2. Wear Fitbit Flex 2 and given PA goals 
3. biweekly phone calls from physical therapist trained in 
motivational interviewing- reviewed PA goals 
 
CG: Routine activities weeks 1-9, did intervention weeks 
10-18 (delay group) 

8 weeks 
 
baseline  
PI: Week 9 
(post-test 
IG) 
PI: Week 
18 (post-
test CG)  
FU: Week 
27 

DB: 
Sensewear 
acceleromet
er  

 MVPA (mins/day): IG: ↑ , CG: ~ , no BGD  
 
Purposeful activity (mins): IG: ~ , CG: ~ , no 
BGD 
 
Steps (no./day): IG: ~ , CG: ~ , no BGD 
 
Sedentary time (mins): IG: ~ , CG: ~ , no BGD 

Depression: IG: ~ , CG: ~ , no BGD 
 
Pain: IG: ↓* (9 weeks) , CG: ~ , 
sig. BGD at 9 weeks 
 
Fatigue: IG: ~ , CG: ~ , no BGD  
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Katz et al., 
2018 
 
USA 

PED+: 
34 
50.2 ± 14.1 
88.2 
 
PED: 
34 
55.9 ± 12.4 
88.2 
 
CG: 
28 
59.1 ± 12.5* 
85.7 

IG: 1. PED+: individualized step-count goals + pedometer + 
step-monitoring diary: booklet and discussion, 
pedometer, step diary and individualised daily step 
targets. Follow-up- target review phone call every 2 weeks 
2. PED: pedometer + diary, NO targets: booklet and 
discussion, pedometer and diary to record daily 
pedometer steps. Follow-up- step count recorded via 
phone call every 2 weeks 
 
CG: education booklet and discussion on PA benefits  

21 weeks 
 
baseline 
DI: 10 
weeks 
PI: 21 
weeks 
FU: NR 

DB:  
Jawbone 
pedometer 
 
DB: Fitbit 

RADAI (1-10) : 
PED+: ↓ , PED: 
↓ , CG: ↑ (at 
week 21) , sig. 
BGD (lower in 
PED and PED+ 
than CG) 

Steps  (no./day): PED+: ↑ , PED: ↑ , CG: ~ , 
sig. BGD (changes within PED and PED+ 
differed from CG) 
 
% sedentary participants: PED+: ↓ , PED: ↓ , 
CG: ↑,  sig. BGD 
 
% achieving healthy PA: PED+: ↑ , PED: ↑ , 
CG: ~ , no BGD 

FA (HAQ):  PED+: ↓* , PED: ↓* , 
CG: ~ , sig. BGD in PED+ vs CG at 
21 weeks  
 
Pain: PED+: ↓* , PED: ↓* , CG: ~ , 
no BGD 
 
Fatigue: PED+: ↓* , PED: ↓* . 
CG: ~ , no BGD  
 
Depression: PED+: ↓* , PED: ↓* , 
CG: ~ , no BGD 

Nordgren et 
al., 2015 
 
Sweden 

IG: 
220 
59 ± 8.8 
81 

IG: Health enhancing PA (HEPA) programme 
1. 30+mins MPA on most days- given pedometer and 
access to webpage for step registration to encourage daily 
PA 
2. 2x circuit training sessions/week in gym 
3. biweekly support group meetings by PTs 
Alternative types of HEPA were encouraged-  
competitions, monitor aerobic capacity, weekly texts 
Expert lectures 
 
CG: No control, single-arm trial 

2 years  
 
baseline 
DI: 3 
months 
DI: 6 
months 
DI: 12 
months 
FU: NR 

SR: IPAQ-SF 
 
SR: modified 
ESAI   

 % meeting current HEPA: IG: ↑ (at 1 year), ↓ 
from year 1 to year 2 (82% to 75%) 
 
% maintained (>6 months) HEPA:  IG: ↑ 0 to 
37% (at 1 year), ↓ from year 1 to year 2 
(841% to 27%) 

FA (HAQ): IG: ↓* 
 
QoL: IG: ↑* 
 
Pain: IG: ↓*  
 
Fatigue: IG: ~ 

Lange et al., 
2020 
 
Sweden 

IG: 
24 
73.5 ± 2.7 
75.0 
 
CG: 
23 
74.0 ± 2.1 
78.3 

IG: Moderate-high intensity, aerobic and resistance 
exercise with person-centred guidance 
3 sessions/week tailored gym based exercise: semi-
supervised.  
Home based exercise: LPA 5 days/week and home 
exercises 2x/week  
Telephone support 7 months post intervention 
 
CG: Encouraged to perform home-based light intensity 
exercise  

20 weeks 
 
baseline 
FU: 4 years 

SR: LTPAI 
 
SR: ESAI 

DAS28 (ESR): IG: 
~ , CG: ↑ , sig. 
BGD  

LTPAI: IG: ↑ , CG: ~ , no BGD  
 
ESAI- current HEPA: IG: 33% , CG: 26% , no 
BGD 
 
ESAI- maintained HEPA: IG: 25% , CG: 17% , no 
BGD  

FA (HAQ)I: IG: ~ , CG: ~ , no BGD  
 
QoL: IG: ~ , CG: ↓* , sig. BGD 
 
Pain: IG: ~ , CG: ↑* , no BGD 
 
Fatigue: IG: ~ , CG: ↑* , no BGD 
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John et al., 
2012 
 
England 

IG: 
52 
62.2 ± 10.6  
71 
 
CG: 
58 
60.8 ± 10.7 
74 

IG: Cognitive behavioural education intervention  
3x interactive small group meetings by HCPs  
The important role of lifestyle modifications  discussed, 
and individuals challenged to (using probing behavioural 
techniques), and commit to, a specific behaviour change  
Weekly progress reviews encouraged to self-monitor 
 
CG: Information leaflet 

8 weeks  
 
baseline  
PI: 8 
weeks 
FU: 6 
months 

SR: IPAQ  MET PA (mins/week): no BGD 
 
(WGD not assessed) 

 

Garner et 
al., 2018 
 
Canada 

IG: 
14 
45 ± 10 
93 
 
CG: 
14 
49 ± 14 
71 

IG: Individualised counselling intervention on PA and 
dietary intake 
3x individualized visits to review strategies on: 
1. Nutrition: with dietician, food questionnaire, reviewed 
diet recommendations, asked questions about diet. 
2. PA: with rheumatology PT. Reviewed current PA and 
fitness tests results, instructions on PA guidelines, 
exercises to improve fitness.  
 
CG: Standard care 

6 months  
 
baseline 
PI: 6 
months  
FU: NR 

DB: 
Pedometer  

DAS28: IG: ↓ , 
CG: ↓ , no BGD  

Steps (no./week): IG: ↑ +9,583 steps , CG: ↑ 
+6,696 steps, no BGD 

FA (HAQ): no within group data 
reported, no BGD 

Cramp et al., 
2020 
 
England 

IG: 
12 
58 (range: 23-
79) 
75 

IG: 4x group sessions: set goals, autonomy support, 
facilitate relatedness, group discussion, action plans 
tailored, individualised, to promote intrinsic motivation, 
peer support, self-monitoring (daily diaries and 
pedometers to take home) incorporated to promote self-
efficacy and BC. 
One to one session: individual support to meet specific 
needs- discussion of individual PA barriers, strategies to 
overcome these 
 
CG: No control, single-arm trial 

12 weeks  
 
baseline 
PI: 12 
weeks  
FU: NR 

SR: IPAQ-SF   IPAQ PA: IG: ~ (1 = ↑ , 1 = ↓) FA (modified HAQ): IG: 3 = ↑  
 
QoL:  IG: ~  
 
Pain: IG: 4 = ↑  
 
Fatigue:  IG: 6 = ↑ (better) , 3 = 
↓ (worse) , 2 = ~  
 
didn’t test for significance 

McKenna et 
al., 2021 
 
Ireland 

IG: 
10 
58 ± 7.4 
100 
 
CG: 
10 
56 ± 7.9 
100 

IG: Walking based exercise intervention based on ACSM, 
WHO and EULAR guidelines 
Sessions increased in length, intensity and duration each 
week from 2 to 5 sessions by week 8. Incrementally longer 
walks and more challenging targets. Progress self-
monitored. 
Unsupervised sessions performed at time and location of 
choice  
 
CG: verbal and written instructions about benefits of 
exercise in RA 

8 weeks 
 
baseline  
PI: Week 9 
FU: NR 

DB: 
activPAL™ 

CDAI : IG: ↓ (-
0.7) , CG: ↑ 
(+0.7)   
 
(didn’t test for 
significance, 
BGD not 
assessed) 

MVPA (mins/day): IG: ↑ , CG: ~ 
 
(BGD not assessed) 

FA (HAQ): IG:↓ (-0.6), CG: ↑  
(+0.14) 
 
QoL: IG: ↑ (+10.4) , CG: ↑ (+0.3) 
 
Pain: IG: ↓ , CG: ~  
 
Fatigue: IG: ↓ (-11) , CG: ↑ (+1) 
 
(didn’t test for significance, BGD 
not assessed) 
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Note: WGD= within group difference, BGD= between group difference, ~= no significant change, ↑= increase (not significant), ↓= decrease (not significant), ↑*= increase (significant), ↓*= decrease (significant).  

USA= United States of America, M ±SD = mean ± standard deviation, IG= intervention group, CG= control group, DI= during intervention, PI= post-intervention, FU= follow-up, NR= not reported, DB= device-based, 
SR= self-report, PA= physical activity, MVPA= moderate to vigorous physical activity, MPA= moderate physical activity, VPA= vigorous physical activity, LTPAI= Leisure time PA index, PAS 2.1= Physical Activity Scale 
2.1, HEPA= health enhancing physical activity SQUASH= Short Questionnaire to Assess Health-Enhancing Physical Activity, IPAQ-SF= International Physical Activity Questionnaire- short form, ESAI= Exercise Stage 
Assessment Instrument, DAS28= Disease activity score- 28, ESR= erythrocyte sedimentation rate, CRP= C-reactive protein, CDAI= clinical disease activity index, RADAI= Rheumatoid Arthritis Disease Activity Index, FA= 
functional ability, HAQ= health assessment questionnaire, QoL= quality of life.  
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Characteristics of Included Studies 

This review describes 13 interventions targeting and assessing lifestyle PA only, 1 intervention with 

an exclusive focus on SB (Thomsen et al., 2017), and 2 interventions targeting both lifestyle PA and 

SB (Katz et al., 2018; Li et al., 2020). In total, 14 studies were RCTs, and 2 observational cohort 

interventions (i.e., single-arm trials, with no control group) (Cramp et al., 2020; Nordgren et al., 

2015). A total of 12 studies were conducted in Europe, 2 studies in Canada, and 2 studies in the 

United States. Intervention duration varied from 5 weeks to 24 months, with an average length of 

approximately 6 months. Study inclusion criteria generally required participants to have established 

RA, with only 1 study conducted in newly diagnosed RA (Garner et al., 2018). Most participants had 

low disease activity and few/no severe disabilities. Further characteristics of the included studies can 

be found in Table 2.1. 

Effect of Interventions 

Primary Outcome 

Measurement tools and intervention results regarding disease activity are reported in Table 2.1. In 

brief, disease activity was reported by 11 studies, with some heterogeneity in the measurement 

tools. In total, 8 studies used the disease activity score 28 (DAS28) (Prevoo et al., 1995), 2 used the 

Rheumatoid Arthritis Disease Activity Index (RADAI) (Fransen et al., 2000), and 1 used the Clinical 

Disease Activity Index (CDAI) (Smolen et al., 2003). All measures of disease activity were based on 

patient or clinician assessment, with only the DAS28 having a serological marker of inflammation 

included as an objective element. Only 2 interventions demonstrated significantly greater 

improvements in disease activity in the intervention group compared to the control group (Katz et 

al., 2018; Lange et al., 2020), with an additional 5 studies displaying intervention group 

improvements, but no between group differences (Feldthusen et al., 2016; Garner et al., 2018; 

McKenna et al., 2021; Thomsen et al., 2017; Van Den Berg et al., 2006). 
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Figure 2.2a: The effects of lifestyle physical activity and sedentary behaviour interventions on disease activity in 

people with rheumatoid arthritis, with physical activity vs sedentary behaviour intervention subgroup analysis 
Note: Where studies reported data from multiple post-intervention timepoints, these were included as separate studies in each meta-analysis 

(e.g., Thomsen 2017= 16-week timepoint, Thomsen 2017a= 10 month timepoint), SD= standard deviation, 95% CI= 95% confidence interval 

Figure 2.2b: The effects of lifestyle physical activity and sedentary behaviour interventions on disease 

activity in people with rheumatoid arthritis with post-intervention vs follow-up subgroup analysis 
Note: Where studies reported data from multiple post-intervention timepoints, these were included as separate studies in each meta-

analysis (e.g., Thomsen 2017= 16-week timepoint, Thomsen 2017a= 10 month timepoint), SD= standard deviation, 95% CI= 95% 

confidence interval 
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The meta-analysis included data from 10 studies (including 5 studies with multiple timepoints), with 

a total of 19 sets of data included in the meta-analysis, comprising n=1450 participants (n=736 in 

intervention groups, n=714 in control groups). Results showed a significant positive effect of lifestyle 

PA and SB interventions on reducing disease activity compared to the control group, with SMD of -

0.12 (95% CI -0.23 to -0.01, I²=6%, z=2.19, p=.03) (Figure 2.2a). GRADE analysis (Table 2.2) revealed 

results were not affected by the inclusion of studies with varied risk of bias, with moderate quality of 

evidence for this outcome due to studies being varied in their primary aims. 

Subgroup analysis: Subgroup analyses showed that only lifestyle PA interventions, but not SB 

interventions, had significant effects on disease activity (Figure 2.2a). PA interventions (n=16, 1026 

participants) demonstrated an SMD of -0.31 (95% CI -0.31 to -0.03, I²=16%, z=2.45, p=.01), whilst SB 

interventions (n=3, 424 participants) an SMD of -0.02 (95% CI -0.21 to 0.17, I²=0%, z=0.20, p=.84). 

When examining changes relative to different assessment timepoints, whilst lifestyle PA 

interventions showed significant during or immediately post-intervention effects on disease activity, 

no intervention effects were demonstrated at follow-up (Figure 2.2b). It was not possible to do this 

subgroup analysis on SB interventions due to insufficient data. 

Secondary Outcomes 

Lifestyle PA and SB: In total, 11 studies employed self-report methods to assess lifestyle PA and SB 

outcomes (sedentary time, steps, MVPA, total PA and leisure/light intensity PA), and 7 studies used 

device-based assessments [i.e., pedometers (Garner et al., 2018; Katz et al., 2018) and 

accelerometers (Gilbert et al., 2018; Li et al., 2020; McKenna et al., 2021; Thomsen et al., 2017; Van 

Den Berg et al., 2006)]. Only 2 interventions used both self-report and device-based measures 

(Thomsen et al., 2017; Van Den Berg et al., 2006). Overall, 7 studies reported increased post-

intervention PA in the intervention group compared to the control group (Feldthusen et al., 2016; 

Giraudet-le Quintrec et al., 2007; Katz et al., 2018; Knittle et al., 2015; McKenna et al., 2021; 
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Nordgren et al., 2015; Van Den Berg et al., 2006). In addition, 2 studies reported significant 

intervention effects on SB compared to the control group (Katz et al., 2018; Thomsen et al., 2017). 

Method of assessment demonstrated little effect on intervention success at changing lifestyle PA or 

SB, however interventions targeting a particular dimension of lifestyle PA or SB, such as SB, steps, 

MVPA and leisure/light intensity PA, were more effective than those targeting total PA.  

These findings are strengthened by meta-analysis results (Supplementary Figures 2.9-2.13), which 

revealed significant intervention effects on: sedentary time with an MD of -66.01 minutes/day (95% 

CI -102.28 to -29.74, I²=70%, z=3.57, p<.001), steps with an MD of 617.17 steps/day (95% CI 30.34 to 

1204.00, I²=0%, z=2.06, p=.04), MVPA with an SMD of 0.99 (95% CI 0.37 to 1.6, I²=96%, z=3.16, 

p=.002) and leisure/light intensity PA with an SMD of 0.55 (95% CI 0.41 to 0.70, I²=32%, z=7.36, 

p<.001), with no intervention effects reported for total PA. Subgroup analysis revealed significant PA 

intervention effects on steps, MVPA and leisure/light intensity PA, and SB intervention effects on 

sedentary time and leisure/light intensity PA (Supplementary Figures 2.9-2.13). Post-intervention 

effects were demonstrated for steps, MVPA and leisure/light intensity PA, with significant follow-up 

effects displayed for sedentary time, MVPA and leisure/light intensity PA (Supplementary Figures 

2.22-2.26). 

OMERACT outcomes: A total of 5 interventions displayed significant between- and within-group 

improvements in functional ability (42%) (Katz et al., 2018; Nordgren et al., 2015; Thomsen et al., 

2017; Van Den Berg et al., 2006; Veldhuijzen Van Zanten et al., 2021). A total of 3 interventions 

displayed between- and within-group reductions in pain (30%) (Li et al., 2020; Nordgren et al., 2015; 

Thomsen et al., 2017), with a further 1 study displaying reductions in pain, with no between-group 

difference (Katz et al., 2018). For fatigue, 3 interventions demonstrated reductions in intervention 

groups compared to control groups (27%). Finally, 7 studies demonstrated significant intervention 

effects on mental health, psychological wellbeing or quality of life outcomes (Brodin et al., 2008; 
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Feldthusen et al., 2016; Gilbert et al., 2018; Lange et al., 2020; Nordgren et al., 2015; Thomsen et al., 

2017; Van Den Berg et al., 2006).  

Meta-analyses reported significant intervention effects on: measures of functional ability (normal) 

with MD of -0.16 (95% CI -0.27 to -0.06, I²=87%, z=3.06, p=.02), fatigue with a SMD of -0.35 (95% CI -

0.5 to -0.19, I²=60%, z=4.43 p<.0001) and depression (non-normally distributed data) with MD of -

1.21 (95% CI -2.11 to -0.31, I²=0%, z=2.64 p=.008). These effects all demonstrated improvements in 

outcomes. No other significant results were observed for OMERACT outcomes (Supplementary 

Figures 2.1-2.8). Subgroup analysis showed significant lifestyle PA intervention effects on increasing 

functional ability (normally distributed data), decreasing fatigue, and depression (non-normally 

distributed data). In addition, there were significant SB intervention effects on increasing functional 

ability (normally distributed data), decreasing pain and fatigue, and increasing quality of life 

(Supplementary Figures 2.1-2.8). Furthermore, immediate positive post-intervention effects were 

seen for functional ability (normally distributed data) and fatigue, whilst effects at follow-up were 

demonstrated for reducing pain, fatigue and depression (non-normally distributed data), and 

improving quality of life (Supplementary Figures 2.14-2.21).  

Changes in lifestyle PA and SB in the context of OMERACT: Of the 2 studies demonstrating significant 

between- and within-group improvements in disease activity, both also displayed increases in 

intervention group leisure/light intensity PA (Katz et al., 2018; Lange et al., 2020). Regarding 

secondary outcomes, all studies reporting functional ability improvements also displayed 

intervention effects for lifestyle PA and/or SB (Katz et al., 2018; Nordgren et al., 2015; Thomsen et 

al., 2017; Van Den Berg et al., 2006; Veldhuijzen Van Zanten et al., 2021). Of the 4 studies reporting 

reductions in pain (Katz et al., 2018; Li et al., 2020; Nordgren et al., 2015; Thomsen et al., 2017), 3 

also reported significant reductions in SB, and increased steps and leisure/light intensity PA (Katz et 

al., 2018; Nordgren et al., 2015; Thomsen et al., 2017). For fatigue, 2 of the 3 studies demonstrating 
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reductions in fatigue post-intervention also observed significant decreases in SB, and increases in 

steps and leisure/light intensity PA (Katz et al., 2018; Thomsen et al., 2017). Finally, 4 of the 7 studies 

reporting improvements in mental health, psychological wellbeing or quality of life following 

intervention, also demonstrated significantly increased lifestyle PA and/or reduced SB (Feldthusen et 

al., 2016; Nordgren et al., 2015; Thomsen et al., 2017; Van Den Berg et al., 2006). 
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Table 2.2: GRADE analysis for Disease Activity and secondary outcomes 

Summary of findings table according to GRADE analysis Evaluation components to lower quality 
Evaluation components to 

higher quality 

Outcome Intervention 
Effects 

(SMD/MD) 

N
o

. stu
d

ies 

P
a

rticip
a

n
ts 

IG
 

P
a

rticip
a

n
ts 

C
G

 

GRADE Comments Methodologi
cal design 
start point 

Risk of bias Inconsistency of results Indirectness Imprecision Publication bias Large 
effect 

Dose 
respo
nse 

Confounding 

Disease 
Activity 

SMD= -0.12 
[-0.23, -
0.01] 

19 736 714 Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

74% studies 
had 
moderate 
RoB, 24% 
had high 
Rob: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 6%, 
no heterogeneity. No 
downgrade 

Very few 
studies with 
disease 
activity as 
primary 
aim. 
Downgrade 
1 level 

N=1450 
sample size, 
very large 
so unlikely 
to be 
imprecise. 
No 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). Funnel 
plot is asymmetrical, 
downgrade 1 level 

z score = 
2.19, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Functional 
Ability 
(normal) 

MD= -0.16 
[-0.27, -
0.06] 

13 764 794 Low 

⨁⨁◯◯ 

 Our confidence in the 
effect estimate is 
limited: The true effect 
may be substantially 
different from the 
estimate of the effect. 

Mixture of 
RCTs, non-
RCTs and 
observation
al cohort 
studies: 
Moderate 
quality 

61% studies 
had 
moderate 
RoB, 31% 
had high 
RoB: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 87%, 
considerable 
heterogeneity, 
downgrade 1 level 

Studies 
highly 
varied in 
primary 
aim, with 
very few 
with 
function as 
primary 
aim. 
Downgrade 
1 level 

n=1558, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z score = 
3.06, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Functional 
Ability 
(non-
normal) 

MD= -0.00 
[-0.03, 0.02] 

9 521 516 High 
⨁⨁⨁⨁ 

We are very confident 
that the true effect lies 
close to that of the 
estimate of the effect. 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

100% 
studies had 
moderate 
RoB: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 0%, 
no heterogeneity 

most 
studies 
primary aim 
is function, 
No 
downgrade 

n=1037, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z score = 
0.07, no 
effect. No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Pain SMD= -0.10 
[-0.59, 0.39] 

19 1098 1117 Very Low 

⨁◯◯◯ 

We have very little 
confidence in the 
effect estimate: The 
true effect is likely to 
be substantially 
different from the 
estimate of effect 

Mixture of 
RCTs, non-
RCTs and 
observation
al cohort 
studies: 
Moderate 
quality 

85% studies 
moderate, 
10% high 
RoB: no 
downgrade 
(2 studies 
with high 
RoB small 
sample) 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 97%, 
considerable 
heterogeneity, 
downgrade 1 level 

Studies 
varied in 
primary 
aim, with 6 
with pain as 
primary aim 
(<50%). 
Downgrade 
1 level 

n>2000, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). Funnel 
plot is asymmetrical, 
downgrade 1 level 

z= 0.4, no 
effect. No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 
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Fatigue SMD = -0.35 
[-0.50, -
0.19] 

22 980 961 
 
 
 
 
 
 
  

Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs, non-
RCTs and 
observation
al cohort 
studies: 
Moderate 
quality 

73% 
moderate, 
23% high 
RoB:  no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 60%, 
not considerable (<75%), 
no downgrade 

studies had 
varied 
primary 
aims, 
downgrade 
1 level 

n=2000, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 4.43, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Anxiety SMD= -0.18 
[-0.47, 0.12] 

8 259 229 Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

75% 
moderate, 
25% high 
risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 55%, 
not considerable (<75%), 
no downgrade 

<50% 
studies had 
anxiety in 
their 
primary 
aim, 
downgrade 
1 level 

n= 488, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 1.18, 
little 
effect. No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Depression 
(non-
normal) 

MD= -1.21 
[-2.11, -
0.31] 

5 144 121 Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

100% 
studies had 
moderate 
RoB: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 0%, 
no heterogeneity 

<50% 
studies had 
depression 
in their 
primary 
aim, 
downgrade 
1 level 

n= 265, 
small 
sample so 
likely to be 
imprecise, 
downgrade 
1 level 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 2.64, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Depression 
(normal) 

SMD= -0.05 
[-0.32, 0.21] 

9 345 326 Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

56% studies 
had 
moderate 
Rob, 33% 
high risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 62%, 
not considerable (<75%), 
no downgrade 

<50% 
studies had 
depression 
in their 
primary 
aim, 
downgrade 
1 level 

n= 671, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 0.39, 
no effect. 
No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Quality of 
Life 

SMD= -0.37 
[-0.98, 0.25] 

24 1587 1580 Very Low 

⨁◯◯◯ 

We have very little 
confidence in the 
effect estimate: The 
true effect is likely to 
be substantially 
different from the 
estimate of effect 

Mixture of 
RCTs, non-
RCTs and 
observation
al cohort 
studies: 
Moderate 
quality 

92% studies 
had 
moderate 
RoB, 8% 
high risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 98%,  
considerable 
heterogeneity, 
downgrade 1 level 

<50% 
studies had 
QoL in their 
primary 
aim, 
downgrade 
1 level 

n>3000, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). Funnel 
plot is asymmetrical, 
downgrade 1 level 

z= 1.17, 
little 
effect. No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 
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Sedentary 
Time 

MD= -66.01 
[-102.28, -
29.74] 

6 369 369 High 
⨁⨁⨁⨁ 

We are very confident 
that the true effect lies 
close to that of the 
estimate of the effect. 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

50% studies 
had 
moderate 
RoB, 50% 
high risk: 
downgrade 
1 level 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 70% 
(<75%), no downgrade 

>50% 
studies 
primary aim 
was to 
target SB, 
no 
downgrade 

n=738, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 3.57, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Steps MD= 
617.17 
[30.34, 
1204.00] 

3 231 227 High 
⨁⨁⨁⨁ 

We are very confident 
that the true effect lies 
close to that of the 
estimate of the effect. 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

33% studies 
had 
moderate 
RoB, 67% 
high risk: 
downgrade 
1 level 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 0%, 
no heterogeneity, no 
downgrade 

All studies 
outcomes 
were PA/SB 
measure so 
these are 
sufficiently 
similar, no 
downgrade 

n=458, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 2.06, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

MVPA 
 

17 800 759 High 
⨁⨁⨁⨁ 

We are very confident 
that the true effect lies 
close to that of the 
estimate of the effect. 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

65% studies 
moderate 
risk, 35% 
high risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 96%,  
considerable 
heterogeneity, 
downgrade 1 level 

>50% 
studies 
primary aim 
was to 
target 
MVPA, no 
downgrade 

n=1559, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 3.16, 
large 
effect. 
Upgrade 
1 level 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Total PA SMD= -0.04 
[-0.34, 0.27] 

11 620 585 Moderate 

⨁⨁⨁◯ 

We are moderately 
confident in the effect 
estimate: The true 
effect is likely to be 
close to the estimate 
of the effect, but there 
is a possibility that it is 
substantially different 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

73% studies 
had 
moderate 
RoB, 27% 
high risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 85%,  
considerable 
heterogeneity, 
downgrade 1 level 

>50% 
studies 
primary aim 
was to 
target PA, 
no 
downgrade 

n=1205, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 0.24, 
no effect. 
No 
upgrade 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Light/leisur
e PA 

SMD= 0.55 
[0.41, 0.70] 

12 602 560 High 
⨁⨁⨁⨁ 

We are very confident 
that the true effect lies 
close to that of the 
estimate of the effect. 

Mixture of 
RCTs and 
non-RCTs: 
High quality 

83% studies 
had 
moderate 
RoB, 17% 
high risk: no 
downgrade 

Even though we used a 
random effect model 
meta-analysis, we 
consider heterogeneity 
as an index of 
inconsistency. I2 = 32%, 
no heterogeneity 

>50% 
studies 
primary aim 
was to 
target some 
form of PA 
or SB, no 
downgrade 

n=1162, 
unlikely to 
be 
imprecise, 
no 
downgrade 

We used an exhaustive 
searching approach (i.e. 
scientific databases, grey 
literature, scientific 
organizations). No major 
bias in the funnel plots. 
No downgrade  

z= 7.36, 
large 
effect. 
Upgrade 
2 levels 

N/A We found no 
confounding 
factors that 
indicate 
upgrading 

Note: an overall quality score is obtained using the assessments of risk of bias, inconsistency, indirectness, imprecision, publication bias, large effect, dose response and confounding factors for all outcomes.  

IG: intervention group, CG= control group, FA= functional ability, MVPA= moderate to vigorous physical activity, PA= physical activity, SMD= standardised mean difference, MD= mean difference, RCT= randomised 

controlled trial, RoB= risk of bias. 
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Risk of Bias Assessment Results 

A summary of the RoB2 assessment with disease activity and functional ability as outcomes is 

illustrated in Figures 2.3a and 2.4, respectively. To summarise, for disease activity no studies had a 

low risk of bias, 7 had some concerns (Brodin et al., 2008; Feldthusen et al., 2016; Katz et al., 2018; 

Lange et al., 2020; Thomsen et al., 2017; Van Den Berg et al., 2006; Veldhuijzen Van Zanten et al., 

2021), and 4 had high risk of bias (Garner et al., 2018; Giraudet-le Quintrec et al., 2007; Knittle et al., 

2015; McKenna et al., 2021). For functional ability outcome no studies were low risk, 8 had some 

concerns (Brodin et al., 2008; Gilbert et al., 2018; Giraudet-le Quintrec et al., 2007; Katz et al., 2018; 

Lange et al., 2020; Thomsen et al., 2017; Van Den Berg et al., 2006; Veldhuijzen Van Zanten et al., 

2021), and 3 had high risk of bias (Garner et al., 2018; Knittle et al., 2015; McKenna et al., 2021). Full 

domain results of RoB2 analysis for disease activity can be visualised in Figure 2.3b. 

Figure 2.3a: Summary Risk of bias assessment for Disease Activity  
Note: ROB domains include; (1) Bias arising from the randomization process; (2) Bias due to deviations from intended interventions; (3) 

Bias due to missing outcome data; (4) Bias in measurement of the outcome; and (5) Bias in selection of the reported result. 
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Figure 2.3b: Risk of bias assessment for Disease Activity  
Note: With disease activity as the outcome of interest: 55% studies showed low risk of bias, 36% showed some concerns and 9% had 

high risk of bias arising from the randomisation process, due to insufficient information about blinding in the randomisation process. In 

“deviations from intended interventions”, 82% studies displayed low risk of bias, and only 18% had some concerns, indicating that few 

studies appeared to deviate from their protocol or methods.73% included studies demonstrated low risk, 9% had some concerns and 

18% had high risk of bias due to missing outcome data, as some studies were feasibility studies, with small sample sizes. For the “bias 

in measurement of the outcome” domain, 55% studies demonstrated low risk and the remaining 45% displayed some concerns. This 

domain was mostly low risk due to the disease activity measures being valid and partially objective in nature. For “bias in selection of 

the reported result”, 18% studies showed low risk, with 55% showing some concerns and 27% with high risk of bias, due to missing 

data at some pre-specified timepoints 

Figure 2.4: Summary Risk of bias assessment for Functional Ability  
Note: ROB domains include; (1) Bias arising from the randomization process; (2) Bias due to deviations from intended interventions; (3) 

Bias due to missing outcome data; (4) Bias in measurement of the outcome; and (5) Bias in selection of the reported result. 
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Discussion 

This systematic review and meta-analysis identified 16 lifestyle PA and SB interventions in RA, and 

aimed to evaluate their effect on disease activity, lifestyle PA and SB, and OMERACT patient- and 

clinician-important outcomes in people with RA.  

Overview of Main Outcomes 

Lifestyle PA interventions demonstrated significant effects on reducing disease activity in individuals 

with RA. Statistically significant effects were also observed for sedentary time, steps, leisure/light 

intensity PA and MVPA. The majority of interventions which displayed increased PA and reductions in 

SB also revealed improvements in other OMERACT outcomes. Specifically, lifestyle PA interventions 

were effective at improving functional ability, fatigue and depression, and the 1 SB intervention 

reported significant effects on all secondary outcomes assessed in their study (functional ability, 

pain, fatigue, quality of life). Despite this, findings also revealed lifestyle PA and SB interventions 

were unsuccessful at targeting total PA, pain, anxiety and quality of life in people with RA. 

Completeness and Applicability of Evidence 

Our analysis showed that lifestyle PA interventions may be beneficial to treat disease activity in RA, 

supporting findings from observational studies (Metsios & Kitas, 2018; Metsios et al., 2015). Those 

interventions demonstrating efficacy in improving disease activity displayed similar characteristics: 

long in duration (approximately 20 weeks), with a primary focus on promoting light-to-moderate 

intensity PA or walking (Katz et al., 2018; Lange et al., 2020). These results add to emerging evidence 

which suggests that light intensity PA is linked with disease activity and inflammation in people with 

RA (Fenton et al., 2017; Khoja et al., 2016). Together, a longer length of intervention, targeting light 

intensity PA may be required for detectable changes in disease activity in people with RA. The only 

SB intervention included in this review showed no effects on disease activity, which highlights the 
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need for more experimental studies investigating the role of SB for disease activity in RA (Fenton et 

al., 2017). 

We provide evidence that lifestyle PA and SB interventions are effective at decreasing sedentary time 

and increasing leisure/light intensity PA, MVPA and steps in people with RA. Interventions 

demonstrated a reduction in sedentary time by 66 minutes/day, and an increase in 617 steps/day. 

Previous research in healthy populations has indicated that an increase in steps by 1000 to 2000 

steps/day is sufficient to be deemed clinically meaningful (Dwyer et al., 2011; Thomson et al., 2012). 

However, other studies of older adults and people with RA have shown that an increase in steps of 

any amount is sufficient to give some clinical benefits due to its high correlations with mortality and 

morbidity outcomes (Ewald et al., 2014; Summers et al., 2019). For sedentary time, O'Brien et al. 

(2021) previously found a reduction in sedentary time by 33 minutes/day was sufficient to display 

clinically significant reductions in pain and fatigue. Fenton et al. (2017) also revealed that reducing 

sedentary time by 68 minutes/day equated to a significant 5.5% reduction in cardiovascular disease 

risk. Together, this suggests that my findings of a 66 minutes/day reduction in sedentary time 

resulting from lifestyle PA and SB intervention is clinically significant.   

Still, it is interesting that previous research has also reported that SB interventions were more 

effective than PA-only or combined PA+SB interventions at reducing SB (Nguyen et al., 2020). 

However, this review was not conducted in people with RA. This meta-analysis included only 1 SB 

intervention, limiting the ability to conduct comparable analyses in the case of RA. Because of this, 

effects have the potential to be underpowered. Further SB interventions are needed to elucidate if 

targeting and reducing SB is sufficient to improve disease activity and other core patient- and 

clinician-important outcomes in people with RA. The dimensions of PA or SB assessed (i.e., SITT and 

FITT elements), and measurement tools used to quantify these outcomes (i.e., self-report, device-

based, validated vs not validated) varied between studies. Although, all interventions that targeted 
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SB and steps used device-based measures, and all demonstrated significant reductions in sedentary 

time and increased steps. This suggests device-based measurement may act as aids or reminders to 

be active and minimise sitting. Therefore, future behavioural interventions should employ validated 

device-based measures to target SB and steps in people with RA.  

Effective lifestyle PA and SB interventions may play a role in improving OMERACT outcomes. My 

findings agree with results of previous systematic and narrative reviews highlighting the effects of 

general PA and exercise training on health outcomes, in people living with RA (Larkin & Kennedy, 

2014; Metsios & Kitas, 2018; Metsios et al., 2015). The lack of beneficial effect of interventions on 

some secondary outcomes may be due to heterogeneity between the interventions, in terms of 

intervention length, content and method of outcome assessment (Table 2.1). This was indicated by 

large I² statistic for these outcomes (I2= 0-98%). This highlights the need for a consensus on optimal 

measurement methods and reporting for these OMERACT outcomes (e.g., MD, rather than SMD), in 

order for interventions effects on outcomes to be reliably and accurately assessed in future meta-

analyses.  

Findings from subgroup analyses revealed post-intervention effects of lifestyle PA and SB 

interventions on steps, MVPA, disease activity and functional ability, however, these were not 

sustained at follow-up. Whereas, no post-intervention effects were observed for sedentary time, 

depression, quality of life and pain, although follow-up effects on these outcomes were seen. Both 

post-intervention and follow-up effects were demonstrated for light/leisure PA and fatigue. The 

varied results regarding intervention efficacy at different assessment timepoints may be due to 

follow-up periods being particularly heterogeneous between studies. For example, follow-up periods 

ranged from 6 months to 4 years post-intervention between studies. A more consistent approach 

between interventions would give a greater insight into the long-term effectiveness of these 

interventions. Many interventions (n= 9) included in this review did not conduct follow-up 
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assessments, therefore it is not surprising that little is known regarding the effectiveness of 

interventions to promote long-term adherence to PA and SB. By necessitating that follow-up 

assessments are done, this ensures interventions are targeting sustained clinical benefits (Metsios & 

Kitas, 2018; Veldhuijzen Van Zanten et al., 2015). In addition, interventions which demonstrate 

beneficial effects at follow-up reflect a lifestyle change, whereby adoption becomes maintenance 

(Lange et al., 2020). Previous reviews and qualitative findings have reported that a main challenge of 

an intervention program is to assess and ensure beneficial effects post-intervention (Metsios & Kitas, 

2018; Nguyen et al., 2016; Swardh et al., 2020). Therefore, future interventions should conduct 

regular follow-up assessments over long periods, to assess their long-term clinical efficacy.  

Interventions where the primary focus was on promoting PA or reducing SB, were more successful in 

terms of number of observed significant improvement in behaviours (increased PA and or reduced 

SB) and outcomes. These interventions were often more personalised and tailored to individuals’ 

abilities and had good adherence (Katz et al., 2018; McKenna et al., 2021; Thomsen et al., 2017). 

These more focused interventions may be deemed more feasible by people with RA, who have 

additional disease-related barriers to PA (Veldhuijzen Van Zanten et al., 2015), leading to more 

successful implementation. This supports findings of a previous meta-analysis conducted in healthy 

adults (Martin et al., 2015). By contrast, multi-component interventions (e.g., including counselling, 

education, nutrition advice or self-management components), targeting multiple health behaviours 

appeared to be less effective, with fewer significant improvements in outcomes, increases in PA 

and/or reductions in SB.  

Interestingly, successful interventions included regular support, most commonly in the form of 

regular phone calls at a frequency of every 1-2 weeks (Katz et al., 2018; Li et al., 2020; Nordgren et 

al., 2015), or individualised based on goals (Feldthusen et al., 2016; Thomsen et al., 2017). However 

frequency and type of support varied across studies. Future research could explore what mode and 
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frequency of support is likely to be optimal for this patient group. Successful interventions were also 

more likely to be delivered in accessible settings, rather than a specified facility (e.g., public training 

centre, gym), which has previously shown to be an obstacle for intervention adherence (Cramp et al., 

2020; Katz et al., 2018; Nordgren et al., 2015). These resource intensive interventions were generally 

more multicomponent in nature, and required travel to other settings for the other components of 

their interventions (Nordgren et al., 2015). Perhaps this complex nature, and focus on multiple health 

behaviours of some multicomponent interventions, diluted down the key message of lifestyle PA and 

SB interventions, to move more.  

The efficacy of interventions differed according to the specific dimension and element of PA and SB 

targeted (i.e., FITT, SITT), with effects reported only for interventions targeting MVPA, steps, 

sedentary time and leisure/light intensity PA. Interventions which focus on these dimensions of PA 

and/or SB may be deemed more feasible, achievable or preferable to participants with RA, 

confirming the findings of previous research (Manns et al., 2012; Thomsen et al., 2017).  

Interestingly, the majority of measurement tools used to assess PA were various self-report 

questionnaires. Whereas interventions assessing MVPA, steps and SB in particular more consistently 

used device-based measures. As interventions which targeted and measured MVPA, steps and SB 

were generally more effective than those targeting total PA, the validity and reliability of 

measurement tools used may have impacted if effects were seen. For example, self-report methods 

are subject to recall bias, and this may explain why no effects were observed for total PA. Therefore, 

results for total PA and other PA behaviours (e.g., light/leisure PA) should be interpreted with 

caution (Sylvia et al., 2014). Nevertheless, device-based and self-report measures of PA and SB are 

not conceptually equivalent, producing different outputs for each other, and are thought to be 

different approaches to measure PA and SB (Troiano et al., 2014). Therefore, interventions which use 

device-based vs self-report measures of PA or SB perhaps shouldn’t be grouped together in meta-
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analyses, and future reviews should analyse the effectiveness of interventions using device-based vs 

self-report measures separately.  

Strengths and Limitations 

Strengths include the use of transparent methods, clear inclusion criteria and a robust search 

strategy; and therefore, results and conclusions are likely to be valid and can be replicated in future 

reviews. The subgroup analysis allowed for the exploration of moderating variables, to give more 

investigative interpretation of results. Lastly, my choice of OMERACT outcomes to describe RA-

related health helped to identify gaps in current research, which should be addressed in future 

interventions.  

In meta-analyses, functional ability and depression outcomes could not be successfully transformed, 

so were split into normal and non-normal outcomes which gave different results. Therefore, findings 

regarding these outcomes should be interpreted with caution. Moreover, no subgroup analyses were 

undertaken for mode of intervention delivery (e.g., individual, group, internet, app-based), 

dimension of lifestyle PA/SB targeted, nature of the comparison group (e.g., placebo, no 

intervention, advice only), and whether or not the intervention had a theoretical basis. This was due 

to heterogeneity between studies; meaning we were unable to confidently group studies into these 

categories.  

Potential Implications  

Future interventions should be clearer and more specific in describing subgroups in order for future 

meta-analyses to be able to assess their efficacy at improving OMERACT patient- and clinician-

important outcomes in people with RA. In addition, the majority of studies scored poorly in risk of 

bias assessments and GRADE analysis (Sterne et al., 2019). Therefore, future studies should publish 

trial registrations or protocols, provide information about participant and personnel blinding, and use 
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validated measures to assess outcomes to ensure transparent reporting of results. Moreover, some 

small-scale feasibility interventions were included in this review which were not adequately powered 

to detect significant changes in outcomes. These were, consequently, graded as high risk of bias. 

Nevertheless, conducting feasibility studies shows good research practice, and future large-scale 

interventions using identical study designs and methods are welcomed to confirm and strengthen 

their findings. The choice of outcomes were varied and inconsistent between studies, showing little 

consideration of OMERACT guidelines (Boers et al., 2014). There was also little consistency between 

outcome measurement methods, as demonstrated by the high I² statistic results for many meta-

analyses. Accordingly, researchers need to provide a consensus on the optimal methods and 

outcomes to reliably assess the efficacy of lifestyle PA and SB interventions in the RA population. 

Finally, as studies consistently displayed moderate to high risk of bias selection of reported result and 

measurement of outcome domains (Figures 2.3a and 2.4), future investigations should seek to 

provide more detailed explanations of study design and methods to enable further researchers to 

replicate these and strengthen findings.  

Conclusions 

The lifestyle PA and SB interventions included in this systematic review demonstrated significant 

increases in PA and reductions in SB, as well as improvements in disease activity and other core 

OMERACT outcomes in people with RA. PA and SB interventions differed in effectiveness at targeting 

different outcomes, due to differences in content, structure and focus of intervention. In addition, 

due to varied follow-up assessment periods, intervention benefits on OMERACT outcomes at post-

intervention and follow-up were inconsistent. Future research in this area should seek to standardise 

PA, SB and outcome measures and measurement tools across studies, and employ regular/consistent 

follow-up periods to allow long-term clinical benefit of interventions to be assessed. More studies 

are also required to explore the value of interventions targeting SB for improving health in RA.  
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Supplementary Table 2.1: Search Strategies for 8 databases  

Database Search Strategy 

Cochrane Library ("rheumatoid arthritis") AND ("physical activity" OR Physical Fitness OR "physical function" 

OR "Activities of Daily Living" OR "lifestyle physical activity" OR "life-style physical activity" 

OR Motor Activity OR "lifestyle behavior" OR "lifestyle behaviour" OR sedentary OR 

“Sedentary Behavior” OR “sedentary lifestyle” OR "sedentary behaviour" OR sitting OR 

"sitting time" OR "sitting behavior" OR screen time) AND (randomized controlled trial OR 

controlled clinical trial  OR Random Allocation OR "randomised controlled trial" OR 

randomized OR single-blind method OR Double-Blind Method OR trial OR groups OR 

intervention OR placebo) AND (promot* OR educat* OR uptake OR start OR increase OR 

program*) 

CINAHL Plus ("rheumatoid arthritis") AND ("physical activity" OR “Physical Fitness” OR "physical function" 

OR "Activities of Daily Living" OR "lifestyle physical activity" OR "life-style physical activity" 

OR “Motor Activity” OR "lifestyle behavior" OR "lifestyle behaviour" OR “sedentary” OR 

“Sedentary Behavior” OR “sedentary lifestyle” OR "sedentary behaviour" OR “sitting” OR 

"sitting time" OR "sitting behavior" OR “screen time”) AND (“randomized controlled trial” OR 

“controlled clinical trial”  OR “Random Allocation” OR "randomised controlled trial" OR 

“randomized” OR “randomised” OR “single-blind method” OR “Double-Blind Method” OR 

“trial” OR “groups” OR “intervention” OR “placebo”) AND (“promot*” OR “educat*” OR 

“uptake” OR “start” OR “increase” OR “program*”) 

Scopus ABS ( "rheumatoid arthritis" )  AND  ( "physical activity"  OR  physical  AND fitness  OR  

"physical function"  OR  "activities of daily living"  OR  "lifestyle physical activity"  OR  "life-

style physical activity"  OR  motor  AND activity  OR  "lifestyle behavior"  OR  "lifestyle 

behaviour"  OR  sedentary  OR  sedentary  AND behavior  OR  sedentary  AND lifestyle  OR  

"sedentary behaviour"  OR  sitting  OR  "sitting time"  OR  "sitting behavior"  OR  screen  AND 

time )  AND  ( randomized  AND controlled  AND trial  OR  controlled  AND clinical  AND trial  

OR  random  AND allocation  OR  "randomised controlled trial"  OR  randomized  OR  single-

blind  AND method  OR  double-blind  AND method  OR  trial  OR  groups  OR  intervention  

OR  placebo )  AND  ( promot*  OR  educat*  OR  uptake  OR  start  OR  increase  OR  

program* )  AND  ( LIMIT-TO ( DOCTYPE ,  "ar" ) ) 

PEDro “rheumatoid arthritis” filter by clinical trials AND health promotion/fitness 

training/behaviour modification/education 

PsychINFO, Medline, 

EMBASE 

"rheumatoid arthritis" 

“physical activity" OR Physical Fitness OR "physical function" OR "Activities of Daily Living" 

OR "lifestyle physical activity" OR "life-style physical activity" OR Motor Activity OR "lifestyle 

behavior" OR "lifestyle behaviour" OR sedentary OR “Sedentary Behavior” OR “sedentary 

lifestyle” OR "sedentary behaviour" OR sitting OR "sitting time" OR "sitting behavior" OR 

screen time 

randomized controlled trial OR controlled clinical trial  OR Random Allocation OR 

"randomised controlled trial" OR randomized OR single-blind method OR Double-Blind 

Method OR trial OR groups OR intervention OR placebo 

promot* OR educat* OR uptake OR start OR increase OR program* 

Web of Science TS= ("rheumatoid arthritis") AND TS=(“physical activity" OR “Physical Fitness” OR "physical 

function" OR "Activities of Daily Living" OR "lifestyle physical activity" OR "life-style physical 

activity" OR “Motor Activity” OR "lifestyle behavior" OR "lifestyle behaviour" OR “sedentary” 

OR “Sedentary Behavior” OR “sedentary lifestyle” OR "sedentary behaviour" OR “sitting” OR 

"sitting time" OR "sitting behavior" OR “screen time”) AND TS=(“randomized controlled trial” 

OR “controlled clinical trial”  OR “Random Allocation” OR "randomised controlled trial" OR 

“randomized” OR “single-blind method” OR “Double-Blind Method” OR “trial” OR “groups” 

OR “intervention” OR “placebo”) AND TS=(“promot*” OR “educat*” OR “uptake” OR “start” 

OR “increase” OR “program*”) 

Note: CINAHL= Cumulative Index to Nursing & Allied Health Literature, EMBASE= Excerpta Medica database, PEDro= 

Physiotherapy Evidence Database
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Supplementary Figures 2.1-2.13: Forest plots for secondary outcomes- Physical Activity vs Sedentary 

Behaviour interventions 

 

Supplementary Figure 2.1: The effects of interventions on functional ability (normally distributed). SD= standard deviation, 

95% CI= 95% confidence interval. 

 

 

Supplementary Figure 2.2: The effects of interventions on functional ability (non-normally distributed). SD= standard 

deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.3: The effects of interventions on pain. SD= standard deviation, 95% CI= 95% confidence interval. 

 

 

Supplementary Figure 2.4: The effects of interventions on fatigue. SD= standard deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.5: The effects of interventions on anxiety. SD= standard deviation, 95% CI= 95% confidence interval. 

 

 

Supplementary Figure 2.6: The effects of interventions on depression (non-normally distributed). SD= standard deviation, 

95% CI= 95% confidence interval. 

 

 

Supplementary Figure 2.7: The effects of interventions on depression (normally distributed). SD= standard deviation, 95% 

CI= 95% confidence interval. 
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Supplementary Figure 2.8: The effects of interventions on quality of life. SD= standard deviation, 95% CI= 95% confidence 

interval. 
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Supplementary Figure 2.9: The effects of interventions on sedentary time. SD= standard deviation, 95% CI= 95% confidence 

interval. 

 

 

Supplementary Figure 2.10: The effects of interventions on daily steps. SD= standard deviation, 95% CI= 95% confidence 

interval. 

 

 

Supplementary Figure 2.11: The effects of interventions on moderate to vigorous physical activity. SD= standard deviation, 

95% CI= 95% confidence interval. 
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Supplementary Figure 2.12: The effects of interventions on total physical activity. SD= standard deviation, 95% CI= 95% 

confidence interval. 

 

 

Supplementary Figure 2.13: The effects of interventions on leisure/light intensity physical activity. SD= standard deviation, 

95% CI= 95% confidence interval. 
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Supplementary Figures 2.14-2.26: Forest plots for secondary outcomes- Post-intervention vs follow-up 

 

Supplementary Figure 2.14: The effects of interventions at post-intervention and follow-up for functional ability (normally 

distributed). SD= standard deviation, 95% CI= 95% confidence interval. 

 

Supplementary Figure 2.15: The effects of interventions at post-intervention and follow-up for functional ability (non-

normal). SD= standard deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.16: The effects of interventions at post-intervention and follow-up for pain. SD= standard deviation, 

95% CI= 95% confidence interval. 

 

Supplementary Figure 2.17: The effects of interventions at post-intervention and follow-up for fatigue. SD= standard 

deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.18: The effects of interventions at post-intervention and follow-up for anxiety. SD= standard 

deviation, 95% CI= 95% confidence interval. 

 

Supplementary Figure 2.19: The effects of interventions at post-intervention and follow-up for depression (non-normal). SD= 

standard deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.20: The effects of interventions at post-intervention and follow-up for depression (normally 

distributed). SD= standard deviation, 95% CI= 95% confidence interval. 

 

Supplementary Figure 2.21: The effects of interventions at post-intervention and follow-up for quality of life. SD= standard 

deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.22: The effects of interventions at post-intervention and follow-up for sedentary time. SD= standard 

deviation, 95% CI= 95% confidence interval. 

 

 

Supplementary Figure 2.23: The effects of interventions at post-intervention and follow-up for daily steps. SD= standard 

deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.24: The effects of interventions at post-intervention and follow-up for moderate to vigorous physical 

activity. SD= standard deviation, 95% CI= 95% confidence interval. 

 

  

Supplementary Figure 2.25: The effects of interventions at post-intervention and follow-up for total physical activity. SD= 

standard deviation, 95% CI= 95% confidence interval. 
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Supplementary Figure 2.26: The effects of interventions at post-intervention and follow-up for leisure/light intensity physical 

activity. SD= standard deviation, 95% CI= 95% confidence interval. 
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Abstract 

Quantitative Sensory Testing (QST) modalities used to assess central pain mechanisms require 

different protocols in people with different musculoskeletal conditions. We explored possible effects 

of musculoskeletal diagnosis and test site (rheumatoid arthritis (RA) n=18- lower leg, lower back pain 

(LBP) n=25- forearm, plus healthy controls n=20- lower leg, and n=25- forearm) on QST inter-rater 

and test-retest reliability. QST modalities used were Pressure Pain detection Threshold (PPT), 

Temporal Summation (TS) and Conditioned Pain Modulation (CPM). TS was calculated as difference 

or ratio of single and repeated punctate stimuli, and CPM used single or mean of multiple 

unconditioned PPTs. Intraclass correlation coefficients (ICC) were compared between different 

subgroups. High to very high reliability was found for all assessments of PPT at or between 

anatomical sites and participants (ICC≥ .77). Moderate to high reliabilities were found for TS (ICC= .64 

to .88), both at the lower leg and the forearm. Reliability was higher when TS was calculated as a 

difference rather than a ratio. The ICCs of CPM indicated no to moderate reliability (ICC= .01 to .64) 

at leg or forearm, and in people with RA or LBP. In conclusion, PPT and TS are transferable tools to 

quantify pain sensitivity at different testing sites in different musculoskeletal diagnoses. Low 

apparent reliability of CPM protocols might indicate minute to minute dynamic pain modulation, 

rather than a stable trait of individuals with musculoskeletal pain. 
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Introduction 

Pain is a multidimensional sensory experience. Quantification is essential to understand how pain 

signals are processed (Arendt-Nielsen & Yarnitsky, 2009). Quantitative Sensory Testing (QST) is an 

umbrella term for a battery of different psychophysical tissue-stimulation tests that provide 

important information about different types of pain processing (Arendt-Nielsen & Yarnitsky, 2009; 

Courtney et al., 2010) and peripheral or central sensitisation at/remote from sites of injured tissue 

(Arendt-Nielsen & Yarnitsky, 2009; Middlebrook et al., 2020). QST is used to explore central 

mechanisms underpinning local and global pain modulation in people with musculoskeletal 

conditions with high levels of chronic pain (Fingleton et al., 2015; Pavlakovic & Petzke, 2010), such as 

Rheumatoid Arthritis (RA) or Lower Back Pain (LBP) (da Rocha Castelar Pinheiro et al., 2013; Heiberg 

& Kvien, 2002; Joharatnam et al., 2015; Sokka et al., 2001).  

There are several QST modalities, but there is incomplete consensus on what are the most 

appropriate QST research protocols, and there is limited standardisation of reporting in clinical 

populations (Rolke et al., 2006a). QST protocols may need to be adapted for specific diagnoses. For 

example, assessment of the lower or upper limb may be confounded by neuropathic features from 

lumber or cervical nerve root compression (Osborne et al., 2018). Furthermore, other aspects of 

diagnosis might influence QST outcomes, for example ongoing pain, joint distribution or 

inflammatory disease (Joharatnam et al., 2015; Osborne et al., 2018; Suokas et al., 2012). 

QST can be categorised into: “static” (e.g. pressure pain detection threshold (PPT)) and “dynamic” 

(e.g. temporal summation (TS) and conditioned pain modulation (CPM)) modalities. Protocols can 

include tests using a pressure algometer to assess pain thresholds (PPT); a sensitivity assessment 

using repeated pressure stimulation on the skin (TS); and the use of conditioning stimuli alongside a 

test stimulus to modulate pain (CPM) (McWilliams & Walsh, 2017). In combination, these 

assessments provide insight into the presence of central integration (TS, CPM) and pain sensitivity 
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(PPT) through ascending and descending nociceptive pathways (Uddin & MacDermid, 2016). QST, 

therefore, is a valuable diagnostic assessment tool (Arendt-Nielsen & Yarnitsky, 2009). In LBP, QST 

has been used to investigate temporal changes in pain mechanisms and sensitivity (Marcuzzi et al., 

2018), and the contribution of central components to pain (Corrêa et al., 2015; Imamura et al., 2013). 

In RA, QST has been used to characterise pain mechanisms affected during disease progression (Lee 

et al., 2018; Pavlakovic & Petzke, 2010).   

Use of QST in research or clinical practice presumes measurement of a relatively stable characteristic 

with tools that will give the same result, irrespective of the assessor (inter-rater reliability) and when 

the test is repeated (test-retest reliability) (Hogan et al., 2000). QST reliability previously has been 

reported in healthy people (Chesterton et al., 2007; Graven-Nielson et al., 2015; Marcuzzi et al., 

2017), and people with neuropathic or osteoarthritis pain (Middlebrook et al., 2020; Suokas et al., 

2012). In RA, Lee et al. (2018) report low to high inter-rater reliability for PPT, TS and CPM, and 

strong associations with disease activity. In LBP, Paungmali et al. (2012) examined test-retest 

reliability of PPT conducted on the primary area of pain, thought to be largely influenced by 

peripheral sensitisation. However, central mechanisms might predominantly determine PPT at sites 

distant from the site of pathology (i.e., at forearm in people with LBP, and in lower leg in people with 

RA) (Suokas et al., 2012). Different diagnoses and research questions might therefore require QST to 

be undertaken at different sites. PPTs vary between body sites, possibly due to differences in 

innervation of subcutaneous tissues, or depth of overlying soft tissue (Hogeweg et al., 1996; Kosek et 

al., 1993). However, data are sparse comparing reliability of QST protocols that have been modified 

for different clinical populations (Gerecz-Simon et al., 1989; Lee et al., 2018; Paungmali et al., 2012). 

The few QST reliability studies in RA and LBP have been conducted on varied body sites, with little 

between- and within-study consistency, and report little information about the methodologies used 

(Geber et al., 2011; Georgopoulos et al., 2019; Lee et al., 2018; Paungmali et al., 2012). A 

standardised, reliable, QST protocol, which could be employed across multiple musculoskeletal 
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conditions, would enable the collection of more harmonious data (Middlebrook et al., 2020). 

Although the main population of interest of this thesis is in people with RA, the inclusion of 

participants with chronic LBP in this study enables the exploration of whether QST modality reliability 

and validity is transferable across different musculoskeletal diagnoses.  

The primary aim (Aim 1) of this study was to evaluate the test-retest and inter-rater reliability of 

similar protocols of a) PPT, b) TS and c) CPM that had been adapted for use at different testing sites 

in different clinical populations. The secondary aim (Aim 2) was to define optimally reliable 

calculation methods for a) TS and b) CPM. Finally, Aim 3 of this study was to assess the validity of QST 

measures. 

Methods 

Participants  

People living with RA were recruited from Rheumatology outpatient clinics at Russells Hall Hospital, 

Dudley Group NHS Foundation Trust. In addition, people living with LBP or RA were recruited from a 

list of participants who had already participated in an observational study at the University of 

Birmingham (RAleg) or the University of Nottingham (LBPforearm) and had consented to be contacted 

about future studies. Healthy individuals (Healthyleg for comparison with RAleg and Healthyforearm for 

comparison with LBPforearm) were recruited to assess and compare the reliability of QST modalities 

when conducted at different testing sites. Healthy individuals affiliated with the School of Sport, 

Exercise and Rehabilitation Sciences at the University of Birmingham or the School of Medicine, 

Department of Academic Rheumatology at the University of Nottingham (students, lecturers, senior 

academics) were invited to participate. Written informed consent was obtained from all individuals 

before their participation in the study.  
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Inclusion criteria for healthy individuals were: adults (≥18 years old), being currently healthy (defined 

as having no acute or chronic pain at any part of their body), and understanding the English 

language. Exclusion criteria were: diagnosed with acute or chronic pain, participation in an NHS 

rehabilitation program and pregnancy. Inclusion criteria for patients were: adults (≥18 years old), 

physician diagnosis of RA (for RAleg group) or chronic LBP (for LBPforearm group), and be able to speak 

and understand English. Patients were excluded if unable to give informed consent due to cognitive 

impairment or otherwise, had history of additional co-morbidities (e.g., cancer, diabetes 

neuropathies, fractures and/or other conditions) which cause greater disability than their RA or back 

pain, or were pregnant. 

Favourable ethical opinions were granted from the University of Birmingham Ethics Committee, Black 

Country Regional Ethics Committee (ERN: 16/WM/0371), Faculty of Medicine & Health Sciences 

Research Ethics Committee of the University of Nottingham (ERN: 264-1803) and the East Midlands - 

Nottingham 1 Research Ethics Committee of the Health Research Authority (REC: 18/EM/0049). 

Study Procedures 

To participate, individuals with RA (RAleg) visited Russells Hall Hospital, Dudley, and individuals with 

LBP (LBPforearm) visited the Back Pain Unit of the King’s Mill Hospital, Sutton-in-Ashfield. Healthy 

participants visited the School of Sport, Exercise and Rehabilitation Sciences, University of 

Birmingham (Healthyleg) or Academic Rheumatology, University of Nottingham (Healthyforearm) to take 

part. For all groups, each participant undertook two QST testing sessions (baseline/follow-up) 

separated by at least a week, and up to 3 weeks apart. These timeframes were considered 

appropriate periods of time between sessions to minimise learning effects and reduce the risk of 

potential recall bias for self-reported data (Middlebrook et al., 2020). Baseline and follow-up 

examinations in both the healthy and patient cohort were performed by the same researcher (Rater 

1 for Healthyleg and RAleg participants, Rater 3 for LBPforearm and Healthyforearm participants). As part of 
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the baseline session, a second rater (Rater 2) also performed identical examinations to Rater 1 and 

Rater 3 in both healthy groups only (Healthyleg and Healthyforearm) in order to assess inter-rater 

reliability. All participants completed the protocol in full, with a mean baseline to follow-up period of 

8 days for Healthyforearm and LBPforearm participants, 13 days for Healthyleg participants and 12 days for 

RAleg participants. 

Raters 1, 2 and 3 were fully trained on how to conduct the QST modalities, and procedures were 

standardised and rehearsed to ensure they used the same language when interacting with 

participants, and employed the same measurement techniques when administering protocols. All 

sessions took place in the same temperature-controlled room (18-20 °C). All participants were 

advised and encouraged to maintain their routines and daily activities throughout the testing period. 

The full QST protocol used by all raters can be found in Appendix 3.1.  

Quantitative Sensory Testing 

The QST protocol comprised both “static” (PPT) and “dynamic” (TS and CPM) modalities (Arendt‐

Nielsen et al., 2018; Rolke et al., 2006a; Yarnitsky et al., 2015). For Healthyleg and RAleg participants, 

testing was on the tibialis anterior muscle (5cm distal to the tibial tuberosity and knee joint) (for PPT 

and CPM modalities), and 5cm above the patella on the skin above the rectus femoris (for TS) of both 

legs. For Healthyforearm and LBPforearm participants, the testing site was 5cm distal from the lateral 

epicondyle of individual’s elbow joint on both arms, corresponding with the body of the 

brachioradialis muscle.  

Pressure Pain Threshold: For measuring PPT, an electronic handheld algometer (Medoc-AlgoMed 

Advanced Medical Systems – Computerised Pressure Algometer, Israel) was used connected to a 

laptop. The laptop displayed the amount of applied pressure from the algometer on the screen. 

Increasing pressure with an 1cm² rubber probe of the handheld algometer was applied over the 

tibialis anterior of the participant’s dominant leg (Healthyleg and RAleg participants) or the 
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radiobrachialis of the participants’ non-dominant forearm (Healthyforearm and LBPforearm participants) 

at a rate of 50kPa/sec (Rolke et al., 2006a). Each participant was asked to press a button on a device 

held in their dominant hand as soon as the sensation of pressure started to become painful. The 

procedure was initially applied for familiarisation purposes on the opposite leg or arm. Data were 

collected from 3 repeats of the PPT (Rolke et al., 2006a). 

Temporal Summation: The TS was assessed by repeated application of a stimulus using the 

retractable blunt needle of a specially manufactured pen (256mN Pinprick, MRC-Systems, Germany). 

The participants maintained a relaxed position and a single stimulus with the blunt needle was 

applied to the skin approximately 5cm above the patella over the rectus femoris (Healthyleg and RAleg 

participants) or 5cm distal to the lateral epicondyle over the radiobrachialis muscle of their dominant 

forearm (Healthyforearm and LBPforearm participants). This was followed by ten repetitive stimuli at a 

rate of 1/sec (Arendt-Nielsen & Yarnitsky, 2009). Immediately after the single stimulus, each 

participant was asked to rate the experienced intensity of pain or sharpness on a 0 to 10 Numerical 

Rating Scale (NRS) (Healthyleg and RAleg participants) or a 10cm Visual Analogue Scale (VAS) 

(Healthyforearm and LBPforearm participants) where the lowest and highest extremes signified no 

pain/sharpness and worst imaginable pain/sharpness respectively. After the 10 stimuli, they were 

asked to rate the average intensity of pain or sharpness on the same scales. For familiarisation 

purposes, TS testing was initially applied on the opposite leg or arm, and the testing procedure was 

collected from 2 repeats of the single and 10 stimuli. 

Conditioned Pain Modulation: For the purposes of CPM testing, participants’ unconditioned PPT was 

assessed for all participants in an identical way as described for PPT testing. The participants’ 

conditioned PPT was assessed again while pain was induced in their non-dominant (Healthyleg and 

RAleg participants) or dominant (Healthyforearm and LBPforearm participants) arm by application of a 15cm 

wide blood pressure cuff and induction of ischaemic pain. The cuff was inflated above systolic 
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pressure to occlude arterial blood flow to the arm, and participants repeatedly squeezed a small 

foam ball (conditioning stimulus). Once pain had reached 4/10 rating, the conditioned PPT was 

performed in the dominant leg (Healthyleg and RAleg participants) or non-dominant arm (Healthyforearm 

and LBPforearm participants). Immediately after the conditioned PPT, the pressure cuff was released.  

Data Reduction 

Participants’ PPT was taken as the arithmetic mean of 3 replicate measurements (PPTmean) with low 

PPT indicating greater pain sensitivity. TS pain was calculated as the difference (subtraction between 

the score of the single stimulus and the average pain experienced during the ten subsequent stimuli, 

TSWUD). The mean of the two TSWUD values was used for analysis. CPM (CPMPPT-mean) was taken to be 

the single conditioned PPT measurement (PPTCon) minus the arithmetic mean of all the replicated 

unconditioned PPT measurements from the study visit (PPTmean) (Yarnitsky, 2010; Yarnitsky et al., 

2015). 

The windup ratio, TSWUR , was also calculated to define optimally reliable calculation methods for TS 

(Aim 2a), as average pain during the 10 stimuli divided by pain rating of single stimulus. In both TSWUD 

and TSWUR a larger positive value of TS indicated greater sensitivity. CPM (CPMUnc) was also calculated 

(to define optimally reliable calculation methods for CPM (Aim 2b)) using the single conditioned PPT 

measurement (PPTCon) minus the interim unconditioned PPT measurement (the single measure taken 

immediately before the conditioning stimulus, PPTUnc). In both calculation methods (CPMPPT-mean, 

CPMUnc) a lower value indicated higher pain sensitivity (less efficient descending inhibition) (Marcuzzi 

et al., 2018).  

Data Analysis 

Sample size calculations for this study were performed with type I and type II errors as .05 to .20 

respectively (Walter et al., 1998). Considering that each substudy comprised two different sessions, 

featuring one measurement for each modality within each session, and with minimally accepted 
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reliability of ρ=.5 and expected reliability of ρ=.8 (Micalos et al., 2009; Rhudy & France, 2007), the 

minimum sample size was calculated to be 22 participants (Manresa et al., 2011). 

Data normality was assessed by Shapiro-Wilk normality testing. Where data distributions differed 

significantly from normal, non-parametric statistical tests were used. TSWUD and TSWUR distributions in 

Healthyleg participants, TSWUR in RAleg participants, and all PPT, TS and CPM variables in Healthyforearm 

LBPforearm participants significantly differed from normality and were positively skewed. Non-

parametric statistical analyses were conducted for these modalities, whereas parametric tests were 

conducted for all other modalities.  

The following analyses were used to assess the reliability of all QST modalities as part of Aims 1 and 2 

of this study. To assess differences between variables, paired samples t-tests (paired normal data) 

and Wilcoxon signed-rank tests (paired non-normal data) were performed. Unpaired t-tests (normal 

data) and Mann-Whitney U tests (non-normal data) were conducted to examine if there were 

differences between the participant groups.  

The test-retest and inter-rater reliability of the PPT, TS and CPM modalities were established using 

methods that focused on the measurement of reliability (Bisset et al., 2015; Manresa et al., 2014; 

Middlebrook et al., 2020; Suokas et al., 2012; Walton et al., 2011). For each separate modality, a two-

way random effects absolute agreement model for single measures was used to measure the inter-

rater reliability (rater 1 and 2 or rater 3 and 2) for the healthy groups as well as the test-retest 

reliability for the single rater (rater 1 for RAleg participants and rater 3 for LBPforearm participants) for 

both patient groups. A single measures intraclass correlation coefficient (ICC) with 95% confidence 

intervals (95% CI) were reported to express each reliability. For interpretation purposes, reliability 

values (ICC) of <.5 low correlation, .50 - .74 moderate correlation, .75 - .9 high correlation and >.90 

very high correlation (Portney & Watkins, 2009). Further analysis involved determining the statistical 

significance between ICCs from separate disease populations (RAleg compared to LBPforearm 
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populations). These were derived from testing differences in variances using F-distributions (Feldt et 

al., 1987).  

Bland-Altman analysis was conducted to give a visual representation of the data, identify outliers, 

and allow identification of systematic differences between measurements for each outcome. Plots 

show the mean difference (mean bias) between the two measurements, and 95% limits of 

agreement (LoA): 

(mean difference of raters ± 2 × standard deviations of the difference between raters) (Manresa et 

al., 2014). An even distribution of points across the Bland Altman plots indicates no systematic bias 

(Bland & Altman, 1999).  

To test validity of the QST measures (Aim 3) and explore the accuracy of QST conducted in different 

populations and at different body sites, correlations between modalities were conducted (Pearson 

correlation coefficient for normal data and Spearman correlation coefficient for non-normal data). In 

addition, correlation tests were assessed between modalities with participant age, and exploration of 

differences in QST modalities between sexes (using t-tests (normal data) and Mann-Whitney U tests 

(non-normal data)). Finally, differences between diagnoses for scoring of each modality were 

investigated using t-tests and Mann-Whitney U tests.  

Data were analysed using IBM SPSS Version 26 and R version 3.4.2, and p≤ .05 was used to indicate 

of statistical significance.  

Results 

Participant characteristics are displayed in Table 3.1. Overall, the study groups for QST at the forearm 

comprised n=25 Healthyforearm and n=25 LBPforearm participants. The study groups for QST at the lower 

leg were n=18 RAleg and n=20 Healthyleg participants. Healthy participants were younger than disease 



 

122 
 

groups, with no significant differences observed between healthy and diseased groups for sex (Table 

3.1).  

Table 3.1: Characteristics of the participants 

 Healthyleg  RAleg  Healthyforearm LBPforearm 

N 20 18 25 25 

Age median (IQR) years 26 (23 to 32) a 58 (55 to 65) a 31 (28 to 46) b 57 (48 to 65) b 

Sex (n= female (%)) 10 (50.0) 13 (72.2) 15 (60) 17 (68) 

Note: IQR = interquartile range, QST = Quantitative Sensory Testing 

a=significant difference between Healthyleg and RAleg participants in demographic data, determined by independent samples t-tests (age) 

and Chi-square tests (sex), b= significant difference between Healthyforearm and LBPforearm participants in demographic data, determined by 

Mann Whitney U tests (age) and Chi-square tests (sex). (p<.05) 

 

Aim 1a 

At baseline, PPT measurements were similar between raters and between test-retest replicates 

(Table 3.2). The inter-rater and test-retest ICCs for PPT were between .77 and .95, being classified as 

high to very high at the forearm and very high reliability at the lower leg (Table 3.3). Bland-Altman 

plots supported the reliability of PPT between measurements (Figure 3.1a, 3.1b, 3.2a, 3.2b, 3.3a, 

3.3b and Supplementary Table 3.1). The ICCs for inter-rater reliability were similar between lower 

leg and forearm, except that the test-retest ICC for PPT was significantly higher in Healthyleg 

population (ICC= .95) compared to the Healthyforearm population (ICC= .77, F(19,24)= 4.6, p<.001), 

although ICCs both demonstrated high to very high reliability. 

Aim 1b 

Baseline TSWUD measurements were similar between raters at both forearm and lower leg, and were 

similar in test-retest replicates. Although, RAleg showed a significant change over time (z = -2.32, 

p=.02, Table 3.2). ICCs for inter-rater and test-retest ranged from .64 and .88, displaying moderate to 

high reliability at the lower leg, and a high reliability at the forearm (Table 3.3). Bland-Altman plots 

(Figure 3.1c, 3.1d, 3.2c, 3.2d, 3.3c, 3.3d and Supplementary Table 3.1) confirmed the reliability of 
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TSWUD. The ICCs for inter-rater reliability of TSWUD were statistically similar between lower leg and 

forearm.  

Aim 1c 

Baseline CPMPPT-mean showed no differences in measurements between raters and in test-retest 

reliability (Table 3.2). The ICCs for CPMPPT-mean were heterogeneous with values between .01 and .64, 

classified within the range of no to moderate reliability. For CPMPPT-mean Bland Altman plots, LoA 

between measurements from raters were generally wide (Figure 3.1e, 3.1f, 3.2e, 3.2f, 3.3e, 3.3f and 

Supplementary Table 3.1). No statistically significant differences were found for ICCs for CPMPPT-Mean 

between the lower leg and forearm.  

Aim 2a 

In order to define the optimal measurement method for TS, reliability of windup ratio using TSWUR 

was assessed. Measurements of windup ratio showed rater 2 reported higher TSWUR at baseline than 

rater 3 in Healthyforearm participants (median rater 3= 2.5, rater 2= 3.6, z= -2.46, p=.01); and TSWUR was 

higher at follow-up than at baseline in Healthyleg (median baseline= 1.7, follow-up= 2.0, z= -2.27, 

p=.02, Table 3.2). The ICC reliability of TSWUR appeared heterogeneous between study populations, 

with Healthyleg inter-rater and Healthyforearm test-retest showing low reliability (Table 3.3). Other 

measurements of TSWUR showed moderate to high reliability at both leg and forearm sites (Table 3.3). 

The test-retest and inter-rater Bland-Altman plots appeared to show greater variability at larger 

values of TSWUR, particularly in disease populations (Supplementary Figure 3.1a-3.1f). The ICCs for 

inter-rater reliability were statistically similar for TSWUR between lower leg and forearm, with the 

exception of inter-rater reliability for Healthyleg (ICC= .21) and Healthyforearm, (ICC= .71, F(24,18)= 2.7, 

p<.001). 
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Aim 2b 

Baseline CPMUnc showed statistically similar measurements between raters and in test-retest 

reliability (Table 3.2) but also displayed heterogeneous ICC values in healthy adults at both lower leg 

and forearm (ICC= .19 to .71) (Table 3.3). The CPMUnc measures also showed no test-retest reliability 

in either RA or LBP (ICC= −.02 and −.10, respectively) (Table 3.3). Bland-Altman plots for CPMUnc are 

shown in Supplementary Figure 3.2a−3.2f. Comparisons of the 2 different measurements of PPT that 

were used to calculate CPM scores (PPTMean and PPTUnc) showed high to very high reliability (ICC= .71 

to .98) and no statistically significant differences across all different populations, body sites and 

timepoints (data not shown). No statistically significant differences were found for ICCs of CPMUnc 

between the lower leg and forearm. 

Aim 3 

Correlations between modalities demonstrated that a higher PPT was associated with a lower TSWUD 

in people with RA and LBP, a higher CPMUnc in Healthyleg participants, and higher CPMPPT-mean in 

Healthyforearm participants (Supplementary Table 3.2). Participant age was not significantly correlated 

with QST outcomes for most modalities (Supplementary Table 3.3). Significantly lower PPT was 

reported by female participants for all rater 1 comparisons at the tibialis anterior (lower leg) and at 

baseline for rater 3 at the brachioradialis (forearm) (Supplementary Table 3.4). LBPforearm participants 

had a higher rater 3 baseline TSWUR than Healthyforearm participants (Mann-Whitney U= 200.00, p=.03) 

(Table 3.2). In addition, when compared to Healthyleg participants, RAleg participants had lower rater 

1 baseline CPMUnc (t = 2.35, p=.02) and higher follow-up TSWUD (Mann-Whitney U = 110.50, p=.04) 

(Table 3.2). 
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Table 3.2: QST measurements of all participants at baseline and follow-up 

Quantitative 

Sensory Testing 

Baseline  Follow up 

Healthyleg RAleg  Healthyleg RAleg 

Rater 1 Rater 2 Rater 1  Rater 1 Rater 1 

Lo
w

e
r 

le
g 

PPT (kPa) 483.0 (259.9 to 689.3) 
441.8 (281.8 to 

567.5) 

333.0 (232.7 to 

488.6) 
 498.5 (269.2 to 

688.0) 

310.2 (173.1 to 

650.2) 

TSWUD (-10 to 10) 1.0 (0.5 to 1.9) 1.3 (0.6 to 1.5) 1.5 (0.5 to 2.1) b  1.1 (1.0 to 2.0) c 2.6 (0.9 to 3.6) b c 

TSWUR (Ratio) 1.7 (1.2 to 2.2) b 1.7 (1.3 to 2.0) 2.0 (1.3 to 5.1)  2.0 (1.5 to 4.5) b 2.9 (2.1 to 4.5) 

CPMPPT-mean 

(kPa) 
76.2 (7.9 to 204.9) 

117.6 (53.6 to 

167.4) 
67.3 (22.3 to 159.3)  133.9 (54.5 to 

202.7) 

93.1 (36.8 to 

193.7) 

CPMUnc (kPa) 122.0 (26.3 to 219.5)c 
107.3 (56.1 to 

178.7) 
74.0 (-27.6 to 106.1) c  103.9 (53.7 to 

208.8) 

95.6 (-2.0 to 

211.2) 

  Baseline  Follow up 

  
Healthyforearm LBPforearm 

 
Healthyforearm LBPforearm 

  
Rater 3 Rater 2 Rater 3 

 
Rater 3 Rater 3 

Fo
re

ar
m

 

PPT (kPa) 222.0 (176.9 to 249.5) 
206.3 (147.0 to 

275.4) 

271.5 (195.5 to 

305.3)   

224.0 (178.4 to 

251.9) 

216.5 (164.6 to 

281.6) 

TSWUD (-10 to -

10) 
1.2 (0.5 to 2.2) 1.4 (0.5 to 2.2) 1.5 (0.5 to 2.5) 

 
0.9 (0.3 to 2.0) 1.3 (0.4 to 2.3) 

TSWUR (Ratio) 2.5 (1.9 to 3.8) a c 3.6 (2.0 to 5.4) a 5.0 (2.3 to 9.5) c 
 

2.6 (1.7 to 4.6) 3.5 (2.1 to 7.5) 

CPMPPT-mean 

(kPa) 
87.2 (50.4 to 119.9) 

109.3 (42.1 to 

173.0) 
55.2 (24.2 to 91.8) 

 

66.6 (36.9 to 

131.0) 

62.7 (31.0 to 

99.3) 

CPMUnc (kPa) 92.1 (37.2 to 163.6) 
120.5 (30.3 to 

213.6) 
47.0 (-6.9 to 98.0) 

  
55.9 (5.9 to 95.0) 

38.2 (11.8 to 

81.4) 

Note: Data are presented as median (IQR). a = Paired samples t-test (normal) or Wilcoxon signed-rank test (non-normal) demonstrating 
significant difference between baseline measurements from rater 1 or 3 with rater 2 in healthy participants (p<.05).  b = Paired samples t-test 
(normal) or Wilcoxon signed-rank test (non-normal) demonstrating significant difference between baseline and follow-up measurements 

(p<.05).  c = Independent samples t-test (normal) or Mann-whitney U test (non-normal) demonstrating significant differences in QST 
modalities between healthy and diseased participants (p<.05).   
PPT = Mean Pressure-Pain Threshold, TSWUD= Temporal Summation calculated as a difference, TSWUR: Temporal Summation calculated as a 
ratio, CPMPPT-mean = Conditioned Pain Modulation where the mean of the three PPT measurements was used as an unconditioned stimulus, 
CPMUnc = Conditioned Pain Modulation where a unique PPT measurement was used as an unconditioned stimulus, kPa= kilopascals. 
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Table 3.3: Inter-rater and test-retest reliability in all participants 

  Lower leg 

 Healthyleg RAleg patients 

 
Inter-rater (Rater 1 - Rater 2) (n=20) Test-Retest (Rater 1) (n=20) Test-Retest (Rater 1) (n=18) 

ICC (95% CI) ICC (95% CI) ICC (95% CI) 

PPT .92 (.82, .97) .95 (.88, .98) .94 (.84, .98) 

TSWUD .82 (.60, .92) .80 (.57, .92) .64 (.20, .85) 

TSWUR .21 (-.22, .59) .74 (.45, .89) .77 (.49, .91) 

CPMPPT-mean .01 (-.45, .46) .64 (.30, .84) .11 (-.34, .53) 

CPMUnc .19 (-.29, .58) .71 (.39, .87) -.02 (-.40, .41) 

  Forearm 

 
Healthyforearm LBPforearm patients 

 
Inter-rater (Rater 3 - Rater 2) (n=25) Test-Retest (Rater 3) (n=25) Test-Retest (Rater 3) (n=25) 

  ICC (95% CI) ICC (95% CI) ICC (95% CI) 

PPT .86 (.72, .94) .77 (.54, .89) .92 (.83, .96) 

TSWUD .88 (.75, .94) .76 (.52, .89) .78 (.56, .86) 

TSWUR .71 (.45, .86) .48 (.11, .73) .71 (.44, .86) 

CPMPPT-mean .46 (.09, .72) .43 (.06, .70) .44 (.07, .71) 

CPMUnc .55 (.21, .77) .50 (.15, .74) -.10 (-.44, .27) 

Note: Intraclass Correlation Coefficient (ICC) with 95% confidence intervals (CI) are presented. PPT= Pressure Pain Threshold, TSWUD= 

Temporal Summation calculated as a difference, TSWUR= Temporal Summation calculated as a ratio CPMPPT-mean= Conditioned Pain 

Modulation where the mean of the three PPT measurements was used as an unconditioned stimulus, CPMUnc= Conditioned Pain Modulation 

where a unique PPT measurement was used as an unconditioned stimulus.  
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Figure 3.1a-3.1f: Test-retest Bland-Altman plots for all QST modalities across healthy populations  
Note: PPT= Pressure Pain Threshold, TSWUD= Temporal Summation calculated as a difference, CPMPPT-mean= Conditioned Pain Modulation where the mean of the three PPT measurements was used as an 
unconditioned stimulus, kPa= kilopascals. 
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Figure 3.2a-3.2f: Test-retest Bland-Altman plots for all QST modalities across RAleg and LBPforearm populations 
Note: PPT= Pressure Pain Threshold, TSWUD= Temporal Summation calculated as a difference, CPMPPT-mean= Conditioned Pain Modulation where the mean of the three PPT measurements was used as 
an unconditioned stimulus, kPa= kilopascals. 
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Figure 3.3a-3.3f: Inter-rater Bland-Altman plots for all QST modalities across healthy populations 
Note: PPT= Pressure Pain Threshold, TSWUD= Temporal Summation calculated as a difference, CPMPPT-mean= Conditioned Pain Modulation where the mean of the three PPT measurements was 
used as an unconditioned stimulus, kPa= kilopascals. 
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Discussion 

Aim 1 

This study found that PPT and TS appeared to be reliable modalities to measure aspects of central 

pain processing in healthy participants and patients alike. CPM demonstrated heterogeneous 

reliability in different participants and anatomical sites. For example, reliability of CPM was not 

present in RAleg or LBPforearm patients, which both displayed no to low reliability, with no to moderate 

reliability displayed for test-retest and inter-rater ICCs in healthy participants. The results of this 

study suggest that application of both static and dynamic QST modalities (PPT and TS) within a single 

assessment session can yield reliable data to quantify some aspects of pain sensitivity and central 

sensitisation in healthy participants and in individuals with a chronic musculoskeletal disorder. 

We found that PPT appeared to be the most reliable QST modality across populations, timepoints, 

and raters. This study extends previous studies that have demonstrated high reliability (ICC= .75 to 

.94) of PPT in healthy participants (Chesterton et al., 2007; Chung et al., 1992; Fabio Antonaci, 1998; 

Nussbaum & Downes, 1998; Park et al., 2011), at different timepoints in healthy individuals (10 

minutes to 6 hours) (Chesterton et al., 2007; Pelfort et al., 2015), in patients with knee osteoarthritis 

and neuropathic pain (Geber et al., 2011; Wylde et al., 2011), as well as in individuals with RA or LBP 

(Lee et al., 2018; Paungmali et al., 2012). Bland-Altman plots in this study illustrated narrow LoA, 

indicating little variability between PPT measurements in all sets of participants. PPT had previously 

been found as the most reliable QST modality in healthy and patient populations (Wylde et al., 2011). 

We now extend those findings to show similar results in healthy, RA, and LBP participants, with PPT 

conducted at different body sites, suggesting that this may be a transferable and generalisable 

finding. My study used a longer gap between test-retest sessions than previous studies (Suokas et al., 

2012; Wylde et al., 2011), and the very high level of test-retest reliability over 2-3 weeks suggests 
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that pain pressure sensitivity is a highly stable trait. ICCs for PPT at the different testing sites were all 

within the high to very high reliability categories, despite significantly differing between sites. 

Findings from TS in this study are consistent with existing evidence that finds this dynamic modality 

to be sensitive and reliable to assess centrally driven hypersensitivity in patient populations in 

general, and RA or chronic LBP in particular (Arendt‐Nielsen et al., 2018). TSWUD test-retest and inter-

rater reliability were also moderate to high in this study, demonstrated across raters, populations, 

and timepoints. When the TSWUD was calculated, reliability at the forearm was consistently rated as 

high. Findings of this study are consistent with past research in healthy participants that also 

demonstrated moderate to high TS test-retest reliability (ICC= .67 to .87) (Cathcart et al., 2009; 

Graven-Nielson et al., 2015; Kong et al., 2013). However, some studies in healthy participants 

showed low test-retest (ICC= .43) and inter-rater reliability (ICC= .41) (Pigg et al., 2010). No 

differences were observed between ICCs for TSWUD, at different sites, or between people with RA, LBP 

or healthy individuals, and all ICCs were within the moderate to very high reliability category. Both 

PPT and TS at both anatomical sites therefore appear to be reliable metrics.  

Test-retest and inter-rater ICCs for CPMPPT-mean showed no to moderate reliability, when calculated 

with the mean PPT value as an unconditioned stimulus. CPM is a dynamic modality, attempting to 

measure descending inhibition, which is distinct from TS. Abandoning the assessment of CPM may 

lead to the loss of important information about pain mechanisms that are not captured elsewhere. 

However, my findings suggest that care should be taken to optimise CPM protocols and ensure 

validity throughout studies. My findings reinforce the heterogeneity of previous reports of CPM in 

healthy participants (ICC= .60- .82) (Lewis et al., 2012a), people with chronic LBP (ICC= .59) (Martel et 

al., 2013), shoulder pain (ICC= .54) (Valencia et al., 2014), and chronic pancreatitis (ICC= .10) (Olesen 

et al., 2012). However, it should be noted that CPM has been assessed using substantially different 

methodologies across different studies. The synthesis of multiple measurements and participant self-
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assessments into a single value will add to the variability of CPM, so it is not surprising that its 

reliability can be much lower. It is also possible that the underlying mechanisms involved in CPM 

measures might be less stable (“more dynamic”) than the other QST modalities. Therefore, 

differences between observations reflect real changes in descending pain modulation.  

Altered CPM is a characteristic of populations with chronic pain (Kennedy et al., 2016; Lewis et al., 

2012b; O'Brien et al., 2018a; Yarnitsky, 2010), although it is unclear whether that is due to a fully 

activated endogenous inhibition or a reduced ability to modulate pain. Nevertheless, obtaining CPM 

reliability may be elusive (Kennedy et al., 2016), and establishing the association between CPM 

responses and clinical manifestations of pain merits further investigation (Fernandes et al., 2019). 

There may be a narrow window between tolerable and intolerable pain that is breached by 

application of a conditioning stimulus, particularly for clinical populations experiencing chronic pain. 

Previous studies have shown that when a test stimulus has become intolerable, poor CPM test-retest 

reliability is observed (Olesen et al., 2012). Nevertheless, the magnitude of CPM measured in this 

study (PPTCon−PPTUnc) in patient and healthy participants is similar to those previously reported with 

patient populations and healthy controls (Corrêa et al., 2015; Owens et al., 2015). The variability and 

fluctuating nature of musculoskeletal pain (Gooberman-Hill et al., 2007), and the subjective nature of 

pain perception (Wylde et al., 2011), may each contribute to low CPM ICCs. In addition, due to its 

requirement to measure pain processing on two different occasions through identical pain indices, 

CPM is subject to more unknown confounders than other modalities.  

Aim 2 

This study also provided evidence that TS might be more reliable and valid if calculated as a 

difference (TSWUD) rather than a ratio (TSWUR). This should be considered when adopting the 

recommendations of the German Research Network on Neuropathic Pain (Rolke et al., 2006a; Rolke 

et al., 2006b). Conceptually, TS may describe the excitability of spinal cord neurons as it plateaus 
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after frequent stimulation (Rolke et al., 2006a), and can be easily utilised in routine clinical 

assessment (Rolke et al., 2006b). Distortion from low denominator values may adversely affect 

statistical properties of TSWUR, although we also found that TSWUD distributions differed significantly 

from normality. However, TSWUD appeared more consistently reliable than TSWUR with respect to ICC 

(particularly in healthy populations) and Bland Altman plots. There was also a lack of significant 

correlation between TSWUR with other QST indices of central pain processing (Supplementary Table 

3.2). This suggests a statistical and methodological advantages of TSWUD over TSWUR. 

My findings indicate that where the unconditioned stimulus for CPM is the same as that used 

elsewhere in the QST protocol (PPTmean), its repeat at the beginning of CPM testing in order to obtain 

a CPMUnc value (PPTUnc) may not be necessary. Indeed, multiple testing with painful stimuli may itself 

modulate central pain processing (as observed during TS), and increased sensitivity developing 

during the test protocol may lead stimuli to approach the pain tolerance threshold. Therefore, by 

forfeiting the interim PPT stimulus, this could minimise the chances of moderated patient response 

to stimuli by increased or intolerable pain. In addition, When CPM was calculated with an 

unconditioned stimulus in patient populations (CPMUnc), the test-retest reliability was negative, 

indicating no correlation between timepoints using this method, similar to past test-retest findings 

(ICC= −.40) with ischaemic pain as the conditioning stimulus (Lewis et al., 2012a). As a result, CPMPPT-

mean demonstrates statistical, methodological, and application advantages over CPMUnc. 

Aim 3 

Significant associations were demonstrated between PPT and TSWUD in patient populations, 

confirming the inter-association of these modalities as measures of central sensitisation. The 

weakness of associations between CPM with other modalities in patient populations suggests that 

CPM measures different aspects of pain processing, but might also reflect the low reliability of CPM 

measurement. Central sensitisation results from multiple processes, and different QST modalities 
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might reflect different aspects of central sensitisation, rather than each being estimates of a shared 

‘central sensitisation’ phenomenon. Patients with RA and LBP have reduced PPTs, increased TS and 

deficient CPM (Marcuzzi et al., 2018; Müller et al., 2019), suggesting changes at multiple levels in 

pain processing pathways.  

Limitations 

Although this study had strengths from use of shared protocols across sites with multiple 

researchers, it is subject to a number of limitations. The small sample size may have increased 

uncertainty in the ICC estimates, reducing power to elucidate important differences between groups. 

Inter-rater reliability was evaluated in healthy participants, but not in the patient populations, due to 

the chronic pain prevalent in these groups, to avoid subjecting participants to two consecutive QST 

protocols in one session. QST involves complex procedures influenced by interacting variables, and 

future research might explore mechanisms related to anatomical site, diagnosis and assessor which 

underlie observed differences in reliability. Although we studied diverse pain populations, extension 

of my findings to other chronic pain diagnoses would require further research.  

Conclusion 

To conclude, a QST protocol consisting of PPT and TS is a reliable form of assessing and quantifying 

pain mechanisms in healthy participants and patients with RA and LBP, when assessed on either the 

forearm or leg. Further research is needed to improve reliability of CPM, in larger samples and 

different musculoskeletal populations, and to confirm the findings of this study. 
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Supplementary Figure 3.1a-3.1f: Alternate TS calculation method (TSWUR) across populations and raters 
Note: TSWUR= Temporal summation calculated as a wind-up ratio, kPa= kilopascals.  
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Supplementary Figure 2a-2f:  Alternate CPM calculation method (CPMUnc) across populations and rater

Supplementary Figure 3.2a-3.2f: Alternate CPM calculation method (CPMUnc) across populations and raters 
Note: CPMUnc = Conditioned Pain Modulation where a unique PPT measurement was used as an unconditioned stimulus, kPa= kilopascals. 
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Supplementary Table 3.1: Mean differences and limits of agreement for test-retest and inter-rater reliability based on Bland Altman analysis results 

  Test-retest reliability Inter-rater reliability 

  Mean difference -LoA (95% CI) +LoA (95% CI) Mean difference -LoA (95% CI) +LoA (95% CI) 

H
e

al
th

yle
g  

PPT -34.60 -179.59 (-239.56, -119.63) 110.38 (50.41, 170.34) 25.46 -162.08 (-239.65, -84.52) 213.00 (135.44, 290.57) 

TSWUD -0.12 -1.53 (-2.11, -0.95) 1.28 (0.70, 1.87) 0.09 -1.19 (-1.72, -0.66) 1.36 (0.83, 1.89) 

TSWUR 1.08 -6.25 (-9.28, -3.22) 8.42 (5.38, 11.45) -1.87 -10.16 (-13.58, -6.72) 6.42 (2.99, 9.84) 

CPMPPT-mean -34.72 -215.84 (-290.74, -140.93) 146.39 (71.49, 221.30) -8.37 -330.46 (-463.67, -197.25) 313.73 (180.52, 446.94) 

CPMUnc -4.23 -184.82 (-259.51, -110.13) 176.36 (101.67, 251.05) 2.34 -299.38 (-424.16, -174.59) 304.06 (179.27, 428.84) 

H
e

al
th

yfo
re

ar
m

 

PPT -7.53 -233.85 (-316.41, -151.30) 218.79 (136.23, 301.34) -4.19 -217.34 (-295.10, -139.59) 208.97 (131.22, 286.72) 

TSWUD 0.15 -1.23 (-1.73, -0.73) 1.52 (1.02, 2.02) -0.17 -1.47 (-1.94, -1.00) 1.12 (0.65, 1.60) 

TSWUR -1.36 -9.33 (-12.24, -6.43) 6.60 (3.69, 9.50) -0.85 -6.22 (-8.18, -4.26) 4.52 (2.56, 6.48) 

CPMPPT-mean -10.06 -217.55 (-293.22, -141.86) 197.42 (121.73, 273.10) -19.20 -230.14 (-307.09, -153.20) 191.74 (114.80, 268.69) 

CPMUnc 19.59 -199.75 (-279.76, -119.74) 238.94 (158.93, 318.95) -44.34 -251.03 (-326.42, -175.64) 162.34 (86.95, 237.74) 

R
A

le
g 

PPT -14.10 -189.15 (-267.23, -112.68) 161.74 (84.47, 239.02) 

 

TSWUD -0.74 -3.02 (-4.02, -2.02) 1.53 (0.53, 2.53) 

TSWUR 1.90 14.83 (-22.17, -7.48) 18.62 (11.27, 25.97) 

CPMPPT-mean -42.65 -325.39 (-449.64, -201.14) 240.09 (115.84, 364.33) 

CPMUnc -66.34 -368.51 (-501.29, -235.72) 235.82 (103.03, 368.61) 

LB
P

fo
re

ar
m

 

PPT 18.13 -83.55 (-120.64, -46.46) 119.81 (82.72, 156.90) 

 

TSWUD 0.01 -1.60 (-2.18, -1.01) 1.61 (1.03, 2.20) 

TSWUR 2.61 -12.00 (-17.33, -6.67) 17.22 (11.89, 22.55) 

CPMPPT-mean -19.26 -192.28 (-255.39, -129.16) 153.77 (90.65, 216.88) 

CPMUnc -16.89 -271.24 (-364.02, -178.46) 237.46 (144.68, 330.24) 

Note: LoA= limit of agreement, CI= confidence interval, PPT= Pressure Pain Threshold, TSWUD= Temporal Summation calculated as a difference, TSWUR= Temporal Summation calculated as a ratio, CPMPPT-mean= 

Conditioned Pain Modulation where the mean of the three PPT measurements was used as an unconditioned stimulus, CPMUnc= Conditioned Pain Modulation where a unique PPT measurement was used as an 

unconditioned stimulus. 
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Supplementary Table 3.2: Correlations between QST modalities in different participant groups 

 
Healthyleg: Rater 1 

Healthyleg: Rater 

2 
RAleg: Rater 1 Healthyforearm: Rater 3 

Healthyforearm: Rater 

2 
LBPforearm: Rater 3 

 Baseline Follow-up Baseline Baseline Follow-up Baseline Follow-up Baseline Baseline Follow-up 

PPTmean – TSWUD -.38 (.10) -.29 (.22) -.33 (.16) -.59 (.01) a -.42 (.09) -.05 (0.79) -.31 (.14) -.04 (.86) -.42 (.03) a -0.53 (.01) a 

PPTmean – TSWUR -.36 (.12) .03 (.91) -.29 (.22) -.26 (.30) .16 (.54) -.14 (0.49) -.18 (.38) .08 (.75) .11 (.62) -.03 (.90) 

TSWUD – CPMPPT-mean -.28 (.24) .02 (.94) .03 (.91) -.22 (.39) .01 (.98) -.05 (.79) -.03 (.90) -.28 (.18) -.03 (.90) -.19 (.38) 

PPTmean – CPMPPT-

mean 
-.10 (.68) -.13 (.60) .01 (.97) -.14 (.59) .25 (.31) -.002 (.99) .19 (.36) .39 (.047) a .26 (.21) .26 (.22) 

PPTmean – CPMUnc .03 (.91) -.13 (.60) .45 (.045) a -.19 (.45) .42 (.08) .85 (<.01) a .91 (<.01) a .73 (<.01) a .85 (<.01) a .93 (<.01) a 

Note: data is presented as r (p-value), Pearsons (normally data) and Spearmans correlation coefficient (non-normal data) were conducted. a = p<.05, showing statistically significant correlation between the two 

variables. 

PPTmean = Mean Pressure-Pain Threshold, TSWUD= Temporal Summation calculated as a difference, TSWUR= Temporal Summation calculated as a ratio, CPMPPT-mean= Conditioned Pain Modulation where the mean of the 

three PPT measurements was used as an unconditioned stimulus, CPMUnc= Conditioned Pain Modulation where a unique PPT measurement was used as an unconditioned stimulus. 
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Supplementary Table 3.3: Correlations between QST modalities with age in pooled participant groups  

 Healthyleg and RAleg participants  Healthyforearm and LBPforearm participants 

 Rater 1 (n=38) Rater 2 (n=20) Rater 3 (n=50) Rater 2 (n=25) 

 Baseline Follow-up Baseline Baseline Follow-up Baseline 

PPT -.18 (.28) -.18 (.28) -.24 (.14) .01 (.97) -.02 (.89) -.10 (.65) 

TSWUD .24 (.14) .40 a (.01) .39 (.09) .08 (.60) .10 (.51) -.18 (.38) 

CPMPPT-mean -.12 (.49) -.12 (.49) -.13 (.43) -.20 (.17) .02 (.88) -.10 (.63) 

Note: data is presented as r (p-value), Pearsons (conducted for normal data) and Spearmans correlation coefficient (for non-normally distributed data). a = p<.05, showing statistically significant correlation between 

the two variables. 

PPT = Mean Pressure-Pain Threshold, TSWUD= Temporal Summation calculated as a difference, CPMPPT-mean = Conditioned Pain Modulation where the mean of the three PPT measurements was used as an 

unconditioned stimulus 

 

Supplementary Table 3.4: Sex differences between QST modalities in pooled participant groups 

 Healthyleg and RAleg participants  Healthyforearm and LBPforearm participants 

 Rater 1 (n=38) Rater 2 (n=20) Rater 3 (n=50) Rater 2 (n=25) 

 Baseline Follow-up Baseline Baseline Follow-up Baseline 

 Male Female Male Female Male Female Male Female Male Female Male Female 

PPT 605.87 

(204.93) a 

328.79 

(200.92) a 

655.99 

(244.32) a 

337.24 

(212.41) a 

558.38 

(216.42) 

362.14 

(225.44) 

339.85 

(159.85) a 

217.37 

(84.76) a 

320.81 

(209.20) 

219.80 

(84.90) 

373.92 

(292.56) 

191.10 

(84.95) 

TSWUD 0.95 (0.63) 1.81 (1.57) 1.30 (0.76) 2.27 (1.58) 1.13 (0.56) 1.24 (1.12) 1.73 (1.42) 1.44 (1.34) 1.61 (1.44) 1.38 (1.44) 2.00 (1.47) 1.50 (1.68) 

CPMPPT-

mean 
82.47 (127.13) 95.20 (96.45) 

137.30 

(115.53) 

123.02 

(107.81) 

149.71 

(94.44) 

62.00 

(102.02) 
63.90 (116.36) 76.94 (45.26) 92.10 (80.70) 

83.99 

(98.46) 

64.46 

(126.22) 

131.94 

(108.37) 

Note: data are presented as means (standard deviations). a = p<.05, showing statistically significant sex difference in measurements calculated using independent samples t-tests (normal data) and Mann-Whitney U 

tests (non-normal data).  

PPT = Mean Pressure-Pain Threshold, TSWUD= Temporal Summation calculated as a difference, CPMPPT-mean = Conditioned Pain Modulation where the mean of the three PPT measurements was used as an 

unconditioned stimulus. 



 

141 
 

CHAPTER 4 

 

 

CHAPTER 4: COMPARABILITY OF TRIAXIAL 

AND UNIAXIAL CUT-POINTS AND WRIST AND 

HIP PLACEMENT OF THE ACTIGRAPH GT9X 

FOR ASSESSING FREE-LIVING PHYSICAL 

ACTIVITY AND SEDENTARY TIME    
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Chapter 4 Prelude 

One of the main aims of this thesis was to recruit further participants and obtain data to add to an 

already existing database of accelerometer-assessed physical activity (PA) in people with Rheumatoid 

Arthritis (RA) (Chapter 5). This was to answer thesis aims 4 and 5, to investigate associations 

between PA and sedentary behaviour (SB) with core RA-related patient- and clinician-important 

health outcomes in a large-scale observational study (O'Brien et al., 2018b). In the initial study as 

part of the existing database, data was captured using the validated and reliable ActiGraph GT3X 

accelerometer (O'Brien et al., 2020). However, since this was conducted, a newer ActiGraph model 

with improved features has been released, the GT9X. Less is known about the validity and reliability 

of this model.  

In previous studies of healthy adults, the GT9X has demonstrated high comparability and agreement 

in measurements of raw acceleration, vector magnitude (VM) and different PA intensities compared 

to the GT3X, when worn on the hip (Clevenger et al., 2020a; Montoye et al., 2018b). Part of this 

thesis involved assessing inter-monitor reliability between the GT3X and GT9X, in order to ensure 

data collected using the new GT9X model could be combined with the older GT3X data. This was 

done by employing an almost identical measurement protocol, data processing and reduction 

methods to those used by O'Brien et al. (2018b). Minor differences in data processing were that, in 

the current study, we employed triaxial cut-points (i.e., cut-points calculated using acceleration data 

from 3 axes) to accelerometer data, whilst, O'Brien et al. (2018b) employed the uniaxial cut-points 

(i.e., cut-points calculated using acceleration data from 1 axis only) developed by Troiano et al. 

(2008) to GT3X data. We chose to use triaxial cut-points as recent literature has suggested that 

triaxial cut-points should be applied to triaxial accelerometers for accurate assessment of free-living 

PA and sedentary time (ST) (Kozey-Keadle et al., 2014; Leeger-Aschmann et al., 2019). In addition, 

recent studies have demonstrated that Troiano cut-points are not accurate at measuring free-living 

ST in people with RA (O'Brien et al., 2020), perhaps due to their uniaxial nature. Therefore, triaxial 



 

143 
 

cut-points were chosen for use in this study, as they may provide more accurate measurement of PA 

and ST when applied to individuals with RA in a study as part of Chapter 5.  

Growing evidence has shown that triaxial and uniaxial cut-points significantly differ in their estimates 

of PA, and therefore, estimates of PA are highly dependent on data processing methods (Sagelv et 

al., 2019). Although data processing methods in this study were slightly different to those used by 

O'Brien et al. (2018b), Aim 1 of Chapter 4 will investigate if triaxial and uniaxial cut-points, when 

applied to the same accelerometer data, give comparable estimates of different intensities of PA and 

ST. This section, as a prelude to Chapter 4, reports the inter-monitor reliability of the GT9X compared 

to the GT3X for measuring different intensities of free-living PA and ST, when worn on the hip, in a 

group of healthy adults. 

Methods 

Participants, inclusion criteria, protocol and methods were identical to those employed in the main 

part of Chapter 4. Inclusion criteria were being able to speak English, aged 18-65 years and able to 

replicate normal activities of daily living during the study week.  In total, 37 healthy adults visited the 

School of Sport, Exercise and Rehabilitation Sciences at the University of Birmingham to participate. 

Participants were asked to wear both ActiGraph GT3X and GT9X accelerometers on their right hip for 

7 days whilst continuing normal daily activities. They were instructed to remove both accelerometers 

only for water-based activities and for sleep. The devices were attached directly next to one another, 

with the GT9X in-front of the GT3X (i.e., GT9X towards the centre of the participant’s body), and 

worn on an elasticated belt on the participants right hip (Montoye et al., 2020; Rhudy et al., 2020). 

To track monitor removal and replacement, participants completed a log book. After 7 days of wear, 

participants returned accelerometers to the School of Sport, Exercise and Rehabilitation Sciences. 

ActiGraph GT3X: The ActiGraph GT3X is a small, lightweight (19g; 4.6 x 3.3 x 1.5 cm) triaxial 

accelerometer which records acceleration on the vertical (Y), antero-posterior (Z), and medio-lateral 
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(X) axes. ActiGraph GT9X: A newer ActiGraph triaxial accelerometer model (14g; 4.18 x 3.98 x 1.13 

cm) records acceleration identically to the GT3X. The GT3X and GT9X accelerometers were initialised 

at 60Hz sampling rate and sampled movement in 1 second epochs. Data processing and reduction 

were identical to those described in the main part of Chapter 4.  

ActiLife software (ActiGraph, LLC., Pensacola, Florida, USA – version 6) was used to analyse the data. 

This software uses raw accelerometer data from the 3 axes to calculate VM (VM= √(axisY2 + axisZ2 + 

axisX2)), and data are then compressed and converted into activity counts. Activity counts are then 

used to identify periods of non-wear, and to quantify time spent in different intensities of PA and ST. 

To determine non-wear, data was scanned using the Troiano et al. (2008) algorithm, which defines 

non-wear time as ≥60 consecutive minutes of zero VM counts, with a spike tolerance of 2 minutes of 

counts between 0-100 counts (Semanik et al., 2010). Furthermore, a day was deemed valid when a 

participant had at least 10 hours wear. Participants were retained for inclusion in further analysis 

when they had recorded valid data (i.e., ≥10 hours wear) on ≥4 days (Semanik et al., 2010; Troiano et 

al., 2008). Log books were used to ensure wear and non-wear time scanned using the Troiano 

algorithm was correct. Wear and non-wear time was manually amended on wear-time validation 

outputs if required. A time filter of between 10am – 8pm was applied to the data to ensure data 

extracted was identical between participants in regards to the periods of time being compared. For 

both devices, identical wear days and times of assessment were used in the data analyses to allow 

for comparison between devices. 

In order to estimate different PA intensities, count-based “cut-points” were applied to the counts per 

minute (cpm) data, in order to categorise PA into ST, LPA and MVPA. In this study, triaxial cut-points 

created by Sasaki et al. (2011) were employed, defined as: ST= ≤150 cpm, LPA= 151–2690 cpm, 

moderate intensity PA (MPA)= 2691–6166 cpm, vigorous intensity PA (VPA)= 6167–9642 cpm, and 

very vigorous intensity PA (VVPA)= >9642 cpm. As the existing dataset used MVPA as the outcome of 
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interest, we combined MPA, VPA and VVPA to create an MVPA outcome, to enable comparison 

across different studies, monitors and cut-points.  

Data analysis methods and statistical tests were identical to those described in the main part of 

Chapter 4. Statistical tests were: paired samples t-tests to assess inter-monitor differences, Pearsons 

correlation coefficient and intraclass correlation coefficient (ICC) (using two way mixed effects 

analysis of variance (ANOVA), testing for absolute agreement, with single measures) to examine 

agreement between the GT3X and GT9X for ST, LPA, and MVPA. Bland Altman plots with 95% limits 

of agreement (LoA) were constructed to give a graphical representation of data and to illustrate any 

bias. 

Results  

Table 4.1: Means (SD) for Sedentary Time, Light intensity Physical Activity and Moderate to Vigorous Physical 

Activity for the hip-worn ActiGraph GT3X and GT9X 

 HipGT3X HipGT9X 

ST (min/day) 466.71 (25.05) 464.38 (25.96) a 

LPA (min/day) 65.17 (15.06) 64.99 (14.57) 

MVPA (min/day) 68.12 (15.64) 70.63 (16.15) a 

Note: n=30. a = paired-samples t-test indicates significant difference between hip-worn GT3X and GT9X, p<.05.  

HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical Activity, 

MVPA= Moderate to Vigorous Physical Activity, min/day= minutes per day. 

Valid data were available for n=30 healthy adult participants (mean age= 30.0 ± 11.2 years, 63% 

female). Table 4.1 displays the means and standard deviations (SD) for all outcome variables. Paired 

samples t-tests revealed significant differences between the 2 monitors in computed levels of ST and 

MVPA, but with not for LPA. As reported in Table 4.1, ST estimated by GT3X was higher and MVPA 

estimated by GT3X was lower compared to GT9X. Although ST and MVPA estimates were significantly 

different between accelerometers, 95% confidence intervals (CI) for the true mean difference were -

3.12 to -1.53 min/day for ST and 1.28 to 3.73 min/day for MVPA, indicating that the difference 

between measurements from each accelerometer was relatively small. 
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Pearsons correlation coefficient demonstrated positive correlations between ST, LPA and MVPA 

between accelerometers, with r-values of >.99, .98 and .98, respectively (data not shown). The 

results of ICC are displayed in Table 4.2. Very high agreement was demonstrated for ST, LPA, and 

MVPA between the hip-worn GT3X and GT9X accelerometers. Finally, Bland Altman analysis 

illustrated small between-monitor mean differences and narrow 95% LoA between GT3X and GT9X 

estimates of ST, LPA, and MVPA (Figure 4.1a, 4.1b and 4.1c).  

Table 4.2: Intraclass correlation coefficient results for Sedentary Time, Light intensity Physical Activity and 

Moderate to Vigorous Physical Activity between hip-worn ActiGraph GT3X and GT9X 

 HipGT3X and HipGT9X 

ICC 
95% CI 

Lower limit Upper limit 

ST .99 .91 <1.00 

LPA .98 .96 .99 

MVPA .97 .86 .99 

Note: n=30. ICC= Intra-class correlation coefficient, CI= Confidence Interval, HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn 

ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical Activity, MVPA= Moderate to Vigorous Physical Activity, min/day= 

minutes per day. 

 

Conclusion 

The results of this analysis show that the ActiGraph GT3X and GT9X have very high inter-monitor 

reliability for assessment of ST, LPA and MVPA when both worn on the right hip, with the same 

triaxial cut-points applied. Although t-tests did display some differences between ST and MVPA 

measurements, exploration of t-test 95% CIs and Bland Altman analysis showed that there were 

consistent differences (mean bias) between monitors within-participants. The GT9X consistently gave 

a higher measure of MVPA and lower ST than the GT3X. However these differences were too small to 

be meaningful (e.g., 3.12 to -1.53 min/day CIs for ST and 1.28 to 3.73 min/day CIs for MVPA), and 

ICCs still demonstrated very high inter-monitor agreement. Therefore, this suggests that these 

devices can be worn interchangeably, giving highly comparable estimations of different PA 

intensities, when the same cut-points are applied. As the GT3X accelerometer was used previously by 
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my research team in an existing dataset, this analysis has proven that the hip-worn GT9X, with 

identical cut-points applied, is a reliable and comparable replacement for the GT3X.  

Relevance to Chapter 4 

These data demonstrate there is little difference between the GT3X and GT9X in regards to data 

capture, where the same device placement and analytical processes are applied. Consequently, the 

decision was made to utilise the GT9X for the studies focussed on RA in this thesis, prior to COVID-19 

impacting this work. The remainder of this chapter (Chapter 4), therefore, employs the ActiGraph 

GT9X as the model of interest, when answering questions around how device placement (hip vs 

wrist) and analytical processing decisions around cut-points, influence accelerometer outcomes. 
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4.1a.) ST agreement between HipGT3X and HipGT9X 

4.1b.) LPA agreement between HipGT3X and HipGT9X 

4.1c.) MVPA agreement between HipGT3X and HipGT9X 

Figure 4.1: Inter-monitor reliability Bland Altman plots for a.) Sedentary Time; b.) Light Physical Activity, and c.) 

Moderate to Vigorous Physical Activity  
Note: HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical 

Activity, MVPA= Moderate to Vigorous Physical Activity, min/day= minutes per day, Solid line= mean difference/bias between the two 

accelerometers, dashed lines= 95% limits of agreement (LoA) 
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Abstract 

In order to assess the associations between PA and SB with health, it is essential to ensure accurate 

assessment of these behaviours. Data capture (i.e., cut-points applied) and device placement (i.e., 

wrist vs hip placement) have previously shown to significantly impact estimations of free-living LPA 

and MVPA, and ST for the ActiGraph GT9X. Aims of this study were: 1.) to compare PA and ST 

determined by uniaxial hip (Troiano), triaxial hip (Sasaki), and triaxial wrist (Montoye) cut-points; 2.) 

to assess the validity of these cut-points for measurement of ST, compared to the activPAL™. 

Participants (n=37) wore a hip- and wrist-worn GT9X accelerometer and an activPAL posture sensor 

for 7 days. ActiGraph data processing involved application of uniaxial (Troiano) and triaxial (Sasaki) 

hip cut-points to hip-worn GT9X data, and triaxial wrist (Montoye) cut-points to wrist-worn GT9X 

data. Differences and agreement between cut-points and devices were assessed with paired samples 

t-tests, ICCs and Bland-Altman analysis. Troiano, Sasaki and Montoye cut-points all demonstrated 

significantly different estimations of free-living PA and ST, with no to moderate agreement between 

cut-points (ICC= .02 − .74). For assessment of ST, cut-points demonstrated significant differences and 

low agreement with the activPAL, with ICCs= .07 − .21. Estimates of PA and ST quantified by the 

ActiGraph GT9X are not comparable where different protocols for data capture (uniaxial vs triaxial) 

and device placement (hip vs wrist) are employed. These cut-points displayed poor validity at 

assessing free-living ST, compared to the activPAL.  
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Introduction 

The World Health Organisation (WHO) guidelines state that adults should undertake at least 150 

minutes of MPA, or 75 minutes VPA per week (Bull et al., 2020). PA has numerous health benefits, 

including improving cardiovascular risk factors and reducing mortality (Nocon et al., 2008; Stamatakis 

et al., 2007; Warburton et al., 2006). SB is defined as “any waking behaviour characterized by an 

energy expenditure ≤1.5 MET (metabolic equivalent of task) while in a sitting or reclining posture”, 

whereby 1 MET equals the amount of oxygen consumed at rest (i.e., 3.5 ml∙kg-1∙min-1) (Ainsworth et 

al., 2011; Sedentary Behaviour Research Network, 2012). Evidence conducted in healthy young and 

older adults has demonstrated that SB is an independent risk factor for health, including poor 

cardiometabolic and cardiovascular health, cancer and metabolic syndrome (Biswas et al., 2015; 

Chastin et al., 2015; de Rezende et al., 2014; Green et al., 2014).  

In order to examine the role of PA and SB for health, it is important to be able to accurately quantify 

these behaviours (Chastin et al., 2018; Edwardson et al., 2017; Healy et al., 2011). Accurate 

assessment is also important to evaluate the efficacy of interventions targeting changes in PA and ST. 

Research suggests self-report methods for PA and ST measurement are subject to self-report bias 

(Healy et al., 2011), and self-report questionnaires have previously demonstrated poor reliability and 

inconsistent results when compared against the doubly labelled water method criterion for 

assessment of PA (Sylvia et al., 2014; Westerterp, 2009). Alternatively, device-based assessment 

tools can provide a more objective assessment of PA and ST (Healy et al., 2011; Matthews et al., 

2008), relative to self-report, and are increasingly used in PA and SB research. 

Device-based measures include accelerometers, which capture movement via compression sensed 

by a piezoelectric instrument, which records accelerations of the area of the body they are attached 

to. Uniaxial accelerometers can record body movements from 1 axis (vertical axis (Y) only). However, 

newer accelerometer models can record accelerations from 3 axes (vertical (Y), antero-posterior (Z), 

and medio-lateral (X)). These are termed triaxial accelerometers (Vanhelst et al., 2012). As triaxial 
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accelerometers are able to record accelerations from 3 axes, therefore, they are able to sense and 

record a greater reflection of body movements and activities as people move in 3 dimensions 

(Vanhelst et al., 2012). Such studies have indicated that triaxial cut-points minimise measurement 

error, and non-wear periods can be more easily distinguished due to the additional data available 

(Choi et al., 2012; Evenson et al., 2015).  

ActiGraph accelerometers are widely used in PA and ST research. They have been validated against 

indirect calorimetry (Kelly et al., 2013), and display high reliability for measurement of PA and ST 

(Calabro et al., 2014). These devices are easy to administer to participants (Vanhelst et al., 2012), and 

offer a user-friendly platform for analysis – ActiLife (ActiGraph, LLC., Pensacola, Florida, USA). ActiLife 

software takes raw accelerometer data collected via the X, Y, and Z axis, and compresses it into a unit 

called “activity counts” for use in analysis. “Cut-points” or “thresholds” can then be applied to these 

activity counts, in order to classify activities as ST, LPA, MPA or VPA.  

The most commonly used ActiGraph cut-points were developed for use with a previous uniaxial 

ActiGraph accelerometer version –  the 7164 –  by Troiano et al. (2008). These are used to calculate 

time spent in ST, MPA and VPA using acceleration data from the vertical axis only (uniaxial) 

(Matthews et al., 2008; Troiano et al., 2008). The uniaxial Troiano cut-points were developed by 

calculating a weighted average from results of multiple calibration studies assessing walking and 

running activities only (Brage et al., 2003; Freedson et al., 1998; Leenders et al., 2001; Yngve et al., 

2003), and subsequently used in a large-scale epidemiological study in healthy adults (Matthews et 

al., 2008; Troiano et al., 2008). However, they have displayed poor validity at quantifying PA 

intensities when compared against indirect calorimetry, and poor validity at measuring ST when 

compared against the activPAL (Crouter et al., 2013; Koster et al., 2016; Watson et al., 2014). Despite 

this, Troiano cut-points remain widely employed in research. More recently, cut-points have been 

developed for triaxial accelerometer models, such as the ActiGraph GT9X, which utilise data 

measured from all 3 axes (Sasaki et al., 2011). A growing number of studies have suggested triaxial 
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cut-points provide more comprehensive measurement of different types of PA relative to uniaxial 

cut-points (Evenson et al., 2015; Kozey-Keadle et al., 2014; Leeger-Aschmann et al., 2019; O'Brien et 

al., 2020). Further research has indicated that levels of PA and ST quantified by triaxial vs uniaxial cut-

points differ substantially (Kozey-Keadle et al., 2014; Luzak et al., 2017; Sagelv et al., 2019). However, 

uniaxial cut-points are still frequently used in research (Duncan et al., 2020; Fenton et al., 2017; 

Fenton et al., 2018b; Hibbing et al., 2020). Consequently, researchers using triaxial accelerometers 

and corresponding cut-points continue to draw inappropriate comparisons between their data and 

that quantified using uniaxial data (Rhudy et al., 2020).  

More recently, wrist-worn device-based measures are becoming a popular option for measuring ST 

and PA among the general population (Montoye et al., 2020). They are increasingly used in large-

scale epidemiological research. They demonstrate a higher wear compliance than hip-worn devices 

(Rhudy et al., 2020; Troiano et al., 2014; Van Hees et al., 2011), and a superior ability to measure PA 

and ST in people with atypical gait and to capture non-ambulatory activities (i.e., ironing, sweeping) 

(Diaz et al., 2018; Troiano et al., 2008). However, similar to the triaxial vs uniaxial debate, growing 

research suggests that wrist-worn accelerometers produce significantly different estimates of raw 

acceleration, accelerometer counts, MVPA, and ST when compared to hip-worn accelerometers (Ellis 

et al., 2016; Hildebrand et al., 2014; Loprinzi & Smith, 2017). This is especially true where placement 

specific (i.e., hip vs wrist) cut-points are not employed (Rhudy et al., 2020). This is the case even 

where the more comprehensive triaxial cut-points are employed to wrist-worn device data 

(Clevenger et al., 2020a; Clevenger et al., 2020b; Montoye et al., 2020).  

Together, research points to the importance of utilising triaxial, placement-specific (hip vs wrist) cut-

points to accurately quantify PA and ST, as both of these factors impact data capture, and therefore 

the outcomes reported. Recently, new triaxial cut-points have been developed specifically for the 

ActiGraph models, when worn at the hip (Sasaki et al., 2011), and the wrist (Montoye et al., 2020). 

Sasaki et al. (2011) triaxial cut-points were developed for the hip-worn ActiGraph GT3X, which has 
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demonstrated good agreement with the GT9X model for estimating free-living PA and ST (Montoye 

et al., 2018b). Subsequently, Sasaki cut-points have been used as a criterion in development of 

newer triaxial cut-points (Clevenger et al., 2020a; Montoye et al., 2020), and have shown good 

accuracy and precision compared to other cut-points for measurement of energy expenditure in free-

living older adults (Aguilar-Farias et al., 2019). Triaxial wrist cut-points have also been developed, by 

Montoye et al. (2020), in a controlled laboratory and using 3-8 hours of directly observed free-living 

data. Receiver operating characteristic analysis was performed to determine optimal triaxial count-

based cut-points for ST, LPA and MVPA for the wrist-worn GT9X. These cut-points subsequently 

demonstrated high accuracy for assessing free-living PA and good wear compliance (Montoye et al., 

2020). The Sasaki and Montoye triaxial cut-points have not been compared against each other and 

against uniaxial Troiano cut-points in free-living healthy adults.  

The primary aim (Aim 1) of this study was to employ these 3 sets of cut-points, to determine the 

extent to which PA and ST outcomes differ according to a) data captured (uniaxial vs triaxial), and b) 

device placement (hip vs wrist). Specifically, Aim 1 of this study compared PA and ST determined by 

the extensively employed Troiano uniaxial hip cut-points (HipGT9X-Troiano), the Sasaki triaxial hip 

cut-points (HipGT9X-Sasaki), and the Montoye triaxial wrist cut-points (WrGT9X-Montoye). Results 

illustrated the extent to which between-study comparisons of PA and ST measured by the GT9X are 

appropriate, given variability in analytical methods and device placement sites. Based on the current 

literature, I hypothesise that triaxial cut-points will estimate less ST and more time spent in LPA and 

MVPA than uniaxial cut-points, due to the 3 axes used to record body accelerations (Kozey-Keadle et 

al., 2014; Luzak et al., 2017; Sagelv et al., 2019). When comparing hip vs wrist specific cut-points, 

previous findings suggest that there may be greater agreement with other triaxial hip cut-points 

compared to uniaxial hip cut-points (Rhudy et al., 2020). However, as Montoye wrist cut-points have 

not been extensively used or validated (Clevenger et al., 2020a; Clevenger et al., 2020b; Montoye et 

al., 2020), I hypothesise that there may be poor agreement and significant differences with both 
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Troiano uniaxial and Sasaki triaxial hip cut-points, although, for this reason, I cannot predict the 

direction of these differences.  

Accelerometers, overall, are limited in their ability to accurately measure ST (Koster et al., 2016; 

Kuster et al., 2021). Little is known about the relative accuracy of accelerometer data processing for 

estimation of ST. Indeed, accelerometers classify ST based on lack of movement (i.e., low 

accelerations or “activity counts”), rather than posture (Chan et al., 2017). For assessment of free-

living ST, the activPAL is considered to be the “gold standard” device-based measure and has 

demonstrated high validity in different populations when compared to direct observation 

(Edwardson et al., 2017; Kozey-Keadle et al., 2011; Sellers et al., 2016). Currently, the validity of the 

GT9X, with different cut-points applied, and worn at different placement sites, for quantification of 

ST, has not yet been established. A secondary aim of this study, Aim 2, was to assess the criterion 

validity of these uniaxial and triaxial hip and wrist GT9X cut-points for measurement of ST, when 

compared to the activPAL. For Aim 2, I hypothesise that the GT9X cut-points and placement sites will 

estimate significantly more ST than the activPAL, due to previous studies indicating the poor ability of 

accelerometers and their cut-points for ST assessment (Koster et al., 2016; Kuster et al., 2021).  

Methods 

Participants and Recruitment  

Healthy adults were recruited from the School of Sport, Exercise and Rehabilitation Sciences at the 

University of Birmingham, using invitational emails and through word of mouth. To be eligible to 

participate, individuals were required to be aged between 18-65 years, speak English, and be able to 

replicate normal activities of daily living during the study week. Written informed consent was taken, 

and this study was approved by the University of Birmingham Research Governance (ERN_18-1811). 
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Protocol  

A total of n=37 participants (100% white ethnicity) visited the 

School of Sport, Exercise and Rehabilitation Sciences at the 

University of Birmingham to take part. Upon arrival, participants 

were fitted with 3 devices, as illustrated in Figure 4.2. 

Specifically, an ActiGraph GT9X device was attached to an 

elasticated belt on the right hip (HipGT9X), and another on the 

non-dominant wrist (WrGT9X) using a purposely designed watch 

strap. The activPAL was also attached to mid-anterior right thigh 

(activPAL™), using a waterproof adhesive waterproof dressing 

(Tegaderm, Farmaline) (Edwardson et al., 2017).  

Participants were asked to wear the devices for 7 days, whilst continuing their normal daily activities. 

They were instructed to remove both GT9X monitors for water-based activities (due to not being 

waterproof), and HipGT9X was also removed for sleep. To keep track of monitor removal and 

replacement, participants were asked to complete a log book and activity diary. After 7 days of 

accelerometer wear, participants returned to the School of Sport, Exercise and Rehabilitation 

Sciences to remove and return accelerometers.  

Measures 

ActiGraph GT9X: The GT9X is a new ActiGraph triaxial accelerometer model, and is small and 

lightweight (14g; 4.18 x 3.98 x 1.13 cm). The device records accelerations on the X, Y and Z axes and 

these raw acceleration data are used to determine VM (VM= √(axisY2 + axisZ2 + axisX2)) of these 

accelerations, which is subsequently compressed into activity counts using the ActiLife software 

(ActiGraph, LLC., Pensacola, Florida, USA). The GT9X accelerometers were initialised at 60Hz sampling 

rate and sampled movement in 1 second epochs.  

Figure 4.2: Wear sites for the 3 

accelerometers.  
Note: Red: ActiGraph GT9X on right hip, 

Yellow: activPAL™ on right thigh, Green: 

ActiGraph GT9X on non-dominant wrist 
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activPAL3TM: The activPAL is a postural classification device (9g; 2.35 x 4.3 x 0.5 cm), worn on the 

thigh in the mid-anterior position (Edwardson et al., 2017). By incorporating gravity into its 

accelerometer readings, this allows for postural allocation to determine free-living sedentary 

(sitting/lying), upright (standing) and ambulatory (walking) activities (Chan et al., 2017). The activPAL 

is considered the criterion “gold standard” measure for the assessment of free-living ST (Edwardson 

et al., 2017; Kozey-Keadle et al., 2011; Sellers et al., 2016).  

Data Processing  

ActiGraph GT9X: Data from ActiGraph devices was downloaded in 1 second epochs and raw data was 

converted into triaxial (VM) activity counts using ActiLife version 6 software (ActiGraph, LLC., 

Pensacola, Florida, USA). Data were scanned for wear-time using the Troiano 2007 algorithm, 

previously used in epidemiological studies on healthy adults (including the National Health and 

Nutrition Examination Survey, NHANES) (Semanik et al., 2010; Troiano et al., 2008). Using this 

algorithm, non-wear time was defined as ≥60 consecutive minutes of zero VM counts, with a spike 

tolerance of 2 minutes of counts between 0-100 counts. A valid day was defined as at least 10 hours 

(600 minutes) wear during waking hours. Where accelerometers defined a period as non-wear, log 

books were consulted to confirm this, and if wear/non-wear periods were incorrectly defined by 

accelerometers, researchers manually edited accelerometer data to match the log books.  

Data Reduction  

For inclusion in further analysis, all participants were required to have 10 hours of complete data 

recorded between the hours of 10am − 8pm, on each of the ≥4 valid days. These hours were chosen 

from manual exploration of participant data, which demonstrated that these hours were the most 

common “wear hours” within and between participants. This ensured that estimates of PA and ST 

would not be impacted by within-participant variability in wear-time (i.e., hour to hour). Where the 

complete 10 hours of data were recorded, these days were considered "valid wear days” (Semanik et 

al., 2010; Troiano et al., 2008). Once the number of “valid wear days” was determined, data from 
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each participant was checked to ensure that the “valid wear days” were the same across all 3 devices 

(HipGT9X, WrGT9X, and activPAL). This ensured that estimates of PA and ST would not be impacted 

by within-participant variability in daily PA and ST (i.e., day to day). See Figure 4.3 for an illustrative 

example.  

Cut-points applied to the data, to quantify time spent in PA and ST, were as follows;  HipGT9X-

Troiano: Troiano Adult 2008 uniaxial cut-points defined as: ST = <100 cpm, LPA = 100−2019cpm and 

MVPA = ≥2020cpm (Matthews et al., 2008; Troiano et al., 2008); HipGT9X-Sasaki: ST= ≤150cpm, LPA= 

151–2690cpm, MPA= 2691–6166cpm, VPA= 6167–9642cpm, and VVPA= >9642cpm (Sasaki et al., 

2011); and WristGT9X-Montoye: ST= <2860cpm, LPA= 2860−3940cpm, MVPA= ≥3941cpm (Montoye 

et al., 2020). For the purposes of this study, MPA, VPA and VVPA were combined to create an MVPA 

outcome, to enable comparison across different monitors and cut-points. 

activPAL: PAL Connect software (PAL Technologies Ltd., Glasgow, UK) was used to download and 

export activPAL data (in 15 second epochs) to Microsoft Excel. Data was manually checked and 

cleaned for wear and non-wear time, and filtered in order to ensure data recorded between specific 

hours (10am – 8pm), and on “valid wear days” matched those of the filtered ActiGraph data. PAL 

Connect CREA enhanced analysis algorithm was used to calculate ST. This algorithm involves using 

raw acceleration data to calculate sitting, standing and walking events. Lying time is also classified as 

primary (in bed and non-wear) and secondary lying time (daytime naps). Together, secondary lying 

time is grouped with sitting to calculate daily waking ST (Carlson et al., 2021). For this study, ST was 

calculated by adding data for sitting time and lying time. Both primary and secondary lying time were 

used, as my time filter ensured any primary lying time was captured during waking hours (10am – 

8pm), and would constitute ST during the day, rather than night-time sleep. This was confirmed by 

consultation of participants’ activity diaries. Specifically, time spent in primary or secondary lying 

time were examined to ensure study estimates of ST represented only waking ST, and not ST in which 

participants were asleep during waking hours. Where diaries showed primary lying time did capture 
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sleep during waking hours, the specific primary lying time period was excluded from analysis for that 

participant. 

Data Analysis 

Data analysis methods were identical for Aims 1 and 2. Of the n=37 participants recruited to the 

study, valid data comparing device placement and corresponding cut-points (Aim 1), were available 

for analysis from n=30 (81.08%) participants. For comparisons between the GT9X uniaxial (Troiano) 

and triaxial cut-points (Sasaski and Montoye), and hip (Troiano and Sasaki) and wrist (Montoye) cut-

points, with the activPAL for measurement of ST (Aim 2), data were available from n=28 (75.68%) 

participants. Data was excluded and deemed non-valid (from Aim 1 and 2) due to monitor 

malfunction (n=6), invalid ActiGraph data (≤4 days with 10 hours/day wear time) (n=1). For Aim 2 

analysis only, further exclusions were due to activPAL malfunction (n=1), and reaction to adhesive 

dressing (n=1). No differences were observed in participant characteristics between valid and non-

valid participants. 

Descriptive statistics involved computing means and standard deviations (SD) for all continuous 

outcome variables for each of the device placements (HipGT9X, WrGT9X, activPAL) and 

corresponding cut-points (Sasaki, Troiano, Montoye). Shapiro-Wilk normality test results showed all 

variables except MVPA estimated from triaxial Montoye wrist cut-points were normally distributed. 

Paired samples t-tests (normally distributed data) or Wilcoxon signed rank tests (non-normally 

distributed data) were carried out to determine any significant differences in ST, LPA and MVPA 

quantified by each cut-point. Pearsons (normally distributed data) and Spearmans (non-normally 

distributed data) correlation coefficient tests were conducted to examine associations, and ICC tests 

were employed to examine agreement, between estimates of ST, LPA, and MVPA captured by each 

of the device placements and corresponding cut-points. ICCs employed a two way mixed effects 

ANOVA, testing for absolute agreement, with single measures. An ICC <.50 was considered low 
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agreement, .50−.74 moderate, .75−.90 high, and >.90 very high agreement (Portney & Watkins, 

2009).  

Bland Altman plots were produced to give a graphical representation of data, and to illustrate any 

bias in estimates of ST and PA using different device placements and cut-points. The plots display the 

difference between the cut-points/accelerometers (graph y axis) and mean of the 2 cut-

points/accelerometers (x axis). A mean difference (mean bias) between cut-points/accelerometers 

was calculated, as well as 95% limits of agreement (95% LoA), using the formula: 

mean difference ± 1.96 × SD of difference between 2 scores. If the mean difference was close to 0, 

with all data points within narrow 95% LoA, the results showed no significant difference in levels of 

ST and PA according to device (placement, cut-point, or accelerometer vs activPAL). 

Count based data were all exported to Microsoft Excel and statistical analysis was conducted using 

Statistical Package for the Social Sciences (SPSS) Version 24, with Bland Altman analysis conducted 

using SigmaPlot Version 14.5. Statistical test were carried out using the p<.05 significance level.  
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Hour 
Participant 

1 2 3 4 

00:00 – 00:59     

01:00 – 01:59     

02:00 – 02:59     

03:00 – 03:59     

04:00 – 04:59     

05:00 – 05:59     

06:00 – 06:59     

07:00 – 07:59     

08:00 – 08:59     

09:00 – 09:59     

10:00 – 10:59     

11:00 – 11:59     

12:00 – 12:59     

13:00 – 13:59     

14:00 – 14:59     

15:00 – 15:59     

16:00 – 16:59     

17:00 – 17:59     

18:00 – 18:59     

19:00 – 19:59     

20:00 – 20:59     

21:00 – 21:59     

22:00 – 22:59     

23:00 – 23:59     

Hours wear 10 9 15 17 

Valid wear day 
(included vs 
excluded) 

Included Excluded (<10 hours) 
Excluded (missing 

data between 10am-
8pm) 

Included 

Figure 4.3: Extraction of daily data- illustration of valid and non-valid daily wear criteria for 4 participants 

 

 

 

  

 
 
 

 

  

 

 

Indicates valid hour (i.e., 60 minutes of movement data recorded). 

Indicates invalid hour (i.e., <60 minutes of movement data recorded). 

 Indicates hour to be filtered out to ensure valid wear day (i.e., before 10am or after 8pm).  
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Results 

Participant characteristics are reported in Table 4.3. Data from the n=30 and n=28 valid participants 

provided a total of 162 and 149 valid days of recording for Aims 1 and 2, respectively.  

Table 4.3: Participant Characteristics 

 Aim 1 Aim 2 

N 30 28 

Valid days per participant 5.4 ± 1.2 5.3 ± 1.2 

Age 30.0 ± 11.2 30.1 ± 11.6 

Gender (% Female) 63.3 60.7 

Note: age and valid days are presented as mean ± standard deviation. Gender is presented as a percentage of the total valid participants. 

 

Aim 1: ActiGraph comparability 

Table 4.4 reports the means and SD for daily time spent in ST, LPA, and MVPA, as calculated by the 

uniaxial hip-worn (HipGT9X-Troiano), triaxial hip-worn (HipGT9X-Sasaki) and triaxial wrist-worn 

(WrGT9X-Montoye) GT9X and corresponding placement-specific cut-points. Results of paired 

samples t-tests (normal data) and Wilcoxon signed rank tests (non-normal data) demonstrated 

differences between triaxial HipGT9X-Sasaki hip and uniaxial HipGT9X-Troiano hip cut-points for 

measurements of ST, LPA, and MVPA. The HipGT9X-Troiano cut-points demonstrated significantly 

greater amount of ST and less LPA and MVPA than HipGT9X-Sasaki cut-points. The 95% CI for the true 

mean difference were -50.01 to -40.24 min/day, 17.46 to 25.25 min/day and 21.32 to 26.21 min/day 

for ST, LPA and MVPA respectively.  

Between uniaxial HipGT9X-Troiano hip and triaxial WrGT9X-Montoye wrist cut-points, there were 

significant differences between data for ST, LPA and MVPA. HipGT9X-Troiano cut-points gave higher 

estimates of ST and lower estimates of LPA and MVPA than WrGT9X-Montoye cut-points (Table 4.4). 

In addition, the 95% CI for the true mean difference were -66.45 to -52.59 min/day and 36.71 to 

52.55 min/day for ST and LPA, respectively (no 95% CI available for MVPA due to non-normal data). 

These differences between cut-points were greater than differences between the two sets of hip cut-

points, perhaps due to differences in both data capture (i.e., triaxial vs uniaxial) and placement site.  
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Finally, differences were also displayed between triaxial WrGT9X-Montoye wrist and triaxial 

HipGT9X-Sasaki hip cut-points for estimates of ST, LPA and MVPA (Table 4.4). The 95% CI for the true 

mean difference were -20.08 to -8.70 min/day for ST and 16.09 to 30.45 min/day for LPA (no 95% CI 

available for MVPA due to non-normal data), suggesting differences between the two triaxial cut-

points were relatively small, compared to differences between the other cut-points.  

Table 4.4: Means and standard deviations for Sedentary Time, Light Physical Activity and Moderate to 

Vigorous Physical Activity for HipGT9X-Troiano, HipGT9X-Sasaki and WrGT9X-Montoye  

 HipGT9X- Troiano HipGT9X-Sasaki WrGT9X- Montoye 

ST (min/day) 509.51 (19.61) ab 464.38 (25.96) ac 449.99 (28.32) bc 

LPA (min/day) 43.63 (10.86) ab 64.99 (14.57) ac 88.26 (19.61) bc 

MVPA (min/day) 46.86 (14.16) ab 70.63 (16.15) ac 61.75 (22.17) bc 

Note: a = paired-samples t-test results showing significant difference between uniaxial HipGT9X-Troiano hip with triaxial HipGT9X-Sasaki hip 

cut-points. b = paired-samples t-test/Wilcoxon signed rank test results showing significant difference between uniaxial HipGT9X-Troiano hip 

with triaxial WrGT9X-Montoye wrist cut-points. c = paired-samples t-test/Wilcoxon signed rank test results showing significant difference 
between triaxial HipGT9X-Sasaki hip with triaxial WrGT9X-Montoye wrist cut-points (p<.05). 
ST=Sedentary Time, LPA=Light Physical Activity, MVPA=Moderate to Vigorous Physical Activity, min/day= minutes per day.  

Correlation coefficient and ICC results are displayed in Tables 4.5 and 4.6, respectively. Positive 

correlations were displayed between the uniaxial HipGT9X-Troiano hip with the triaxial HipGT9X-

Sasaki hip cut-points for ST, LPA, and MVPA (Table 4.5), but ICC analysis revealed low agreement 

between HipGT9X-Troiano and HipGT9X-Sasaki for ST and PA intensities (ICC= .28 to .41) (Table 4.6), 

with lower bounds for 95% CIs less than 0. This indicated little agreement between activity intensity 

estimates when the two cut-points were compared. When assessing the correlation between uniaxial 

HipGT9X-Troiano hip and triaxial WrGT9X-Montoye wrist cut-points and placement site, analysis 

revealed significant positive associations for ST and MVPA. No correlations were visualised between 

cut-points for LPA (Table 4.5). Furthermore, ICCs revealed no to low agreement between cut-points 

for ST, LPA and MVPA (ICC= .02 to .21), with lower limits for 95% CI less than 0 (Table 4.6). In 

addition, positive correlations were demonstrated between the triaxial HipGT9X-Sasaki hip with 

triaxial WrGT9X-Montoye wrist cut-points and placement sites for all activity intensities (Table 4.5). 

ICC analysis demonstrated low to moderate agreement (ICC= .20 to .74) between WrGT9X-Montoye 

and HipGT9X-Sasaki cut-points for all activity intensities (Table 4.6).  
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Table 4.5: Correlation Coefficient results between accelerometers and cut-points for Aims 1 and 2 

 Pearsons/Spearmans Correlation Coefficient (r) 

 Aim 1 Aim 2 

 HipGT9X- 

Troiano vs 

HipGT9X-Sasaki 

HipGT9X-Troiano 

vs WrGT9X- 

Montoye 

HipGT9X-Sasaki 

vs WrGT9X- 

Montoye 

activPAL vs 

HipGT9X- 

Troiano 

activPAL vs 

HipGT9X-

Sasaki 

activPAL vs 

WrGT9X-

Monotye 

ST  .87 b .76 b .85 b . 69 b .84 b .67 b 

LPA  .40 a .12 .70 b    

MVPA  .92 b .38 a .43 a    

Note: for Aim 1 n=30, for Aim 2 n=28. Pearsons correlation coefficient was used for all correlations except for MVPA for WrGT9X-Montoye 

(whereby Spearmans correlation analysis was conducted).  
a= p<.05, b= p<.01, ST=Sedentary Time, LPA=Light Physical Activity, MVPA=Moderate to Vigorous Physical Activity. 

Bland-Altman analysis assessing differences between uniaxial and triaxial hip cut-points (HipGT9X-

Troiano vs HipGT9X-Sasaki) illustrated a mean bias of −45 min/day, and LoA of ±25min/day for ST 

(Figure 4.4a). This bias demonstrated HipGT9X-Troiano uniaxial cut-points estimated more ST 

compared to the HipGT9X-Sasaki triaxial cut-points. For LPA, a mean bias of 21min/day was 

illustrated in plots, with ±20min/day LoA (Figure 4.4b). Finally, for MVPA, analysis demonstrated 

24min/day mean bias and ±12min/day agreement between cut-points (Figure 4.4c). For all activity 

intensities, some systematic bias was visible. Greater agreement between HipGT9X-Troiano uniaxial 

and HipGT9X-Sasaki triaxial cut-points was visualised in participants who spent a greater amount of 

time in ST, LPA, and MVPA.  

Bland-Altman analysis between uniaxial HipGT9X-Troiano hip and triaxial WrGT9X-Montoye wrist 

cut-points can be visualised in Figures 4.5a, 4.5b and 4.5c. For ST, the HipGT9X-Troiano cut-points 

measured an average of 59min/day more ST than WrGT9X-Montoye cut-points, and ±36min/day LoA. 

Some systematic bias was illustrated, with greater agreement between cut-points in participants 

with greater ST. For LPA, HipGT9X-Troiano measured an average of 45min/day less time spent in LPA 

than WrGT9X-Montoye cut-points, with ±41min/day LoA. Finally for MVPA, greater average 

agreement was observed between cut-points, with mean bias of 15min/day and ±44min/day LoA. 
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Finally, Bland-Altman analysis comparing triaxial HipGT9X-Sasaki hip and triaxial WrGT9X-Montoye 

wrist cut-points illustrated some differences between cut-points and placements sites for 

measurements of ST, LPA and MVPA (Figure 4.6a, 4.6b and 4.6c). For ST, the mean bias was 

14min/day, with ±30min/day LoA. This indicated that WrGT9X-Montoye measured less ST in 

participants than the HipGT9X-Sasaki. For LPA, the mean bias was 23min/day, and LoA were 

±38min/day, with the WrGT9X-Montoye estimating more free-living LPA than the HipGT9X-Sasaki. 

MVPA plots displayed a mean bias of -9 min/day and LoA of ±42min/day. No obvious systematic bias 

was observed between the cut-points measurements for each different activity intensity.  

Table 4.6: ICC value and 95% CI for Sedentary Time, Light Physical Activity and Moderate to Vigorous Physical 

Activity for Aims 1 and 2  

 Aim 1 Aim 2 

 
HipGT9X- Troiano 

vs HipGT9X-Sasaki 

HipGT9X-Troiano vs 

WrGT9X-Montoye 

HipGT9X-Sasaki vs 

WrGT9X-Montoye 

activPAL vs 

HipGT9X-

Troiano 

activPAL vs 

HipGT9X-Sasaki 

activPAL vs 

WrGT9X-

Montoye 

ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI) ICC (95% CI) 

ST  .29 (-.04, .68) .18 (-.04, .53) .74 (.18, .90) .07 (-.05, .28) .20 (-.08, .55) .21 (-.10, .54) 

LPA  .28 (-.08, .65) .02 (-.05, .14) .20 (-.10, .50)          

MVPA .41 (-.03, .78) .21 (-.09, .50) .34 (.01, .61)          

Note: ICC= Intraclass Correlation Coefficient, 95% CI= 95% confidence interval, ST=Sedentary Time, LPA=Light Physical Activity, 

MVPA=Moderate to Vigorous Physical Activity, min/day= minutes per day. 

Aim 2: ActiGraph validity 

Table 4.7 presents the means and SD for ST for HipGT9X-Troiano, HipGT9X-Sasaki, WrGT9X-Montoye 

and activPAL for the n=28 valid participants. Paired samples t-tests revealed the uniaxial HipGT9X-

Troiano hip, triaxial HipGT9X-Sasaki hip, and triaxial WrGT9X-Montoye wrist cut-points all gave 

significantly higher measurements of daily ST compared to the activPAL. The 95% CI for the true 

mean difference were −157.22 to −118.62 min/day, −108.67 to −75.96 min/day, and −95.92 to 

−59.11 min/day for HipGT9X-Troiano, HipGT9X-Sasaki, WrGT9X-Montoye, respectively. The greatest 
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differences from activPAL ST estimates were observed for uniaxial Troiano hip cut-points, and 

smallest for triaxial Montoye wrist cut-points.  

Table 4.7: Means and standard deviations for sedentary time for HipGT9X-Troiano, HipGT9X-Sasaki, WrGT9X-

Montoye and activPAL  

 HipGT9X-Troiano HipGT9X-Sasaki WrGT9X- Montoye activPAL 

ST (min/day) 507.90 (19.27) a 462.30 (25.05) a 447.50 (26.78) a 369.98 (61.02) 

Note: n=28. a = paired-samples t-test results showing significant difference between uniaxial hip (HipGT9X-Troiano), triaxial 
hip (HipGT9X-Sasaki), or triaxial wrist (WrGT9X-Montoye) cut-points with activPAL for measurements of ST (p<.05).  
ST=Sedentary Time, min/day= minutes per day.  

Pearsons correlation analysis (Table 4.5) revealed significant correlations between ST quantified with 

all GT9X device placement and corresponding cut-points with activPAL estimates of ST (r= .67 to .84). 

However, ICCs demonstrated no to low agreement, with ICCs of .07, .20, and .21 for the HipGT9X-

Troiano, HipGT9X-Sasaki, and WrGT9X-Montoye, respectively (Table 4.6). 

Bland-Altman plots for the different GT9X cut-points plotted against the activPAL for estimates of ST 

can be visualised in Figures 4.7a, 4.7b and 4.7c. In brief, plots illustrate that all GT9X cut-points 

estimated consistently greater amount of ST compared to the activPAL. Some systematic bias was 

also present, with greater agreement between accelerometers at higher measurements of ST. 

Specifically, for the uniaxial HipGT9X-Troiano hip cut-points, plots demonstrated a mean bias of 

139min/day and ±96min/day LoA (Figure 4.7a). The triaxial HipGT9X-Sasaki hip cut-points had a 

mean bias of 93min/day and LoA within ±82min/day (Figure 4.7b). Finally, the triaxial WrGT9X-

Montoye wrist cut-points displayed a mean bias of 78min/day and LoA within ±93min/day (Figure 

4.7c). 
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4.4a.) ST agreement between HipGT9X-Troiano and HipGT9X-Sasaki 

4.4b.) LPA agreement between HipGT9X-Troiano and HipGT9X-Sasaki 

4.4c.) MVPA agreement between HipGT9X-Troiano and HipGT9X-Sasaki 

Figure 4.4: Bland Altman plots showing differences between HipGT9X-Troiano and HipGT9X-Sasaki for a.) 

Sedentary Time; b.) Light Physical Activity, and c.) Moderate to Vigorous Physical Activity  

Note: HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical 
Activity, MVPA= Moderate to Vigorous Physical Activity, min/day= minutes per day, Solid line= mean difference/bias between the 
two accelerometers, dashed lines= 95% limits of agreement (LoA) 
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4.5a.) ST agreement between HipGT9X-Troiano and WrGT9X-Montoye 

4.5b.) LPA agreement between HipGT9X-Troiano and WrGT9X-Montoye 

4.5c.) MVPA agreement between HipGT9X-Troiano and WrGT9X-Montoye 

Figure 4.5: Bland Altman plots showing differences between HipGT9X-Troiano and WrGT9X-Montoye for: a.) 

Sedentary Time; b.) Light Physical Activity, and c.) Moderate to Vigorous Physical Activity  
Note: HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical 

Activity, MVPA= Moderate to Vigorous Physical Activity, min/day= minutes per day, Solid line= mean difference/bias between the two 

accelerometers, dashed lines= 95% limits of agreement (LoA) 

 



 

168 
 

4.6a.) ST agreement between HipGT9X-Sasaki and WrGT9X-Montoye 

4.6b.) LPA agreement between HipGT9X-Sasaki and WrGT9X-Montoye 

4.6c.) MVPA agreement between HipGT9X-Sasaki and WrGT9X-Montoye 

Figure 4.6: Bland Altman plots showing differences between HipGT9X-Sasaki and WrGT9X-Montoye for: a.) Sedentary 

Time; b.) Light Physical Activity, and c.) Moderate to Vigorous Physical Activity  
Note: HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, LPA= Light intensity Physical Activity, 

MVPA= Moderate to Vigorous Physical Activity, min/day= minutes per day, Solid line= mean difference/bias between the two 

accelerometers, dashed lines= 95% limits of agreement (LoA) 
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4.7a.) ST agreement between HipGT9X-Troiano and activPAL 

4.7b.) ST agreement between HipGT9X-Sasaki and activPAL 

4.7c.) ST agreement between WrGT9X-Montoye and activPAL 

Figure 4.7: Bland Altman plots showing differences between a.) HipGT9X-Troiano; b.) HipGT9X-Sasaki and c.) 

WrGT9X-Montoye with activPAL for Sedentary Time (Aim 2) 
Note: HipGT3X= hip-worn ActiGraph GT3X, HipGT9X= hip-worn ActiGraph GT9X, ST= Sedentary Time, Solid line= mean difference/bias 

between the two accelerometers, dashed lines= 95% limits of agreement (LoA) 
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Discussion 

The purpose of this study was to compare the estimates of PA and ST according to data capture 

methods (i.e., cut-points applied) and device placement (i.e., hip or wrist placement). In addition this 

study assessed the validity of these data capture methods and device placements for assessment of 

ST, compared to the activPAL. 

Aim 1: ActiGraph comparability 

This study found significant differences between estimates of PA and ST when either the uniaxial 

Troiano or triaxial Sasaki hip cut-points were applied to the hip-worn GT9X data. In addition, 

significant differences were displayed between PA measurements from uniaxial Troiano hip and 

triaxial Montoye wrist cut-points. These findings are in agreement with study hypotheses, and were 

confirmed by ICCs and Bland-Altman plots displaying low agreement and substantial bias between 

activity estimates from the triaxial vs uniaxial, and wrist vs hip cut-points. The particular lack of 

agreement between uniaxial with triaxial cut-points in this study strongly suggest that triaxial and 

uniaxial cut-points generate significantly different estimates of PA, and should not be compared or 

used interchangeably within or between studies. This is particularly important when we consider the 

vast amount of studies which compare their data acquired with triaxial accelerometers and analysed 

with corresponding triaxial cut-points, with epidemiological datasets often employing uniaxial 

accelerometers and analytical procedures to quantify PA and ST (e.g., NHANES,(Matthews et al., 

2008)) (Duncan et al., 2020; Koster et al., 2016; O'Brien et al., 2020).  

In this study, the triaxial cut-points (Sasaki and Montoye) generated lower estimates of ST and higher 

estimates of LPA and MVPA than the uniaxial (Troiano) cut-points. This agrees with hypotheses based 

on previous studies of children, adults and older adults, reporting lower levels of ST and higher levels 

of LPA and MVPA quantified when using triaxial cut-points, compared to uniaxial cut-points (Kozey-
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Keadle et al., 2014; Leeger-Aschmann et al., 2019; Luzak et al., 2017; Sagelv et al., 2019). Considering 

the relative accuracy of PA and ST measured by uniaxial vs triaxial accelerometers, research suggests 

the additional information available from 3 axes of data in triaxial cut-points may increase the 

accuracy of accelerometer outputs (Kozey-Keadle et al., 2014). Specifically, it is proposed that the 

higher levels of LPA and MVPA captured by triaxial accelerometers is due to higher acceleration 

estimates for Z (forward-backward) and X (left-right) axes (Kozey-Keadle et al., 2014; Leeger-

Aschmann et al., 2019). As such, cut-points which only use vertical axis data (uniaxial) may not be 

valid tools to categorise certain behaviours and activities involving movement in 3 dimensions in all 

population groups (Leeger-Aschmann et al., 2019; Sasaki et al., 2011). However, additional research 

is needed to provide a consensus on the optimal methods and common approach to analyse PA from 

accelerometers. Given that uniaxial Troiano et al. (2008) cut-points are widely used in 

epidemiological research (Matthews et al., 2008), this does not emphatically imply that these cut-

points are therefore valid and reliable for application to all models of accelerometer, worn at any 

placement site.  

Regarding the comparability of the hip (Sasaki) vs wrist (Montoye) triaxial cut-points, my results 

displayed acceptable correlations. These were not all transferred to ICCs, which demonstrated low 

agreement for LPA and MVPA and moderate agreement for ST. In addition, Bland Altman plots 

demonstrated that triaxial Montoye wrist cut-points estimated less time spent in ST and MVPA and 

greater amount of LPA compared to the triaxial Sasaki hip cut-points. Study hypotheses were that 

significant differences between cut-points would be visualised, but the direction of these differences 

was unknown due to the fact that these cut-points have not been widely used or validated in 

multiple populations. For example, validation of the Montoye wrist cut-points involved a small 

sample of participants of various ages, wearing accelerometers for a short period of time (up to 8 

hours) (Montoye et al., 2020). The results of this study agree with hypotheses and extend current 

knowledge on the comparability and differences between accelerometer wrist vs hip cut-points. This 
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limits generalisability of their findings, as validation may not have reflected all activities of daily life 

or captured habitual activity patterns (Montoye et al., 2020). Although triaxial Sasaki hip GT9X cut-

points have been more widely used as a comparator or criterion in cut-point validation studies 

(Santos-Lozano et al., 2013), they were designed specifically for the ActiGraph GT3X model worn on 

the hip. Recent research has indicated that cut-points are device-dependent (Rhudy et al., 2020; 

Sasaki et al., 2011). So this suggest the Sasaki, Montoye, and Troiano cut-points may not be 

appropriate for different ActiGraph devices to the ones they were specifically designed for. 

Application of cut-points to different devices or placement sites could potentially lead to activity 

misclassification (Rhudy et al., 2020). As there are significant limitations in the design, validation and 

use of each of these cut-points, further research is required to elucidate and recognise the optimal 

cut-points for each ActiGraph model and placement site. Only then can comparisons between studies 

using these cut-points applied to accelerometers be deemed valid. Furthermore, caution should be 

applied when comparing PA intensity data between studies involving different accelerometer cut-

points, even if placement site and the make and model of accelerometer used are the same (Loprinzi 

& Smith, 2017).   

Aim 2: ActiGraph validity 

With regards to the validity of the different GT9X cut-points for estimating ST, these results 

demonstrated no to low agreement with the activPAL for all cut-points. The uniaxial Troiano hip, 

triaxial Sasaki hip and triaxial Montoye wrist cut-points all significantly overestimated ST compared 

to the activPAL, in agreement with the study hypotheses. However, greater agreement for all cut-

points was visualised where participants had recorded higher daily ST (Figures 4.7a, 4.7b, and 4.7c). 

Growing research has recognised that many accelerometer hip cut-points are too high, and thus 

misclassify standing time as ST (Aguilar-Farías et al., 2014; Koster et al., 2016). However, to my 

knowledge, no previous studies have assessed the validity of new triaxial Sasaki hip and Montoye 
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wrist cut-points, and compared their validity with uniaxial Troiano hip cut-points, for estimates of ST 

in a free-living setting, compared to the activPAL.  

In this study, the widely used uniaxial Troiano hip cut-points resulted in the hip-worn monitors 

overestimating daily ST by over 2 hours compared with the activPAL. My finding that triaxial Sasaki 

hip cut-points had greater agreement with the activPAL than uniaxial Troiano cut-points agrees with 

previous research by Koster et al. (2016). Studies have indicated that the Troiano ST cut-points 

(<100cpm) are too high to reliably assess ST, with an alternative cut-point for ST for the vertical axis 

suggested as <22cpm or <25cpm (Aguilar-Farías et al., 2014; Koster et al., 2016). In comparison, 

triaxial hip cut-points have demonstrated greater specificity and sensitivity at measuring ST 

compared to uniaxial hip cut-points (Koster et al., 2016). Furthermore, as triaxial Sasaki hip cut-points 

for ST (<150cpm) displayed greater agreement with activPAL in this study, relative to the uniaxial 

Troiano cut-points, but still overestimated ST, this indicates that future research should concentrate 

on elucidating optimal triaxial cut-points to reliably assess ST.  

Both the triaxial Sasaki hip and Montoye wrist cut-points gave similar estimates of daily ST in this 

study, despite both showing low agreement with the activPAL. The triaxial Montoye wrist ST cut-

points (<2860cpm) were higher than other published triaxial cut-points developed on the non-

dominant wrist, which have previously shown high agreement with the activPAL ((Koster et al., 2016) 

(<1853cpm)). However Koster et al. (2016) cut-points were developed for a previous ActiGraph 

model. As far as we are aware, the Montoye cut-points are the first triaxial ST cut-points developed 

specifically for the wrist-worn GT9X. Although they significantly overestimated ST compared to the 

activPAL, they have not been widely used in research. In addition, they were validated in a small 

sample of participants and aims of the validation study were to develop cut-points primarily for PA 

estimation, not for assessing ST (Montoye et al., 2020). Previous findings have concluded that cut-

points need to be age group, axis and epoch length specific (Aguilar-Farías et al., 2014; Leeger-
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Aschmann et al., 2019). Therefore, future research should refine current or develop new triaxial ST 

cut-points for wrist- and hip-worn GT9X accelerometers in order to give valid assessments of SB. 

Limitations 

This study was not without limitations. The initial sample size of n=37 was relatively small, with n=7 

and n=9 participants data excluded for Aims 1 and 2, respectively. Future validation and 

comparability studies should aim to recruit larger numbers of participants in order to ensure 

sufficient power for statistical analysis employed herein. In addition, participants were young, 

healthy adults, with no disabilities or walking difficulties. This was due to this population matching 

those used to develop the Montoye, Troiano and Sasaki cut-points. Therefore, the results of this 

study can only be applied to healthy adult populations, and additional research is required to 

establish the validity and comparability of these cut-points and this protocol among people of 

different age groups, and patient or diseased populations.  

As the focus of this thesis is on people with RA, it is important to consider the implications of these 

findings in this population. A large number of accelerometer studies in people with RA use the 

existing Troiano uniaxial hip cut-points (Fenton et al., 2020b; Pinto et al., 2020a; Summers et al., 

2019), and only recently have RA-specific cut-points been developed, validated and shown to be 

superior to Troiano cut-points for estimation of PA and ST (O'Brien et al., 2020). Findings from this 

chapter emphasise the need for wear site and accelerometer model specific cut-points in healthy 

adults alone, and this may also be the case in other clinical populations, such as RA. Therefore, I 

recommend the need for caution when applying existing cut-points to accelerometers, and validity 

and reliability should be ensured before use in each different population. As my findings indicate cut-

points should be designed and validated for every population, wear site and accelerometer model of 

interest, perhaps other methods of accelerometer data processing, such as using raw accelerometer 

data may be a more feasible and viable alternative (Rowlands et al., 2018).  
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Conclusion 

To conclude, estimates of PA and ST quantified by ActiGraph GT9X accelerometers are not 

comparable where different protocols for data capture (uniaxial vs triaxial) and device placement 

(hip vs wrist) are employed. This is the case even where placement specific triaxial cut-points are 

used. Secondly, these cut-points displayed poor validity at assessing free-living ST, compared to the 

activPAL. Results of this study highlight the importance of acknowledging that PA and ST outcomes 

reported in studies are perhaps an artefact of the protocol and analytical decisions employed in 

analysing accelerometer data. Finally, further research is needed to adjust current or develop new ST 

cut-points for the hip- and wrist-worn GT9X using triaxial data, in order for the ActiGraph GT9X to 

provide valid assessments of free-living SB. 
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Findings from Chapters 2, 3 and 4 

Rheumatoid Arthritis (RA) is an autoimmune disease, characterised by high-grade systemic 

inflammation (Testa et al., 2021). Symptoms include joint pain, fatigue, poor mental health and 

psychological wellbeing, and these can further lead to severe functional impairment and disability 

(Smolen et al., 2016; Testa et al., 2021). In this thesis, there is a focus on core patient- and clinician-

important health outcomes, defined by Outcome Measures in Rheumatoid Arthritis Clinical Trials 

(OMERACT): pain, disease activity, functional disability, fatigue, depression, anxiety, subjective 

vitality and quality of life (Bartlett et al., 2012; Boers et al., 1994; Kirwan et al., 2007; Van Tuyl & 

Boers, 2015). 

Physical activity (PA) has been advocated by the European Alliance of Associations for Rheumatology 

(EULAR) and American College of Rheumatology (ACR) for people with RA to manage these core 

OMERACT outcomes (Rausch-Osthoff et al., 2018). The majority of previous intervention studies 

conducted in participants with RA explored the effects of exercise or moderate to vigorous intensity 

PA (MVPA). However, RA-related symptoms, such as pain, fatigue and poor functional ability, are 

frequently reported as barriers to MVPA (Veldhuijzen Van Zanten et al., 2015). Therefore, recent 

intervention studies have explored the effects of increasing overall PA and reducing sedentary 

behaviour (SB) via interventions which aim to incorporate more PA into daily life (Swardh et al., 

2020). This approach targets lifestyle PA, which may be more feasible for people with RA. Lifestyle PA 

interventions can include increasing engagement in all activities of daily living, incidental PA, or 

walking. In addition, reducing SB can also result in increased lifestyle PA, as less time spent sitting will 

result in increased total PA (Thomsen et al., 2017).  

Therefore, Chapter 2 of this thesis describes a systematic review and meta-analysis conducted to 

assess the efficacy of existing lifestyle PA and SB interventions at increasing PA, reducing SB, and 

improving OMERACT patient- and clinician-important health outcomes in people with RA. A total of 
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n=16 interventions were included in this review, and results revealed significant positive effects of 

interventions on disease activity, functional ability, fatigue, depression, leisure/light intensity PA, 

steps, MVPA and sedentary time. However, interventions were particularly heterogeneous with 

regards to measurement tools and outcomes assessed. In addition, only 1 SB intervention was 

identified, in which baseline differences in daily sitting time, pain and fatigue were observed 

between the intervention and control groups (Thomsen et al., 2017).  

Research investigating the links between lifestyle PA and SB with OMERACT patient- and clinician-

important health outcomes in people with RA is still in its infancy. Currently, few cross-sectional 

studies have assessed associations between different dimensions and elements of PA and SB (i.e., 

FITT, SITT) with these health outcomes. One of the conclusions of this review was that a greater 

number of cross-sectional and longitudinal studies, using validated and reliable measurement tools, 

are needed in people with RA. This will enable a greater understanding of the nuances of 

relationships between different dimensions of PA and SB with RA-related health. In addition, the 

majority of studies included in the systematic review used self-report measures of PA and SB, and 

single-item measures for health outcomes, such as pain. Therefore, as part of Chapter 3 and 4 of this 

thesis, this limitation was addressed. This involved assessment of the reliability and comparability of 

multidimensional psychophysical measurement methods of pain, and device-based measures of PA 

and SB.  

In detail, Chapter 3 involved a study assessing the test-retest and inter-rater reliability of 3 modalities 

of Quantitative Sensory Testing (QST) in a sample of RA, as well as healthy participants and 

individuals with chronic lower back pain (LBP). Findings revealed that a protocol consisting of 

pressure-pain threshold (PPT), temporal summation (TS) and conditioned pain modulation (CPM) 

modalities can reliably be conducted on the forearm or leg by the three study raters involved in the 

research in healthy people and individuals with RA and LBP.  
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Chapter 4 provides details of a study assessing the comparability of free-living PA and sedentary time 

estimations obtained from application of different data capture methods and placement sites of the 

ActiGraph GT9X accelerometer in a sample of healthy participants. The hip- and wrist-worn GT9X 

accelerometers, with different cut-points applied, were also validated against the activPAL™ for 

assessments of sedentary time as a secondary aim. Conclusions indicated excellent agreement and 

little difference in sedentary time and PA measurements between GT9X and GT3X ActiGraph 

accelerometers when devices were attached to the same body site, and identical data capture 

methods were applied (Chapter 4 prelude). In addition, hip- and wrist-worn GT9X accelerometers 

demonstrated poor validity for quantifying sedentary time, compared to the activPAL (Chapter 4 Aim 

2). It can therefore be reasonably assumed that the GT9X can be reliably used to assess free-living PA 

in populations where the GT3X has been previously validated, such as people with RA (O'Brien et al., 

2020). Moreover, as the activPAL has been validated for assessment of free-living sedentary time in 

people with RA (O'Brien et al., 2020), Chapter 4 results indicate that the activPAL and the ActiGraph 

GT9X can be used to quantify free-living sedentary time and PA, respectively, in people with RA.  

As results of Chapter 3 and 4 demonstrate that QST and accelerometers are reliable, they can 

therefore be used in future cross-sectional, longitudinal and intervention studies. Although there is 

some evidence of a link between lifestyle PA and SB with health in people with RA (Fenton et al., 

2018b; Khoja et al., 2016; O'Brien et al., 2021; O'Leary et al., 2021; Veldhuijzen Van Zanten et al., 

2020), associations between lifestyle PA and SB with core OMERACT outcomes need further 

exploration before the development of further interventions. To my knowledge, relationships 

between different dimensions (i.e., types and intensities) of PA (e.g., light intensity PA (LPA), MVPA, 

lifestyle PA) and SB with OMERACT outcomes have not been extensively investigated through large-

scale longitudinal research in people with RA (O'Brien et al., 2021). Therefore, it is essential to collect 

further high-quality evidence to further understand the links between PA and SB with health in this 

population. 
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The results of methodological chapters of this thesis (Chapters 2, 3 and 4) were to inform the 

methods and design of a longitudinal study (Figure 5.2). Specifically, the QST modalities, ActiGraph 

GT9X and activPAL, used as part of Chapters 3 and 4, would be further used to assess pain outcomes 

and PA and SB, respectively, as part of this planned longitudinal study. This would add to the existing 

body of research assessing the links between different dimensions of PA (i.e., LPA, MVPA, lifestyle 

PA) and SB with pain and other core OMERACT outcomes in people with RA. This study would have 

also added the unique dimension of assessing multiple mechanisms involved in RA-related pain 

(through QST) and had accurate device-based measures of PA and SB (through the ActiGraph GT9X 

and activPAL). In addition, by conducting data-prompted interviews as part of this longitudinal study, 

qualitative data would aid to further increase the understanding of the key determinants, facilitators 

and barriers people with RA experience to PA and SB.  

Therefore, major aims (introduction aims 4 and 5) of the next study were: 

1. To conduct a large-scale longitudinal observational study to assess the presence and 

magnitude of relationships between ActiGraph GT9X-assessed dimensions of PA (i.e., LPA, 

MVPA, lifestyle PA) and activPAL-assessed SB with QST-assessed pain and other OMERACT 

patient- and clinician-important health outcomes in people with RA. 

2. To conduct data-prompted interviews as part of this longitudinal study, to understand the 

determinants, facilitators and barriers to PA and SB for people with RA.  

3. To use the quantitative and qualitative data from the longitudinal study, to design and 

compare the initial feasibility of two interventions targeting; 1) increasing MVPA through 

structured exercise vs 2) increasing total PA through increasing lifestyle PA and reducing SB. 
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Planned Longitudinal Study  

Briefly, the methods and protocol of the planned longitudinal study involved recruitment of patients 

with RA from Rheumatology outpatient clinics at Russells Hall Hospital (RHH), Dudley Group NHS 

Trust, Birmingham. Participants would be asked to visit the Clinical Research Unit at RHH on 4 

occasions/visits over the 6-7 month study period, for completion of 2 study weeks (see Figure 5.1 for 

a timeline of visits). Each study week would take place over 7 days, and occur 6 months apart. During 

Visits 1 and 3, patients would be asked to complete a pack of validated self-report questionnaires 

assessing the following OMERACT patient- and clinician-important health outcomes: pain, fatigue, 

functional ability, sleep, quality of life, mental health and psychological wellbeing and motivation. 

The researcher conducting the study (Sophia Brady) would also conduct PPT, TS and CPM QST 

assessments (validated as part of Chapter 3), take a fasted blood sample, measure resting blood 

pressure, disease activity (using the DAS28), height, weight and body composition. In addition, the 

20-metre timed walk test would be assessed, as an additional measure of functional ability. 

At the end of Visits 1 and 3, participants would then be asked to wear 1 x hip-worn ActiGraph GT9X 

and 1 x thigh-worn activPAL for 7 days, to obtain device-based measures of PA and SB, respectively 

(validated as part of Chapter 4). ActiGraph-measured PA data would be used to quantify frequency, 

intensity and duration of PA (i.e., FITT components), including total PA accumulated as part of daily 

Figure 5.1: Timeline of visits to Russells Hall Hospital as part of the longitudinal study 
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life (i.e., lifestyle PA, accrued through activities of daily living, incidental PA etc.). In addition, 

participants would be given a PA diary and log book in order to give details about accelerometer 

wear and non-wear periods, and provide context for researcher interpretation of PA participation. A 

member of the research teamwould fit the monitors and provide instructions on how to wear them.  

A week later, during Visits 2 and 4 (Figure 5.1), participants would be asked to return accelerometers 

and to complete questionnaires asking about pain and fatigue over the past 7 days (i.e., the days 

they were wearing devices). As part of Visit 2 and 4, data prompted interviews would be conducted 

with participants to discuss facilitators, barriers and participation in different dimensions of PA and 

SB. Qualitative research exploring how lifestyle PA and SB is experienced and performed in this 

specific population is scarce (Thomsen et al., 2015). In order for future lifestyle PA or SB 

interventions to be effectively designed, qualitative data is needed to give an in-depth understanding 

of the personal and specific determinants, barriers and facilitators towards PA and SB in individuals 

with RA (Larkin et al., 2017; Thomsen et al., 2015; Veldhuijzen Van Zanten et al., 2015). In this study, 

qualitative interviews would involve people living with RA being shown their activPAL data from the 

study week in order to prompt discussions and stimulate conversations regarding their experience of 

PA and SB, and the factors which influence their participation in these activities. Specifically, data 

prompted interviews would explore their perceived facilitators and barriers to increasing PA and/or 

reducing SB, with a focus on different types and intensities of PA (i.e., structured exercise, LPA, 

MVPA, lifestyle PA) and SB. 

Repeating Visits 1 and 2 after 6 months (i.e. Visits 3 and 4) would allow for sufficient time to observe 

natural changes in behaviours and health outcomes. This is needed in order to detect relationships 

over time between PA and SB with OMERACT patient- and clinician-important outcomes in RA. The 

data gathered through results of the longitudinal observational study and associated qualitative 

research were intended to inform the design of subsequent interventions targeting; 1) increasing 
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MVPA through structured exercise; and 2) increasing total PA through increasing lifestyle PA and 

reducing SB. These interventions would be evaluated in terms of; 1) their feasibility and acceptability 

to patients; 2) their potential for improving OMERACT patient- and clinician-important outcomes. 

Recruitment for the longitudinal study began in March 2020, and was due to be completed by the 

end of 2020. We were able to successfully recruit and complete Visit 1 and 2 assessments on 1 

participant. However, due to the COVID-19 pandemic, this longitudinal study could not continue as 

planned. Restrictions were placed on day to day life, with people only allowed to leave their house 

for basic necessities, daily exercise, and for essential hospital visits. The meant that all non-COVID-

related clinical research was halted throughout 2020, with further lockdowns restricting research in 

2021. Therefore, the longitudinal research study previously described as the main experimental 

chapter as part of this thesis, was unable to proceed (Figure 5.2).  

As the main aims of this longitudinal study were to assess relationships between different 

dimensions of PA (i.e., LPA, MVPA, lifestyle PA) and SB with core OMERACT outcomes using 

quantitative and qualitative research methods, by adjusting measurement tools, a similar study was 

able to be undertaken. Using self-report measurement methods, an online cross-sectional study was 

conducted to assess the links between different dimensions of PA (non-exercise LPA, exercise and 

walking) and SB with pain, fatigue, anxious and depressive symptoms and subjective vitality, and the 

impact of COVID-19 on these associations. The next chapter of this thesis (Chapter 6) presents a 

study conducted in patients with RA during the COVID-19 pandemic. 
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Chapter 4: Comparability of triaxial and uniaxial cut-

points and wrist and hip placement of the ActiGraph 

GT9X for assessing free-living physical activity and 
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outcomes in Rheumatoid Arthritis: A systematic 

review with meta-analysis 

Chapter 3: The inter-rater and test-retest reliability of 

three modalities of Quantitative Sensory Testing in 
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pain or Rheumatoid Arthritis 
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activity and sedentary behaviour with core 
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COVID-19 
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Chapter 6: Different types of physical 

activity are positively associated with 

indicators of mental health and 
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Rheumatoid Arthritis during COVID-

19  

Figure 5.2: Flowchart of experimental chapters as part of this thesis 
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Abstract 

Nationwide lockdowns during SARS-CoV-2 (COVID-19) can compromise mental health and 

psychological wellbeing and limit opportunities for physical activity (PA), particularly in clinical 

populations, such as people with rheumatoid arthritis (RA), who are considered at risk for COVID-19 

complications. This study aimed to investigate associations between PA and sedentary time (ST) with 

indicators of mental health and wellbeing in RA during COVID-19 lockdown, and examine the 

moderation effects of self-isolating. N=345 RA patients completed an online questionnaire measuring 

PA (NIH-AARP Diet and Health Study Questionnaire), ST (International Physical Activity 

Questionnaire-Short Form), pain (McGill Pain Questionnaire and Visual Analogue Scale), fatigue 

(Multidimensional Fatigue Inventory), depressive and anxious symptoms (Hospital Anxiety and 

Depression Scale), and vitality (Subjective Vitality Scale) during the United Kingdom COVID-19 

lockdown. Associations between PA and ST with mental health and wellbeing were examined using 

hierarchical multiple linear regressions. Light intensity PA (LPA) was significantly negatively 

associated with mental fatigue (β = − .11), depressive symptoms (β = − .14), and positively with 

vitality (β = .13). Walking was negatively related to physical fatigue (β = − .11) and depressive 

symptoms (β = − .12) and positively with vitality (β = .15). Exercise was negatively associated with 

physical (β = − .19) and general (β = − .12) fatigue and depressive symptoms (β = − .09). ST was 

positively associated with physical fatigue (β = .19). Moderation analyses showed that LPA was 

related to lower mental fatigue and better vitality in people not self-isolating, and walking with lower 

physical fatigue in people self-isolating. These findings show the importance of encouraging PA for 

people with RA during a lockdown period for mental health and wellbeing. 

 

Keywords:  Physical activity · Sedentary behaviour · Mental health · COVID-19 · Self-isolation · 

Rheumatoid arthritis  
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Introduction 

SARS-CoV-2 (COVID-19) has been declared a pandemic by the World Health Organisation (WHO) 

(WHO, 2020a). Unprecedented nationwide restrictions were put in place to limit the spread of the 

virus. In the United Kingdom (UK), the general population was instructed to only leave their home for 

basic necessities (i.e., food shopping, medical treatment), essential work that could not be carried 

out at home, and once a day for exercise. People considered at increased risk of serious 

complications following infection were advised to “self-isolate” (i.e., limit outside contact and not 

leave their homes). One such at risk population is Rheumatoid Arthritis (RA), which is an autoimmune 

disease characterised by inflammation, pain, fatigue, and poor mental health, and commonly 

managed by immunosuppressive therapies (Katz, 2017b; Matcham et al., 2013; Smolen et al., 2016; 

Uhlig et al., 2014). Whilst restrictions were deemed necessary to contain the spread of the virus, they 

can negatively impact mental health and psychological wellbeing (Brooks et al., 2020), as well as 

behaviours which can support mental health and wellbeing such as physical activity (PA) and 

sedentary behaviour (Veldhuijzen Van Zanten et al., 2020).  

High levels of anxiety, depression and stress have been reported in the general population during 

COVID-19 restrictions (Harper et al., 2020; Huang & Zhao, 2020; Lai et al., 2020; Rodriguez-Rey et al., 

2020). In people living with rheumatic diseases, a United States study reported difficulty managing 

negative emotions, perceived increased risk of being infected, and reduced access to healthcare and 

medications during this pandemic (Michaud et al., 2020). Such COVID-19-related concerns have been 

associated with poor mental health and compromised psychological wellbeing in the general 

population (Harper et al., 2020; Rodriguez-Rey et al., 2020). As the mental health impact of COVID-19 

is even greater in those self-isolating (Brooks et al., 2020; Meyer et al., 2020), people living with RA, a 

population already at risk of compromised mental health (Fiest et al., 2017), may be at even greater 

risk of adverse psychological impact (Veldhuijzen Van Zanten et al., 2020). Indeed, negative 



 

188 
 

consequences of COVID-19 on mental health has been reported in 73% participants with rheumatic 

diseases (Ziade et al., 2020). Therefore, identifying factors that could positively impact mental health 

during the COVID-19 pandemic is critical for establishing effective management to attenuate the 

negative impact of this pandemic on wellbeing. 

In the general population, PA is positively associated with indicators of mental health and 

psychological wellbeing and reductions in PA are associated with negative mental health during 

COVID-19 (Meyer et al., 2020). In RA, PA is related to reduced anxiety, depression, fatigue, pain and 

increased vitality (Chekroud et al., 2018; Kelley et al., 2015; Rongen-van Dartel et al., 2015; Rouse et 

al., 2015; Stenstrom, 1994). However, COVID-19 lockdown has restricted opportunities for PA, and 

not surprisingly, lower PA and increased screen time have been reported (Meyer et al., 2020; Pépin 

et al., 2020). This may pose a significant risk for the mental health and psychological wellbeing of 

those who are already at risk of low levels of PA and high levels of sedentary behaviour (i.e., waking 

activities involving sitting/lying and energy expenditure ≤1.5 metabolic equivalents), such as people 

with RA (Fenton & Kitas, 2016). Indeed, during COVID-19, people with rheumatic diseases reported 

challenges to being active (Michaud et al., 2020), and reductions in PA and increased sedentary time 

(ST) have been reported in RA (Pinto et al., 2020b), which could further worsen mental health and 

wellbeing (Fenton et al., 2018a). 

Emerging evidence during COVID-19 emphasises the benefits of PA for mental health in the general 

population (Lesser & Nienhuis, 2020; Rodriguez-Rey et al., 2020; Zhang et al., 2020). However, 

associations between PA, mental health, and psychological wellbeing during COVID-19 have not been 

investigated in RA. The aims of this study were to 1) explore the associations between PA and ST with 

indicators of mental health and wellbeing in RA during COVID-19; and 2) examine the impact of self-

isolation on these associations.  
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Methods 

Participants 

People with RA were recruited through social media of the National Rheumatoid Arthritis Society 

(NRAS) in the UK. Inclusion criteria were a self-reported clinical diagnosis of RA and aged ≥ 18 years. 

Ethical approval was obtained from the University of Birmingham ethics committee (ERN_20-0475). 

Participants were given an information sheet, provided informed consent, and completed the online 

questionnaire between April 8 − April 30 2020, when the most stringent lockdown restrictions 

applied in the UK.  

Patient and Public Involvement 

This online questionnaire was developed in collaboration with NRAS.   

Measures 

Physical Activity and Sedentary Behaviour  

PA was assessed using the National Institutes of Health-American Association of Retired Persons 

(NIH-AARP) Diet and Health Study questionnaire to record participation in different types of PA 

(Gierach et al., 2009). Participants were asked to indicate how much time they had spent during the 

last 7 days in 3 PA types: 1) light intensity PA (LPA) (e.g., cooking, laundry), 2) walking, and 3) exercise 

(e.g., tennis, cycling). Items were scored using a categorical scale with response options from “none” 

to “≥ 10 hours”. Sedentary behaviour was assessed using the International Physical Activity 

Questionnaire-Short Form (IPAQ-SF), which comprises 2 questions. Participants are asked “during the 

last 7 days, how much time did you spend sitting on a”…. 1) weekday and 2) weekend day, to 

calculate overall weekly ST. Both questionnaires are reliable and valid measures of PA and ST in older 

adults (Cleland et al., 2018; Gierach et al., 2009). 
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Pain 

Pain experienced during the past week was assessed with the McGill Pain Questionnaire (MPQ), 

comprising 15 pain descriptors (e.g., “throbbing”, “tender”) on a scale from 0 (none) to 3 (severe) 

(Melzack, 1987). Participants were also asked to rate last week’s pain on a visual analogue scale 

(VAS), from 0 (no pain) to 10 (worst imaginable pain) (Scott & Huskisson, 1976). The MPQ 

demonstrated good internal reliability in this study (Cronbach α=.92), and the MPQ and VAS have 

been validated in RA (Van Lankveld et al., 1992). 

Fatigue  

Fatigue during the past week was assessed using the Multidimensional Fatigue Inventory (MFI) 

reflecting physical, mental and general fatigue (4 items each), rated on a scale from 1 (no, that’s not 

true) to 5 (yes, that’s true) (Smets et al., 1995). MFI is a validated fatigue measure used in RA, with 

good internal reliability in this study (physical: α=.78, mental: α=.86, general: α=.73) (Rupp et al., 

2004). 

Anxious and Depressive Symptoms 

Anxious (7 items) and depressive (7 items) symptoms during the past week were measured using the 

Hospital Anxiety and Depression Scale (HADS) (Zigmond & Snaith, 1983). Participants were asked to 

indicate their agreement (on a scale from 0 to 3) with each statement (e.g., “I feel tense or ‘wound-

up’”). The HADS has previously shown good validity (Covic et al., 2009), and good internal reliability 

(anxious symptoms: α=.87, depressive symptoms: α=.83) in this study. 

Subjective Vitality 

Vitality, a measure of positive wellbeing, experienced during the past week was measured using the 

Subjective Vitality Scale (SVS) (Ryan & Frederick, 1997). Participants were asked to rate 6 statements 

(e.g., “I’ve been feeling energised”) on a scale from 1 (not at all true) to 7 (very true). The SVS 

demonstrates good reliability in this study (α=.88), and has been validated in RA (Rouse et al., 2015). 
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Functional Disability 

Participants’ functional disability was determined using the Stanford Health Assessment 

Questionnaire disability index (HAQ-DI), comprising 8 subscales each reflecting an activity of daily 

living (i.e., dressing, rising, eating, walking, hygiene, grip, reach and activities) (Kirwan & Reeback, 

1986). Participants were asked to rate their ability to perform specific activities (e.g., “open car 

doors”) on a scale from “without any difficulty” to “unable to do”, and indicate if they used 

aids/devices for each activity. An overall disability index score is calculated as an average of the 8 

subscales. A higher score represents higher functional disability.  

General COVID-19 Concern 

Concerns regarding COVID-19 were measured as the extent to which participants were apprehensive 

about 1) testing positive for COVID-19, 2) a family member testing positive for COVID-19, and 3) not 

being able to receive arthritis-related medical care. Each item was scored on a scale from 1 (not 

concerned at all) to 5 (very concerned), and the average was calculated.   

COVID-19 Living 

COVID-19 Living reflected living circumstances during COVID-19, which included “self-isolating at 

home” (i.e., not leaving the house due to medical recommendation (i.e., shielding) or personal 

concern) and “not self-isolating” (i.e., leaving the house for basic necessities, exercise, and/or work).    

Data Reduction and Statistical Analysis 

Data were analysed using IBM Statistical Package for the Social Sciences (SPSS) Version 26 and 

checked for normality using the Kolmogorov-Smirnov test. Independent variables were PA types 

(LPA, walking and exercise) and ST. Dependent variables were indicators of mental health and 

psychological wellbeing (i.e., pain (MPQ and VAS), physical, mental and general fatigue, anxious 

symptoms, depressive symptoms and vitality). Covariates were age, gender, functional disability, 
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living alone/with others, education and general COVID-19 concern, all with known associations with 

dependent variables in RA. The moderator variable was COVID-19 living.  

N=408 participants provided complete data for PA and ST. Participants were excluded due to 

implausible ST (>18hours/day (Loppenthin & Esbensen, 2015), n=26), missing covariate (n=8) or 

moderator data (n=6). For the dependent variables, missing data were imputed using the expectation 

maximisation method where participants were missing one item of a questionnaire (MPQ: n=24; MFI: 

n=15; HADS: n=1; SVS: n=1). Participants with >1 missing value per questionnaire were excluded 

(n=23). The final sample size for all statistical analysis was n=345 participants.  

Differences between those self-isolating vs not self-isolating were assessed with Mann-Whitney or 

Chi-square tests, as appropriate. To address the primary aim, hierarchical linear regression analyses 

were conducted to examine associations between PA and ST with indicators of mental health and 

psychological wellbeing, while adjusting for potential covariates. In these hierarchical regression 

analyses, we explored the following sequential models:  

Regression Model 1 examined the associations between the covariates (age, gender, functional 

disability, living alone/with others, education and general COVID-19 concern) and the indicators of 

mental health and psychological wellbeing as dependent variables (pain, physical, mental and 

general fatigue, anxious symptoms, depressive symptoms and vitality). Separate regression analyses 

were conducted for each indicator of mental health and wellbeing. For each regression analysis, the 

F-value and p-value are reported to reflect statistical significance, the R2-value is presented to reflect 

the variance in the indicator of mental health and psychological wellbeing explained by all covariates 

combined, and standardised beta-values (β-values) are presented to reflect the direction and 

strength of the association between each covariate and indicator of mental health and psychological 

wellbeing.  
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Regression Model 2 explored the associations between LPA, walking, exercise or ST with each 

indicator of mental health and psychological wellbeing indicator, while adjusting for the covariates 

included in Model 1. In other words, Regression Model 2 expanded the analyses conducted in Model 

1 (with only covariates as the predictors of mental health and psychological wellbeing) to include 

LPA, walking, exercise or ST (independent variable) as a predictor of the indicators of mental health 

and psychological wellbeing (dependent variable). Separate analyses were conducted for each 

combination of independent and dependent variable, with the covariates included in all regression 

models. For each regression analysis, ΔR² was calculated to reflect the additional variance in the 

dependent variable explained by including the independent variable to the model with covariates 

only. F- and p-values are reported to reflect statistical significance of adding the independent 

variable to the model, and β-values reflect the direction and strength of the association between 

each independent (LPA, walking, exercise or ST) and dependent variable (indicator of mental health 

and psychological wellbeing).  

Regression Model 3 explored whether the associations between the activity-related independent 

variables (i.e., LPA, walking, or exercise) with the indicators of mental health and psychological 

wellbeing were independent of ST, and vice versa, whether the associations between ST and 

indicators of mental health and psychological wellbeing were independent of the levels of activity 

(LPA, walking and exercise). More specifically, where regression Model 2 revealed significant 

associations between LPA, walking or exercise with a specific dependent variable, Model 3 included 

both the significant PA type as well as ST as predictors for that dependent variable, while also 

adjusting for covariates.  For each regression analysis, ΔR² was calculated to reflect the additional 

variance explained in the dependent variable compared to Model 2. F- and p-values are reported to 

reflect statistical significance of adding the independent variable to the model, and β-values reflected 

the direction and strength of the association between each independent (LPA, walking, exercise or 

ST) and dependent variable (indicator of mental health and psychological wellbeing).   
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Finally, to explore the impact of COVID-19 living situation (i.e., self-isolation vs not self-isolating) on 

all associations between independent (LPA, walking, exercise, ST) and dependent variables 

(indicators of mental health and wellbeing), moderation analyses were conducted using the PROCESS 

model (Hayes, 2012). In all moderation analyses, age, gender, living situation, education, general 

COVID-19 concern and functional disability were included as covariates.  

As the majority of variables were not normally distributed, bootstrapping was employed in 

regression analyses. Bootstrapping is a nonparametric re-sampling procedure that does not impose 

the assumption of normal distribution on the data (Preacher & Hayes, 2008). Significance was 

interpreted based on bootstrap-generated 95% bias-corrected confidence intervals (CIs) (5000 

samples). CIs also provide more information than p values, showing the possible variability of effect 

size, and therefore are more appropriate for determining significance of bootstrapped data (du Prel 

et al., 2009; Preacher & Hayes, 2008), and standardised beta coefficients (β) were used to interpret 

the strength of associations. 

Results 

Participant characteristics are reported in Table 6.1. The sample predominantly comprised white 

females, with moderate functional disability. Mann-Whitney and Chi-Square tests revealed a longer 

disease duration, lower levels of LPA and walking, more pain, physical fatigue, functional disability 

and COVID-19 concern in self-isolating participants (all p’s < .05, see Table 6.1).  

Regression Analyses 

Model 1: The associations between covariates with each mental health and psychological wellbeing 

indicator are summarised in Table 6.2. As is evident from Table 6.2, all regression models were 

statistically significant. Examination of the β-values of the covariates showed that functional 

disability was most strongly and consistently associated with all indicators of mental health and 
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psychological wellbeing, with higher functional disability related to more pain, fatigue and depressive 

and anxious symptoms, and lower vitality.   

Model 2 expanded on Model 1 with the covariates only, by adding the independent variables (LPA, 

walking, exercise, ST) as predictors of the indicators of mental health and psychological wellbeing in 

separate analyses. Table 6.3 presents the summary findings of Model 2 regression analyses, by 

focussing on the additional amount of variance explained by each independent variable and the 

associated beta-coefficient. More detailed information on these models, including all covariates, 

unstandardised beta-values (B) and the 95% CI (used to assess significance of the model), are 

reported in Tables 6.4, 6.5, 6.6 and 6.7. LPA was significantly negatively associated with mental 

fatigue and depressive symptoms and positively with vitality. Walking was negatively related to 

physical fatigue and depressive symptoms and positively with vitality. Exercise was negatively 

associated with physical and general fatigue, and depressive symptoms. ST was positively linked to 

physical fatigue. No other significant associations were detected. In all these analyses, the beta-

coefficients for the covariates remained broadly similar to those reported in Table 6.2. More detailed 

information about the full regression models are presented in Tables 6.4, 6.5, 6.6 and 6.7.   

Model 3 explored whether the associations reported between the activity-related independent 

variables with the dependent variables were independent of levels of ST and vice versa. When adding 

ST as an additional predictor, all significant associations between activity-related independent 

variables and the indicators of mental health and psychological wellbeing observed in Model 2 

remained significant, with the exception of the association between walking with physical fatigue, 

which no longer remained significant when ST was added to the model (β= −.08, B= −.001, 95% CI= 

−3.1∙10-3, 1.5∙10-4). In both walking and exercise models, ST was significantly associated with physical 

fatigue (walking model: β= .18, B< .001, 95% CI= 2.8∙10-4, 8.3∙10-4; exercise model: β= .18, B< .001, 

95% CI= 2.9∙10-4, 8.2∙10-4).   
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Moderation Analyses 

Moderation analyses revealed that COVID-19 living situation only moderated the associations 

between LPA with mental fatigue and vitality, and walking with physical fatigue. More LPA was 

significantly associated with lower mental fatigue and better vitality in those who were not self-

isolating (mental fatigue model: β= −.26, 95% CI= −.42, −.09; vitality model: β= .31, 95% CI= .15, .47), 

but not in those who were self-isolating (mental fatigue model: β= −.04, 95% CI= −.16, .10; vitality 

model: β= .03, 95% CI= −.09, .16). Walking was associated with lower physical fatigue in people who 

were self-isolating (β= −.22, 95% CI= −.35, −.08), but not in those not self-isolating (β= −.02, 95% CI= 

−.15, .12). For more detailed information of moderation analysis results, please see Table 6.8.  
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Table 6.1: Descriptive statistics with p-values for total sample and sample stratified by COVID-19 Living status 

 Self-isolating at home 

(n=230) 

Not self-isolating 

(n=115) 

All participants 

(n=345) 

p 

value 

Demographic Information     

Age (years) 51.53 ± 11.82 51.37 ± 11.58 51.48 ± 11.73 .805 

Gender (n= female (%)) 214 (93.0) 107 (93.0) 321 (93.0) 1.000 

Ethnicity (n= white (%)) 224 (97.4) 110 (96.5) 334 (96.8) .640 

RA duration (years from 

diagnosis) 
11.51 ± 10.51 8.52 ± 8.08 a 10.52 ± 9.87 .012 

     

Independent Variables      

LPA (minutes/week) 150 ± 420 300 ± 420 a 300 ± 420 .033 

Walking (minutes/week) 60 ± 150 240 ± 420 a 90 ± 300 <.001 

Exercise (minutes/week) 0 ± 30 0 ± 30 0 ± 30 .820 

Sedentary Time 

(minutes/week) 
3360 ± 1823 3360 ± 1980 3360 ± 1680 .088 

     

Outcomes     

Pain (MPQ) 15.34 ± 9.30 13.12 ± 9.02 a 14.60 ± 9.26 .024 

Pain (VAS rating) 4.57 ± 2.62 4.10 ± 2.58 4.41 ± 2.62 .095 

Physical Fatigue 15.25 ± 4.06 14.06 ± 4.15 a 14.85 ± 4.12 .007 

Mental Fatigue  12.04 ± 5.00 11.94 ± 5.01 12.01 ± 5.00 .860 

General Fatigue  15.88 ± 3.63 15.31 ± 4.21 15.69 ± 3.83 .383 

Anxious symptoms  9.39 ± 4.58 8.34 ± 4.51 9.04 ± 4.58 .055 

Depressive symptoms 7.39 ± 3.94 6.86 ± 4.04 7.21 ± 3.98 .146 

Subjective Vitality 2.56 ± 1.20 2.74 ± 1.32 2.62 ± 1.24 .266 

     

Covariates     

Functional Disability (HAQ-

DI) 
1.33 ± 0.77 0.99 ± 0.69 a 1.22 ± 0.76 <.001 

Living Situation (n= living 

alone (%)) 
43 (18.7) 17 (14.8) 60 (17.4) .366 

Education (n= higher 

education (%))  
119 (51.7) 61 (53.0) 180 (52.2) .819 

General COVID-19 Concern 3.91 ± 0.90 3.62 ± 0.90 a 3.81 ± 0.91 .003 

Note: a= significantly different from self-isolating at home with p<.05. Differences were examined using Mann-Whitney U and Chi-Square 

tests, as appropriate.  

Values are reported as means ± SD, except for PA and SB variables which show Medians ± IQR. 

Living situation was characterised as living with others (i.e., partner, family) or living alone. Education was characterised as higher education 

(university degree, doctorate) or secondary education (GCSE/O-level, A-level/GCE). 

RA= Rheumatoid Arthritis, LPA= light non-exercise physical activity, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale, HAQ-DI= 

Health Assessment Questionnaire-Disability Index, SD= standard deviation, IQR= interquartile rage. 



 

198 
 

Table 6.2: Model 1 Regression Analyses for all covariates with each indicator of mental health and psychological wellbeing (dependent variable) 

 Pain 

(MPQ) 

Pain (VAS 

rating) 

Physical 

Fatigue 

Mental 

Fatigue 

General 

Fatigue 
Anxious Symptoms Depressive Symptoms Vitality 

 R²= .383 R²= .330 R²= .348 R²= .140 R²= .260 R²= .207 R²= .219 R²= .176 

 F= 34.91 F= 27.73 F= 30.09 F= 9.15 F= 19.78 F= 14.67 F= 15.77 F= 12.05 

 p<.001 p<.001 p<.001 p<.001 p<.001 p<.001 p<.001 p<.001 

 β β β β β β β β 

Age -.11 a -.08 -.11 a -.27 a -.21 a -.25 a -.16 a .18 a 

Gender -.01 -.02 .05 -.06 -.03 -.01 .01 -.03 

Education -.03 .01 .05 -.04 .03 -.10 a -.04 .06 

Living Situation .02 .04 .01 -.10 a .01 .02 -.09 .07 

Concern .15 a .08 .09 .10 .04 .32 a .15 a -.08 

Functional Disability .55 a .55 a .55 a .23 a .46 a .14 a .38 a -.34 a 

Note: Model 1: Regressions included all covariates (age, gender, education, living situation, general COVID-19 concern and functional disability) as predictors for each indicator of mental health and wellbeing in 

separate analyses.  

R² represents the variance explained in the dependent variable by all covariates together. Statistical information about each model is presented by the F-value and the p-value, with β representing the standardised 

beta coefficient of each covariate.  

a: Significant associations between covariates with indicators of mental health and wellbeing derived using bootstrapped 95% CI, Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual 

Analogue Scale, CI= Confidence Interval. 
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Table 6.3: Summary Model 2 Regression Analyses for Light non-exercise Physical Activity, Walking, Exercise and Sedentary Time with dependent variables adjusting for 

covariates 

 
Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue 

Anxious 

Symptoms 

Depressive 

Symptoms 
Vitality 

 β ΔR² β ΔR² β ΔR² β ΔR² β ΔR² β ΔR² β ΔR² β ΔR² 

LPA -.02 .000 -.06 .003 -.08 .006 -.11 a .011 b -.07 .005 -.04 .002 -.14 a .018 b .13 a .016 b 

Walking .04 .002 .06 .003 -.11 a .010 b -.01 .000 -.06 .003 .02 .000 -.12 a .012 b .15 a .020 b 

Exercise .04 .001 .01 .000 -.19 a .033 b -.04 .001 -.12 a .013 b -.04 .001 -.09 a .008 .07 .005 

Sedentary 

Time 
-.08 .006 -.02 .000 .19 a .032 b .04 .001 .07 .005 -.04 .001 .08 .006 -.09 .008 

Note: a = significant β (standardised beta) coefficients derived using bootstrapped 95% CI (see Tables 6.4, 6.5, 6.6 and 6.7); b= p<.05 for ΔR² values determining the significance of the overall model. 

Model 2: expanded Model 1 (covariates age, gender, education, living situation, general COVID-19 concern and functional disability only) by adding LPA, walking, exercise and ST as individual predictors of the 

dependent variables.  

β represents the standardised beta coefficient and ΔR² represents the proportion of the variance that is explained by the addition of the predictor independent variable to the model relative to Model 1. Βeta 

coefficients for covariates were broadly similar as those reported in Table 6.1. Therefore, to improve readability, betas are only reported for the associations between the independent variables (LPA, walking, 

exercise, ST) and the dependent variables. Full information of all Model 2 regressions, including the 95% CI intervals to determine significance, F-statistics with associated p-values and the β for each covariate are 

reported in Tables 6.4, 6.5, 6.6 and 6.7.  

LPA= light intensity physical activity, Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale, CI= Confidence Interval
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Discussion 

This is the first study to show associations between activity behaviours and indicators of mental 

health and psychological wellbeing in people with RA during COVID-19. LPA and walking were 

associated with lower physical and mental fatigue and depressive symptoms, and higher vitality. 

Exercise was related to lower physical and general fatigue and fewer depressive symptoms, and ST 

was related to higher physical fatigue. In addition, COVID-19 living situation moderated some 

associations between LPA and walking with physical and mental fatigue and vitality.   

The finding that LPA and walking were associated with higher vitality is in line with epidemiological 

research demonstrating a relationship between LPA with wellbeing in older adults (Buman et al., 

2010). My results point to the importance of LPA and walking for wellbeing in RA during COVID-19. 

From a behaviour change perspective, encouraging non-exercise LPA (e.g., household chores) and 

walking may be perceived as more feasible and accessible for RA, a population experiencing 

significant disease-related barriers to PA (Veldhuijzen Van Zanten et al., 2015).  

PA was associated with lower depressive symptoms, aligned with previous arthritis research (Fenton 

et al., 2018b; Kelley et al., 2015). Associations were of a similar, though opposite, magnitude to 

associations between COVID-19 concerns and depressive symptoms. Fear or concern about the virus 

has been related to depression (Brooks et al., 2020), and my findings suggest that PA counteracts this 

negative impact on depressive symptoms in RA, in line with findings in college students and older 

adults (Carriedo et al., 2020; Zhang et al., 2020). Importantly, associations between PA with 

depressive symptoms and vitality were independent of functional disability in this study and others 

(Fenton et al., 2018b). Thus, activity at any intensity should be promoted in all people with RA to 

improve mental health and wellbeing, regardless of functional disability.  
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PA was associated with lower and ST with higher physical and mental fatigue, in line with 

interventions promoting PA and reducing ST improving fatigue in RA (Katz et al., 2018; Rongen-van 

Dartel et al., 2015; Thomsen et al., 2017). My findings emphasise the importance of the 

multidimensional aspects of fatigue in RA. Specifically, LPA negatively associated with mental fatigue, 

whereas walking, exercise, and ST were related to physical fatigue. My results suggest that different 

PA types could be related to different aspects of fatigue in people living with RA. Aligned with 

present findings, exercise interventions have been reported to be particularly effective for physical 

fatigue in RA (Rupp et al., 2004).   

PA can lead to improved mental health and wellbeing during lockdown situations through several 

pathways. For example, PA can distract from negative thoughts and worries (Mikkelsen et al., 2017), 

being active can have an immediate positive effect on mood (Mikkelsen et al., 2017), outdoor 

environment can induce mental stimulation (Lesser & Nienhuis, 2020), and PA can provide structure 

when daily routine is disrupted due to lockdown, with the resulting sense of control improving 

wellbeing (Ryan & Deci, 2017). Thus, recommendations promoting PA may offer an avenue to 

support clinical populations to cope with the impact of COVID-19 on their mental health (Carriedo et 

al., 2020; Matias et al., 2020). Given that maintaining PA during COVID-19 is associated with better 

mental health in older adults (Carriedo et al., 2020), the present results imply that increasing PA may 

positively impact mental health and wellbeing in RA during COVID-19. Given the duration of the 

pandemic and recent return of restrictions, longitudinal studies during COVID-19 are needed to 

understanding how changes in PA contribute to better mental health and wellbeing in RA. This can 

inform guidance on management of wellbeing during these difficult times, not just in RA, but also 

other clinical populations.  

PA and ST were not associated with anxious symptoms in this study. There are mixed findings related 

to anxiety and PA during COVID-19 (Antunes et al., 2020; Lesser & Nienhuis, 2020; Zhang et al., 
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2020). The impact of PA on anxiety during COVID-19 may be influenced by prior activity levels. 

Indeed, research suggests inactive people who increased PA during COVID-19 reported lower anxiety 

compared to those who became less active, but these associations were not seen in people who 

were classed as active prior to COVID-19 (Lesser & Nienhuis, 2020). Thus, perhaps instead of looking 

at absolute values, it might be more important to examine changes in PA during a pandemic in 

relation to anxiety.  

People with RA in this study did not report associations between PA and ST with pain, which is in 

contrast to previous observational studies of RA (Hakkinen et al., 2001). This may be due to the 

possible bi-directional association between PA with mental health and wellbeing (Lwin et al., 2020), 

and also the association between pain and functional disability (Luyster et al., 2011), which may have 

affected levels of PA observed depending on COVID-19 living status. Specifically, correlational 

analysis revealed walking was negatively related to pain (data not reported), but this association was 

no longer significant when adjusting for functional disability. Given my findings suggested that 

people with RA who were self-isolating had higher levels of pain and functional disability, and lower 

levels of LPA and walking, compared to those leaving the house, it could be assumed that individuals 

with the least pain and disability were more likely to leave the house for PA. This lower variability in 

pain among those who were accruing some form of PA (through leaving the house), could mean 

associations between PA and pain are less likely to be observed.  

The lower levels of PA observed among people with RA who were self-isolating is in agreement with 

previous studies (Meyer et al., 2020). Moderation analysis showed LPA was only related to mental 

fatigue and vitality in those not self-isolating, whereas walking was only associated with physical 

fatigue in those self-isolating. As those self-isolating did significantly less walking than those not self-

isolating, this could suggest that walking specifically, should be encouraged among individuals self-
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isolating to reduce physical fatigue. However, as few significant moderation effects of COVID-19 

living were observed, these findings should be interpreted with care.  

Except for physical fatigue, ST was not associated with indicators of mental health or wellbeing, 

contrasting previous COVID-19 research in the general population (Meyer et al., 2020). My measure 

of ST reflected total ST, and did not differentiate between different sedentary behaviours; e.g., 

sitting while being intellectually stimulated, e.g., during work, is suggested to have less negative 

impact health and wellbeing compared to sitting watching TV or using electronic devices (Saidj et al., 

2014). Consequently, future studies are required to understand the specific role of different 

sedentary behaviours for mental health and wellbeing in RA, both during and beyond the pandemic. 

The current study included a large sample of people with RA during stringent lockdown conditions. 

Therefore, it was only possible to collect self-report data for all outcomes, which should be 

acknowledged as a limitation. In addition, the associations reported are cross-sectional, so causality 

cannot be inferred. Therefore, exploring these associations over time during COVID-19 will help to 

better understand the implications of this pandemic on the link between activity behaviours and 

mental health and wellbeing, and how PA can support mental health and wellbeing throughout the 

pandemic. 

In summary, PA, specifically LPA and walking, was positively associated with mental health and 

psychological wellbeing in RA during COVID-19. These findings support recommendations from 

different governments to encourage PA during lockdown restrictions, to attenuate the negative 

impact of a pandemic on mental health and wellbeing. Given the known barriers for PA in RA 

(Veldhuijzen Van Zanten et al., 2015), and the reported additional barriers experienced during 

COVID-19 (Michaud et al., 2020), these findings emphasise the importance of appropriate support 

and recommendations for PA in people with RA, and potentially other clinical populations, 
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particularly in those self-isolating, during a pandemic to maintain mental health and psychological 

wellbeing.  
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Table 6.4: Model 2 Regression Analyses for Light non-exercise PA (min/week) with indicators of mental health and psychological wellbeing  

 Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue Anxious Symptoms Depressive Symptoms Vitality 

 R²= .383 R²= .333 R²= .354 R²= .151 R²= .264 R²= .208 R²= .237 R²= .192 

 ΔR2= .000 ΔR2= .003 ΔR2= .006 ΔR2= .011 ΔR2= .005 ΔR2= .002 ΔR2= .018 ΔR2= .016 

 F= 0.23, p=.63 F= 1.66, p=.20 F= 2.88, p=.09 F= 4.40, p=.04 F= 2.14, p=.15 F= 0.77, p=.38 F= 8.03, p=.01 F= 6.69, p=.01 

 β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI 

Age -.11 a 
-0.08 

a 
-0.15, -0.01 -.08 -0.02 -0.04, 0.00 

-.10 

a 
-0.03 

a 
-0.07, 
0.00 

-.25 

a 
-0.11 

a 
-0.15, -

0.07 
-.21 

a 
-0.07 

a 
-0.10, -

0.03 
-.24 

a 
-0.09 

a 
-0.13, -

0.05 
-.14 

a 
-0.05 

a 
-0.08, -

0.02 
.16 a 0.02 a 0.01, 0.03 

Gender -.01 -0.26 -3.29, 2.69 -.02 -0.19 -1.19, 0.75 .06 0.97 
-0.50, 
2.42 

-.05 -1.04 -2.85, 0.67 -.03 -0.42 -1.73, 0.95 -.01 -0.15 -1.65, 1.35 .03 0.39 -1.17, 1.89 -.05 -0.23 -0.65, 0.15 

Education -.03 -0.58 -2.19, 1.05 .01 0.08 -0.40, 0.54 .06 0.51 
-0.23, 
1.26 

-.03 -0.32 -1.33, 0.71 .04 0.29 -0.43, 1.02 -.09 -0.86 -1.77, 0.04 -.03 -0.23 -0.99, 0.52 .05 0.12 -0.13, 0.37 

Living Situation .03 0.60 -1.59, 2.73 .05 0.37 -0.23, 0.94 .03 0.30 
-0.56, 
1.19 

-.08 -1.12 -2.46, 0.19 .02 0.23 -0.65, 1.14 .03 0.32 -0.84, 1.42 -.07 -0.73 -1.71, 0.25 .04 0.14 -0.19, 0.45 

Concern .15 a 1.57 a 0.74, 2.39 .09 0.25 -0.02, 0.50 .09 0.40 
-0.02, 
0.80 

.10 0.54 -0.04, 1.09 .04 0.16 -0.27, 0.57 .32 a 1.60 a 1.11, 2.07 .15 a 0.66 a 0.20, 1.07 -.08 -0.11 -0.25, 0.03 

Functional 
Disability  

.55 a 6.74 a 5.67, 7.81 
.54 

a 
1.86 

a 
1.56, 2.15 .54 a 2.95 a 2.46, 3.44 .22 a 1.43 a 0.77, 2.09 .46 a 2.31 a 1.82, 2.82 .13 a 0.79 a 0.18, 1.40 .36 a 1.90 a 1.34, 2.45 

-.33 

a 
-0.54 

a 
-0.71,  
-0.38 

LPA -.02 -0.00 
-5.2∙10⁻³, 
3.2∙10⁻³ 

-.06 -0.00 
-1.9∙10⁻³, 
3.8∙10⁻⁴ 

-.08 -0.00 
-3.4∙10⁻³, 
2.8∙10⁻⁴ 

-.11 

a 
-0.00 

a 
-5.2∙10⁻³, 
-1.5∙10⁻⁴ 

-.07 -0.00 
-3.2∙10⁻³, 
4.1∙10⁻⁴ 

-.04 -0.00 
-3.3∙10⁻³, 
1.4∙10⁻³ 

-.14 

a 
-0.00 

a 
-4.8∙10⁻³,  
-6.4∙10⁻⁴ 

.13 a 0.00 a 
1.9∙10⁻⁴, 
1.4∙10⁻³ 

Note: Significant associations (=a) between LPA with indicators of mental health and well-being were interpreted using bootstrapped 95% CI. Bootstrapping was used to compute 95% CI which produces an 

unstandardised B-coefficient and corresponding unstandardised 95% CI. The standardised beta-value (β) is reported (and in the main analyses) to allow to facilitate the interpretation regarding the strength and 

direction of all associations reported.   

Model 2: expanded Model 1 (covariates age, gender, education, living situation, general COVID-19 concern and functional disability only) by adding LPA as a predictor of the separate indicators of mental health and 

psychological wellbeing.  

R² represents the variance explained on the dependent variable (pain, fatigue, anxious and depressive symptoms and vitality) by LPA (independent variable) and all covariates together. ΔR2 indicates proportion of the 

variance that is explained by the addition of the LPA to the Model 1 (covariates only). The F value and p statistic represent the f-statistic related to the ΔR², indicating the significance of the model when adding the 

additional predictor (i.e., significance of the ΔR²). β represents the standardised beta coefficient.  

B= unstandardised beta coefficient, 95% CI= 95% Confidence Interval [lower limit, upper limit], LPA= light intensity physical activity, Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual 

Analogue Scale. 

The associations between covariates and indicators of mental health and well-being were unchanged from Model 1 (Δβ<0.05). There were minor significance changes for some associations that were borderline 

significant in Model 1: between age and physical fatigue, education and anxious symptoms and living situation and mental fatigue.  
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Table 6.5: Model 2 Regression Analyses for Walking PA (min/week) with dependent variables 

 Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue Anxious Symptoms Depressive Symptoms Vitality 

 R²= .384 R²= .333 R²= .358 R²= .140 R²= .263 R²= .207 R²= .231 R²= .196 

 ΔR2= .002 ΔR2= .003 ΔR2= .010 ΔR2= .000 ΔR2= .003 ΔR2= .000 ΔR2= .012 ΔR2= .020 

 F= 0.85, p=.36 F= 1.59, p=.21 F= 5.26, p=.02 F= 0.02, p=.89 F= 1.40, p=.24 F= 0.19, p=.66 F= 5.36, p=.02 F= 8.33, p=.004 

 β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI 

Age -.11 a -0.09 a 
-0.16, -

0.02 
-.09 -0.02 

-0.04, 

0.00 
-.10 a 

-0.03 

a 
-0.07, 0.00 -.27 a -0.11 a 

-0.15, -

0.07 
-.21 a -0.07 a 

-0.10, -

0.04 
-.25 a -0.10 a 

-0.13, -

0.06 
-.15 a -0.05 a 

-0.08, -

0.02 
.17 a 0.02 a 0.01, 0.03 

Gender -.01 -0.29 -3.29, 2.59 -.02 -0.23 
-1.19, 

0.71 
.05 0.81 -0.70, 2.31 -.06 -1.24 -3.08, 0.50 -.04 -0.54 -1.85, 0.85 -.01 -0.22 -1.81, 1.29 .01 0.15 -1.48, 1.70 -.03 -0.15 

-0.57, 

0.23 

Education -.03 -0.62 -2.26, 1.02 .01 0.05 
-0.41, 

0.51 
.05 0.43 -0.29, 1.17 -.04 -0.43 -1.41, 0.56 .03 0.23 -0.50, 0.94 -.10 a -0.90 a 

-1.77, -

0.01 
-.04 -0.36 -1.09, 0.40 .06 0.16 

-0.09, 

0.41 

Living Situation .02 0.48 -1.58, 2.63 .04 0.28 
-0.32, 

0.90 
.02 0.19 -0.66, 1.03 -.10 a -1.37 a 

-2.65, -

0.12 
.01 0.12 -0.71, 1.01 .02 0.22 -0.87, 1.27 -.09 -0.95 -1.94, 0.01 .06 0.20 

-0.12, 

0.52 

Concern .15 a 1.58 a 0.80, 2.39 .09 0.25 
-0.02, 

0.51 
.08 0.37 -0.04, 0.77 .10 0.53 -0.05, 1.10 .03 0.15 -0.28, 0.55 .32 a 1.60 a 1.12, 2.06 .14 a 0.62 a 0.20, 1.05 -.07 -0.10 

-0.23, 

0.04 

Functional 

Disability 
.57 a 6.90 a 5.83, 8.00 .56 a 1.94 a 1.64, 2.23 .52 a 2.83 a 2.31, 3.35 .23 a 1.49 a 0.81, 2.21 .45 a 2.26 a 1.75, 2.78 .14 a 0.86 a 0.24, 1.48 .34 a 1.80 a 1.28, 2.34 -.30 a -0.49 a 

-0.67, -

0.33 

Walking .04 0.00 
-2.3∙10⁻³, 

5.2∙10⁻³ 
.06 0.00 

-3.7∙10⁻⁴, 

1.7∙10⁻³ 
-.11 a 

-0.00 

a 

-3.7∙10⁻³, 

 -2.9∙10⁻⁴ 
-.01 0.00 

-2.7∙10⁻³, 

2.4∙10⁻³ 
-.06 -0.00 

-2.9∙10⁻³, 

7.1∙10⁻⁴ 
.02 0.00 

-1.6∙10⁻³, 

2.6∙10⁻³ 
-.12 a -0.00 a 

-3.8∙10⁻³,  

-2.6∙10⁻⁴ 
.15 a 0.00 a 

2.5∙10⁻⁴, 

1.4∙10⁻³ 

Note: Significant associations (=a) between Walking with indicators of mental health and well-being were interpreted using bootstrapped 95% CI. Bootstrapping was used to compute 95% CI which produces an 

unstandardised B-coefficient and corresponding unstandardised 95% CI. The standardised beta-value (β) is reported (and in the main analyses) to allow to facilitate the interpretation regarding the strength and 

direction of all associations reported.   

Model 2: expanded Model 1 (covariates age, gender, education, living situation, general COVID-19 concern and functional disability only) by adding Walking as a predictor of the separate indicators of mental health 

and psychological wellbeing.  

R² represents the variance explained on the dependent variable (pain, fatigue, anxious and depressive symptoms and vitality) by Walking (independent variable) and all covariates together. ΔR2 indicates proportion of 

the variance that is explained by the addition of the Walking to the Model 1 (covariates only). The F value and p statistic represent the f-statistic related to the ΔR², indicating the significance of the model when adding 

the additional predictor (i.e., significance of the ΔR²). β represents the standardised beta coefficient.  

B= unstandardised beta coefficient, 95% CI= 95% Confidence Interval [lower limit, upper limit], Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale. 

The associations between covariates and indicators of mental health and well-being were unchanged from Model 1 (Δβ<0.05). There were minor significance changes for some associations that were borderline 

significant in Model 1: between age and physical fatigue, education and anxious symptoms and living situation and mental fatigue.  
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Table 6.6: Model 2 Regression Analyses for Exercise PA (min/week) with dependent variables 

 Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue Anxious Symptoms Depressive Symptoms Vitality 

 R²= .384 R²= .330 R²= .381 R²= .141 R²= .273 R²= .208 R²= .227 R²= .181 

 ΔR2= .001 ΔR2= .000 ΔR2= .033 ΔR2= .001 ΔR2= .013 ΔR2= .001 ΔR2= .008,  ΔR2= .005 

 F= 0.65, p=.42 F= 0.04, p=.84 F= 18.00, p<.001 F= 0.48, p=.49 F= 6.14, p=.01 F= 0.62, p=.43 F= 3.55, p=.06 F= 2.11, p=.15 

 β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI 

Age 
-.11 

a 
-0.08 a 

-0.15, -

0.01 
-.08 -0.02 -0.04, 0.00 -.12 a -0.04 a 

-0.07, -

0.01 
-.27 a -0.11 a 

-0.15, -

0.07 
-.22 a -0.07 a 

-0.11, -

0.04 
-.25 a -0.10 a 

-0.14, -

0.06 
-.16 a -0.05 a 

-0.09, -

0.02 
.18 a 0.02 a 0.01, 0.03 

Gender -.01 -0.27 -3.25, 2.65 -.02 -0.25 -1.16, 0.70 .04 0.73 -0.74, 2.29 -.06 -1.27 -3.12, 0.49 -.04 -0.60 -1.92, 0.83 -.01 -0.26 -1.78, 1.26 .01 0.13 -1.52, 1.74 -.03 -0.15 
-0.58, 

0.22 

Education -.04 -0.69 -2.35, 0.90 .01 0.04 -0.43, 0.49 .07 0.58 -0.16, 1.30 -.04 -0.40 -1.42, 0.63 .04 0.31 -0.40, 1.03 -.10 -0.87 -1.76, 0.00 -.04 -0.28 -1.05, 0.47 .06 0.14 
-0.11, 

0.39 

Living 

Situation 
.02 0.51 -1.54, 2.67 .04 0.30 -0.30, 0.89 .01 0.15 -0.72, 1.02 -.10 a -1.38 a 

-2.64, -

0.09 
.01 0.10 -0.77, 1.00 .02 0.23 -0.92, 1.31 -.09 -0.99 

-1.96, -

0.06 
.07 0.22 

-0.11, 

0.52 

Concern .15 a 1.57 a 0.78, 2.39 .08 0.24 -0.03, 0.49 .08 0.38 -0.03, 0.77 .10 0.53 -0.05, 1.10 .04 0.15 -0.28, 0.56 .31 a 1.59 a 1.11, 2.06 .15 a 0.64 a 0.20, 1.06 -.08 -0.11 
-0.24, 

0.04 

Functional 

Disability 
.56 a 6.85 a 5.73, 7.94 .55 a 1.89 a 1.59. 2.19 .51 a 2.79 a 2.30, 3.28 .22 a 1.46 a 0.79, 2.18 .44 a 2.23 a 1.74, 2.72 .13 a 0.77 a 0.13, 1.39 .36 a 1.87 a 1.34, 2.41 -.33 a -0.54 a 

-0.71, -

0.38 

Exercise .04 0.00 
-3.6∙10⁻³, 

1.0∙10⁻²  
.01 0.00 

-1.6∙10⁻³, 

2.0∙10⁻³ 
-.19 a -0.01 a 

-9.7∙10⁻³,  

-2.9∙10⁻³ 
-.04 -0.00 

-6.0∙10⁻³, 

4.0∙10⁻³ 
-.12 a -0.00 a 

-7.0∙10⁻³,  

-1.8∙10⁻⁴ 
-.04 -0.00 

-5.5∙10⁻³, 

2.3∙10⁻³ 
-.09 a -0.00 a 

-5.5∙10⁻³,  

-2.9∙10⁻⁴ 
.07 0.00 

-3.1∙10⁻⁴, 

1.9∙10⁻³ 

Note: Significant associations (= a) between Exercise with indicators of mental health and well-being were interpreted using bootstrapped 95% CI. Bootstrapping was used to compute 95% CI which produces an 

unstandardised B-coefficient and corresponding unstandardised 95% CI. The standardised beta-value (β) is reported (and in the main analyses) to allow to facilitate the interpretation regarding the strength and 

direction of all associations reported.   

Model 2: expanded Model 1 (covariates age, gender, education, living situation, general COVID-19 concern and functional disability only) by adding Exercise as a predictor of the separate indicators of mental health 

and psychological wellbeing.  

R² represents the variance explained on the dependent variable (pain, fatigue, anxious and depressive symptoms and vitality) by Exercise (independent variable) and all covariates together. ΔR2 indicates proportion of 

the variance that is explained by the addition of the Exercise to the Model 1 (covariates only). The F value and p statistic represent the f-statistic related to the ΔR², indicating the significance of the model when adding 

the additional predictor (i.e., significance of the ΔR²). β represents the standardised beta coefficient.  

B= unstandardised beta coefficient, 95% CI= 95% Confidence Interval [lower limit, upper limit], Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale. 

The associations between covariates and indicators of mental health and well-being were unchanged from Model 1 (Δβ<0.05). There were minor significance changes for some associations that were borderline 

significant in Model 1: between age and physical fatigue, education and anxious symptoms and living situation and mental fatigue.  
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Table 6.7: Model 2 Regression Analyses for Sedentary Time (min/week) with dependent variables 

 Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue Anxious Symptoms Depressive Symptoms Vitality 

 R²= .389 R²= .330 R²= .380 R²= .141 R²= .265 R²= .208 R²= .225 R²= .184 

 ΔR2= .006 ΔR2= .000 ΔR2= .032 ΔR2= .001 ΔR2= .005 ΔR2= .001 ΔR2= .006 ΔR2= .008 

 F= 3.43, p=.07 F= 0.12, p=.73 F= 17.42, p<.001 F= 0.51, p=.48 F= 2.20, p=.14 F= 0.58, p=.45 F= 2.74, p=.10 F= 3.12, p=.08 

 β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI β B 95% CI 

Age 
-.13 

a 
-0.10 a 

-0.17, -

0.03 
-.09 -0.02 -0.04, 0.00 -.07 -0.02 -0.06, 0.01 -.26 a -0.11 a 

-0.15, -

0.07 
-.20 a -0.07 a 

-0.10, -

0.03 
-.25 a -0.10 a 

-0.14, -

0.06 
-.14 a -0.05 a 

-0.08, -

0.02 
.16 a 0.02 a 0.01, 0.03 

Gender -.01 -0.40 -3.16, 2.40 -.02 -0.25 -1.22, 0.70 .06 0.93 -0.57, 2.48 -.06 -1.22 -3.11, 0.49 -.03 -0.49 -1.80, 0.90 -.01 -0.24 -1.82, 1.30 .01 0.23 -1.35, 1.79 -.04 -0.18 
-0.59, 

0.21 

Education -.03 -0.49 -2.07, 1.10 .01 0.05 -0.40, 0.53 .04 0.30 -0.41, 1.04 -.05 -0.46 -1.50, 0.56 .02 0.18 -0.55, 0.89 -.10 -0.87 
-1.75, -

0.01 
-.05 -0.41 -1.16, 0.36 .07 0.18 

-0.08, 

0.43 

Living 

Situation 
.00 0.11 -2.00, 2.12 .04 0.28 -0.35, 0.88 .05 0.56 -0.27, 1.41 -.10 -1.27 

-2.58, -

0.04 
.02 0.25 -0.65, 1.15 .01 0.14 -0.97, 1.25 -.08 -0.81 -1.75, 0.13 .05 0.16 

-0.17, 

0.46 

Concern .15 a 1.57 a 0.73, 2.36 .08 0.24 -0.02, 0.50 .09 0.39 -0.01, 0.78 .10 0.53 -0.05, 1.13 .04 0.16 -0.28, 0.57 .32 a 1.60 a 1.10, 2.07 .15 a 0.64 a 0.20, 1.07 -.08 -0.11 
-0.24, 

0.03 

Functional 

Disability  
.57 a 6.97 a 5.88, 8.04 .55 a 1.89 a 1.58, 2.19 .51 a 2.79 a 2.29, 3.27 .22 a 1.46 a 0.76, 2.14 .45 a 2.27 a 1.77, 2.79 .14 a 0.87 a 0.25, 1.47 .36 a 1.88 a 1.35, 2.42 -.33 a -0.53 a 

-0.70, -

0.37 

Sedentary 

Time 
-.08 -0.00 

-1.2∙10⁻³, 

5.9∙10⁻⁵ 
-.02 -0.00 

-2.2∙10⁻⁴, 

1.6∙10⁻⁴ 
.19 a 0.00 a 

3.3∙10⁻⁴, 

8.4∙10⁻⁴ 
.04 0.00 

-2.6∙10⁻⁴, 

5.4∙10⁻⁴ 
.07 0.00 

-4.6∙10⁻⁵, 

4.8∙10⁻⁴ 
-.04 0.00 

-5.0∙10⁻⁴, 

2.2∙10⁻⁴ 
.08 0.00 

-4.3∙10⁻⁵, 

5.4∙10⁻⁴ 
-.09 -0.00 

-1.8∙10⁻⁴, 

1.1∙10⁻⁵ 

Note: Significant associations (=a) between Sedentary Time with indicators of mental health and well-being were interpreted using bootstrapped 95% CI. Bootstrapping was used to compute 95% CI which produces an 

unstandardised B-coefficient and corresponding unstandardised 95% CI. The standardised beta-value (β) is reported (and in the main analyses) to allow to facilitate the interpretation regarding the strength and 

direction of all associations reported.   

Model 2: expanded Model 1 (covariates age, gender, education, living situation, general COVID-19 concern and functional disability only) by adding Sedentary Time as a predictor of the separate indicators of mental 

health and psychological wellbeing.  

R² represents the variance explained on the dependent variable (pain, fatigue, anxious and depressive symptoms and vitality) by Sedentary Time (independent variable) and all covariates together. ΔR2 indicates 

proportion of the variance that is explained by the addition of the Sedentary Time to the Model 1 (covariates only). The F value and p statistic represent the f-statistic related to the ΔR², indicating the significance of 

the model when adding the additional predictor (i.e., significance of the ΔR²). β represents the standardised beta coefficient.  

B= unstandardised beta coefficient, 95% CI= 95% Confidence Interval [lower limit, upper limit], Concern= General COVID-19 Concern, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale. 

The associations between covariates and indicators of mental health and well-being were unchanged from Model 1 (Δβ<0.05). There were minor significance changes for some associations that were borderline 

significant in Model 1: between age and physical fatigue, education and anxious symptoms and living situation and mental fatigue.  
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Table 6.8: Moderation Analysis results to explore effects of COVID-19 living situation (self-isolating vs not self-isolating) on all associations between independent and 

dependent variables 

 
Pain (MPQ) Pain (VAS rating) Physical Fatigue Mental Fatigue General Fatigue Anxious Symptoms 

Depressive 

Symptoms 
Vitality 

 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

β 

95 % CI 

 Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

Lower 

limit 

Upper 

limit 

LPA -.06 -0.24 0.12 -.03 -0.21 0.15 -.02 -0.20 0.17 -.22 a -0.43 -0.01 -.15 -0.35 0.04 -.11 -0.32 0.09 -.10 -0.30 0.10 .28 a 0.08 0.48 

Walking -.03 -0.21 0.15 .01 -0.17 0.20 .20 a 0.01 0.39 .19 -0.02 0.41 .06 -0.14 0.26 .04 -0.17 0.25 .05 -0.15 0.26 -.02 -0.23 0.19 

Exercise -.04 -0.24 0.15 .15 -0.05 0.35 .01 -0.19 0.21 .05 -0.18 0.28 -.05 -0.26 0.16 -.08 -0.30 0.15 -.06 -0.28 0.16 -.01 -0.23 0.22 

Sedentary 

Time 
-.05 -0.24 0.15 -.12 -0.32 0.08 .04 -0.15 0.24 .21 -0.02 0.44 .05 -0.16 0.26 -.14 -0.36 0.08 .00 -0.22 0.22 -.09 -0.31 0.14 

Note: Significant associations (= a) between LPA, walking, exercise and sedentary time (independent variables) with indicators of mental health and wellbeing (dependent variables) were derived using bootstrapped 

95% CI 

Moderation Analysis: COVID-19 living situation (self-isolating vs not self-isolating) was added as a moderator variable to Model 2 regressions (LPA, walking, exercise or ST, adjusted for all covariates), using the 

PROCESS model in SPSS, to explore if COVID-19 living situation moderated the associations between the independent and dependent variables, i.e., if self-isolation status affected associations between activity 

behaviour and indicator of mental health and psychological wellbeing.   

Results are reported using Model 2 regressions (adjusted for covariates: age, gender, living situation, education, general COVID-19 concern and functional disability). β coefficients represent the degree of change in 

the outcome dependant variable for every 1 unit change of the independent variable. β coefficients and 95% CIs were calculated using z scores of all independent and dependant variables in order to standardise 

output values.  

LPA= light non-exercise physical activity, MPQ= McGill Pain Questionnaire, VAS= Visual Analogue Scale, β= standardised beta coefficient, 95% CI= 95% confidence intervals. 
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CHAPTER 7 

 

 

 

 

 

 

 

 

CHAPTER 7: GENERAL DISCUSSION 
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Summary of Findings 

The studies comprising this thesis contribute to the existing knowledge regarding the associations 

between different dimensions and elements of physical activity (PA) and sedentary behaviour (SB) 

with core Outcome Measures in Rheumatoid Arthritis Clinical Trials (OMERACT), namely, patient- and 

clinician important health outcomes (i.e., pain, disease activity, functional ability, fatigue, depression, 

anxiety, subjective vitality, and quality of life (Bartlett et al., 2012; Boers et al., 1994; Van Tuyl & 

Boers, 2015)) in Rheumatoid Arthritis (RA). An illustrated overview of the chapters and key findings 

of this thesis is provided in Figure 7.1.  

The following section highlights the main findings of this thesis and suggests some future directions 

in this area of research as a consequence of the findings.  

1. Existing lifestyle PA interventions are effective at increasing PA, reducing SB and improving 

core OMERACT health outcomes in people with RA, whilst further SB interventions are 

needed to confirm their effects; 

In healthy individuals and people living with musculoskeletal conditions, interventions which focus 

on incorporating PA into daily life have been increasingly advocated by researchers and participants 

alike (Khoja et al., 2016). Results from the systematic review and meta-analysis conducted in Chapter 

2 revealed that lifestyle PA and SB interventions had significant positive effects on disease activity, 

daily steps, moderate to vigorous PA (MVPA), leisure/light intensity PA, sedentary time, functional 

ability, depression, and fatigue in people with RA. Therefore, this review provided evidence that 

interventions targeting lifestyle PA and SB (i.e., all PA that is accumulated as part of daily life, such as 

incidental PA, home-based PA, walking, or reducing SB) offer a promising approach to improve 

OMERACT patient- and clinician-important outcomes in people with RA.  
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Lifestyle PA interventions focused on increasing specific FITT dimensions such as MVPA, steps and 

leisure/light PA were particularly effective at improving OMERACT outcomes and should therefore be 

recommended and built upon in future interventions. PA interventions were also effective at 

improving disease activity, clinicians should recommend lifestyle PA as a form of RA disease 

management.  

Compared to PA, only 1 intervention was identified as part of the systematic review which focused 

on reducing SB in people with RA (Thomsen et al., 2017). As well as the lack of SB interventions in 

existing literature, few observational studies have investigated the associations between sedentary 

time and core OMERACT outcomes in RA (Fenton et al., 2017; Fenton et al., 2018b; Hammam et al., 

2019; O'Leary et al., 2021). Longitudinal findings have reported that a bi-directional relationship 

exists between activPAL-assessed sedentary time with pain and fatigue, and suggest that the 

replacement of sedentary time with standing may be an effective avenue to improve these outcomes 

(O'Brien et al., 2021). The single SB intervention conducted in people with RA did demonstrate 

significant improvements in OMERACT outcomes, but these results had the potential to be 

underpowered (Thomsen et al., 2017). In addition, this SB intervention had significant imbalances 

between intervention groups, and consequently scored as high risk in risk of bias assessment. Results 

regarding the efficacy of SB intervention should therefore be interpreted with caution. All in all, 

findings from the systematic review and meta-analyses highlight the need for further SB 

interventions that are sufficiently powered to fully understand what role SB has in RA, and if 

interventions targeting SB can be effective. 

However, prior to the development of SB interventions, additional research is required to establish 

the relationships between SB and core OMERACT outcomes (Fenton et al., 2017; Greene et al., 2006; 

Huffman et al., 2014; Khoja et al., 2016; O'Leary et al., 2021). Studies which explore the amounts and 

patterns of SB, and the links to specific RA outcomes will improve understanding regarding the role 
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of different dimensions of SB (i.e., SITT elements: e.g., sedentary bouts, sedentary interruptions, 

context of SB, (Tremblay et al., 2010)) and how they may impact RA outcomes. This will, in turn, help 

to inform more targeted and effective SB dimension-specific interventions, which may have greater 

potential to improve core OMERACT outcomes.  

2. Lifestyle PA and SB interventions were heterogeneous in terms of selection and 

measurement of OMERACT outcomes. More methodological consistency across studies is 

required; 

The research comprising this thesis was focused on patient- and clinician-important RA outcomes 

defined by OMERACT (Bartlett et al., 2012; Boers et al., 1994; Van Tuyl & Boers, 2015). The OMERACT 

initiative created these core outcome sets in order to provide a consensus between researchers on 

optimal outcomes and outcome measures for use in RA clinical trials and allow pooling of data in 

meta-analyses (Boers et al., 2014).  

Despite this, findings from Chapter 2 indicate that researchers continue to target varied outcomes 

and use different measurement tools in lifestyle PA and SB interventions for RA participants. For 

example, the most common measure of pain in interventions included in the review was a visual 

analogue scale (VAS) (Scott & Huskisson, 1976). Pain is a notoriously difficult construct to measure, 

and many self-report tools, including the VAS, are single-item and only ask about overall pain severity 

or intensity (Scott & Huskisson, 1976). As such, they are unable to quantify the multidimensionality 

of pain (e.g., assessing sensory and affective aspects) nor the central and peripheral mechanisms 

present in RA-related pain processing (Walsh & McWilliams, 2014). In contrast, psychophysical 

measurement methods, such as Quantitative Sensory Testing (QST), may give a more comprehensive 

overview of the multiple pain mechanisms present in RA (McWilliams & Walsh, 2017).  
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In addition to pain, measures used to assess other OMERACT outcomes also varied between studies. 

For example, whilst multidimensional measures of fatigue are validated, reliable and available for use 

in research (e.g., multidimensional assessment of fatigue (MAF), multidimensional fatigue inventory 

(MFI) (Hewlett et al., 2007; Smets et al., 1995)), many studies continue to use a single-item VAS 

which is unable to give a comprehensive overview of different aspects of fatigue. Single-item scales 

also have the drawback that they have limited sensitivity, lack a measure of internal reliability and 

don’t capture factorial or content validity (McIver & Carmines, 1981).  

Future studies in people with RA should therefore seek to use OMERACT-approved multidimensional 

measures for all OMERACT outcomes. This would enable researchers to elucidate optimally effective 

interventions impacting such outcomes, and create beneficial patient guidance to improve RA-

related health. In addition, this will increase between-study methodological consistency, enable 

further subgroup analysis and data pooling, and permit direct comparison between interventions. 

The lack of consistency in measures between existing studies limits the ability to calculate mean 

differences, and assess clinical significance of meta-analysis findings. As a result, the systematic 

review within this thesis could not include clinically meaningful recommendations for many of the 

core OMERACT outcomes.  

Still, whilst OMERACT provides a useful framework to inform research in RA, this and other initiatives 

should seek to develop more specific outcome sets for different subcategories of RA (i.e., early RA, 

advanced disease etc.). Indeed, there may be important differences in aspects of health that are 

deemed as most important in these sub-populations. Initiatives should also encourage researchers to 

use a greater variety of reliable and valid multidimensional measurement tools to measure these 

outcomes, and continue to develop further core outcomes which encompass other patient- and 

clinician-important aspects of health in people with RA. 
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3. QST psychophysical measurement methods can be reliably used to quantify multiple 

parameters of pain in healthy adults and in patients with lower back pain (LBP) and RA 

(using a protocol consisting of pressure-pain threshold (PPT) and temporal summation 

(TS)); 

Results from Chapter 3 concluded that PPT and TS (calculated as a wind-up difference) can be reliably 

used to measure multiple parameters of pain processing in healthy people, and individuals with LBP 

and RA, when conducted on both the forearm and lower leg. However, the study detailed in Chapter 

3 also established that further research is needed to confirm the reliability of conditioned pain 

modulation (CPM) using larger sample sizes and in different musculoskeletal populations. Previous 

studies have highlighted the methodological advantages of QST compared to self-report 

questionnaires (Arendt-Nielsen et al., 2015; Middlebrook et al., 2020; Pavlakovic & Petzke, 2010). 

Both peripheral and central pain mechanisms are thought to contribute towards pain sensitivity in RA 

(Walsh & McWilliams, 2014). QST conducted at different anatomical sites can provide information 

about the relative contribution of these pain mechanisms. This is important as QST can provide novel 

data through being able to characterise underlying RA-related pain processing pathways (McWilliams 

& Walsh, 2017). QST may also aid in the development of population- or patient-specific prescriptions 

to target and minimise pain. 

The present findings encourage future studies to use QST in order to obtain multidimensional 

quantitative information about pain processing in people with RA. By using QST in future PA and SB 

studies in RA, this may enable researchers to identify more specific links and targets (i.e., central vs 

peripheral pain mechanisms) for subsequent behavioural interventions.  

4. Lifestyle PA and SB interventions were heterogeneous in terms of selection and 

measurement of PA and SB. More methodological consistency across studies is required; 
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The significant heterogeneity between different interventions in terms of outcomes assessed and 

measures employed may have contributed towards the varied meta-analysis results in Chapter 2. 

The majority of studies employed self-report questionnaires to measure PA and/or SB in existing 

lifestyle PA and SB interventions. Interestingly, most studies which used device-based tools to assess 

PA and/or SB demonstrated significant improvements in PA, SB, and OMERACT outcomes post-

intervention. In contrast, studies employing self-report methods generally reported fewer significant 

effects in response to intervention. Patients with RA have previously shown to over-estimate PA and 

underestimate sedentary time using self-report measures (Yu et al., 2015). Nevertheless, devices are 

more “objective” than self-report, and so may be more likely to detect changes in PA and/or SB 

following intervention owing to greater validity/accuracy. This inaccuracy may translate into why 

self-reported PA/SB outcomes are not providing consistent effects as a result of lifestyle PA and SB 

interventions.   

However, existing interventions which used device-based measures of PA and SB, such as 

accelerometers, were still very different, in terms of accelerometer processing decisions used, 

measurement and wear periods, and outcomes chosen to reflect PA and/or SB. This emphasises the 

need for a standardised approach to assessing PA and SB outcomes so it can be possible to compare, 

contrast and conduct meta-analyses stemming from the findings of interventions. Devices which 

have been validated and demonstrate high reliability in people with RA include the ActiGraph GT3X 

(for measuring free-living PA) and the activPAL (for measuring free-living sedentary time) (O'Brien et 

al., 2020). Therefore, I recommend these devices to be used as valid and reliable measures of PA and 

SB in future interventions in people with RA.  

Accelerometers can be superior to self-report as they can reliably capture the intensity of free-living 

behaviours (i.e., FITT and SITT). These dimensions are particularly important in people with RA as these 

behaviours have demonstrated differing associations with health outcomes (Fenton et al., 2017; 
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Khoja et al., 2016). Notwithstanding this recommendation, the study described in Chapter 6 used 

self-report measures to quantify and distinguish between the different types and intensities of 

exercise and non-exercise PA and SB. Self-report questionnaires can provide context to behaviours 

and activities by investigating participation in specific types of PA or SB. These are important 

components of the FITT and SITT acronyms (i.e., FITT and SITT) which device-based measures are 

unable to record (Troiano et al., 2014). Types and context of activity are important dimensions of PA 

and SB which may need to be accurately measured in studies targeting specific behaviours (e.g., 

reducing TV viewing or increasing engagement in leisure time PA). In addition, self-report measures 

are less burdensome for participants, can more easily quantify behaviours in large-scale 

epidemiological studies, and are cheaper to administer than device-based measures (Sylvia et al., 

2014). In studies involving large sample sizes, such as the study described in Chapter 6, it is not viable 

or feasible to use device-based measures of PA. 

As described in Chapter 6, self-reported non-exercise PA and walking showed independent 

associations with OMERACT health outcomes. This highlights the contribution of self-report 

measures to assess specific dimensions of PA and SB. Therefore, findings of this thesis include that a 

combination of validated and reliable device-based (to assess time in PA/SB) and self-report 

measures (to explore the relative contributions of non-exercise types of PA and SB) should be 

recommended to quantify PA and SB in future studies in people with RA. As the ActiGraph GT3X and 

activPAL have been validated in people with RA (O'Brien et al., 2020), these are two such device-

based measures that I would recommend for use in future studies in this population. In addition to 

this, there is a need to develop a reliable and valid self-report measure capable of capturing the 

context of SB and PA in RA. Another approach to categorise type and context of free-living PA could 

be the use of wearable cameras to complement existing accelerometry measures (Doherty et al., 

2013). However, as this method is still relatively novel, wearable cameras would need to be validated 

and deemed reliable specifically in people with RA. 
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5. Accelerometer model and placement site specific cut-points must be applied to ActiGraph 

accelerometers in order to give comparable estimations of free-living PA and sedentary 

time; 

Where accelerometers are used to measure PA and sedentary time, analytical methods should 

consider the specific model (i.e., uniaxial or triaxial) and placement site (i.e., wrist- or hip-worn) of 

the device. Findings from Chapter 4 demonstrated that uniaxial vs triaxial and hip vs wrist cut-points 

are not comparable for estimation of free-living sedentary time, light intensity PA (LPA) and MVPA, 

when applied to the ActiGraph GT9X in healthy adults. Cut-points may not be appropriate for 

employment to different ActiGraph monitors to the ones they were specifically designed for, and 

application to different models or placement sites could lead to activity intensity misclassification 

(Migueles et al., 2017; Rhudy et al., 2020).  

The findings from Chapter 4 point to the importance of ensuring comparisons between PA and 

sedentary time estimates taken from different accelerometer models and placement sites are valid. 

Participants in the study described in Chapter 4 were young, healthy adults.  Therefore the findings 

described above need to be replicated in the RA population to make these conclusions in people with 

RA. 

Nevertheless, findings suggested that given the greater granularity of the data which can be collected 

with triaxial accelerometers (vs uniaxial), future studies should seek to employ triaxial 

accelerometers, and ensure data is analysed using triaxial cut-points calibrated for a specific device 

and placement site (hip vs wrist) (Migueles et al., 2017). Despite these recommendations that triaxial 

model and placement site specific cut-points be employed to accelerometers, large-scale 

epidemiological studies, such as National Health and Nutrition Examination Survey (NHANES) 

(Matthews et al., 2008), continue to employ early uniaxial hip-specific accelerometer cut-points to 

data obtained from wrist-worn triaxial accelerometers to estimate PA and sedentary time (Troiano et 
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al., 2008). This could have a significant impact on the accuracy of the PA and sedentary time data 

reported in such studies, which are frequently referenced as “comparator studies/cohorts” in smaller 

scale research (Koster et al., 2016; O'Brien et al., 2020; Rhudy et al., 2020).  

As well as using triaxial models with corresponding cut-points, I recommend the use of devices that 

have been specifically validated in people with RA (e.g., ActiGraph and activPAL, (O'Brien et al., 

2020)). The more consistent use of valid and reliable measures of PA and SB will enable researchers 

to more accurately pool data, strengthen the evidence regarding the engagement with PA and SB in 

RA, and elucidate the links between different dimensions of PA and SB with other aspects of health. 

This may help the development of specific clinical recommendations for PA and SB for people with 

RA. Therefore, a future recommendation of this thesis is the use of the ActiGraph and activPAL to 

quantify total and intensities of free-living PA and sedentary time, respectively, in people with RA. As 

mentioned earlier, researchers should also include self-report measures to explore the relative 

contributions of non-exercise types of PA and SB, which have demonstrated independent 

associations with OMERACT health outcomes in this thesis.  

6. Different intensities and types of PA and SB display differing associations with core 

OMERACT outcomes in people with RA during the COVID-19 pandemic. 

Results reported in Chapter 6 revealed that non-exercise LPA, walking, exercise, and sedentary time 

had complex, individual, and distinct relationships with OMERACT indicators of mental health and 

wellbeing in people with RA. With non-exercise LPA and walking having the most statistically 

significant findings, this indicated that lower-intensity, non-exercise types of PA could offer effective 

targets in future interventions to improve mental health and wellbeing in RA. To my knowledge, no 

interventions have specifically targeted LPA in people with RA, and limited longitudinal studies have 

been conducted exploring the relative contributions of different intensities and types of PA for health 

in people with RA (O'Brien et al., 2021). Nonetheless, Chapter 6 findings and other cross-sectional 
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studies have recently established there is a link between LPA and health in RA (Fenton et al., 2017; 

Khoja et al., 2016). This is important as non-exercise behaviours (such as SB and LPA) encompass the 

majority of waking hours in people with RA (Hammam et al., 2019; Summers et al., 2019).  Further, 

the disease-related barriers faced by people with RA indicate that interventions targeting PA of a 

lower intensity nature may be more acceptable and feasible in this population (Fenton et al., 2017; 

Larkin et al., 2017; Veldhuijzen Van Zanten et al., 2015). 

Recommendations and official guidance regarding PA and SB engagement during the COVID-19 

pandemic were scarce. This was particularly true at the start of the pandemic when the study 

comprising Chapter 6 was conducted. At this time, the risks associated with developing COVID-19 for 

people with clinical conditions were assumed to be significant due to the immunosuppressive nature 

of RA. In addition, those deemed most at risk, including many people with RA, were advised to self-

isolate. As a consequence, PA engagement was particularly low in the study described in Chapter 6. 

As PA has demonstrated positive effects on OMERACT health outcomes in findings of this thesis, it is 

no surprise that decreased non-exercise LPA, walking, exercise and increased sedentary time during 

the COVID-19 pandemic were related to poor health outcomes in this study. I recommend that 

longitudinal studies are conducted during the COVID-19 pandemic to determine the direction and 

causality of these associations. Nevertheless, one of the main implications of Chapter 6 was that 

population-specific PA recommendations and guidance are needed during pandemics, in order to 

mitigate and limit the detrimental effects of low PA and increased SB to health.  

Summary and Recommendations 

The key findings of this thesis are summarised in Figure 7.1. Together, findings from Chapter 2 – 6 in 

this thesis, provide an insight into the nuanced relationships between different dimensions and 

elements of PA and SB with health in people living with RA, including during the COVID-19 pandemic. 
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In doing so, thesis findings highlight key considerations regarding measurement methodologies 

(Chapter 3 and 4 findings- Figure 7.1).  

All in all, results of this thesis (Figure 7.1) point to the recommendation that targeting non-exercise 

types of PA, such as lifestyle PA, non-exercise LPA, could represent effective avenues for future 

interventions to improve core OMERACT patient- and clinician-important outcomes in people with 

RA. Interventions should continue to focus on specific frequencies, intensities and types of PA and SB 

(i.e., FITT and SITT elements) using a combination of device-based and self-report measures. 

However, experimental research is required to confirm the present findings, establish cause and 

effect, and better understand the patterns of non-exercise PA that might be most beneficial for 

health in people with RA. Based on what is known from longitudinal findings (O'Brien et al., 2021), 

national PA and SB guidelines (Bull et al., 2020), and conclusions from this thesis, I encourage the 

development of experimental studies which replace sedentary time with LPA behaviours (i.e., “move 

more”) to target OMERACT outcomes.   
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Chapter 4: Comparability of triaxial and uniaxial cut-points 

and wrist and hip placement of the ActiGraph GT9X for 

assessing free-living physical activity and sedentary time   

Key findings: 

• ActiGraph cut-points should be both placement site and model 

(triaxial vs uniaxial) specific. 

• The ActiGraph GT9X is a reliable alternative to the GT3X model 

for assessing free-living PA. 

 Chapter 2: Effects of lifestyle physical activity and sedentary 

behaviour interventions on disease activity and patient- and 

clinician-important health outcomes in Rheumatoid Arthritis: 

A systematic review with meta-analysis 

Key findings: 

• Lifestyle PA and SB interventions reduced SB, increased PA and 

improved OMERACT outcomes. 

• Interventions used heterogeneous measurement methods. 

• Further SB interventions in people with RA are needed. 

 Chapter 3: The inter-rater and test-retest reliability of three 

modalities of Quantitative Sensory Testing in healthy adults 

and people with chronic lower back pain or rheumatoid 

arthritis 

Key findings: 

• PPT and TS are reliable methods to quantify pain in healthy 

individuals, people with LBP and RA. 

• Further studies are required to confirm the reliability of CPM.  

 Chapter 5: Relationships between 

physical activity and sedentary behaviour 

with core patient- and clinician-important 

outcomes in people with rheumatoid 

arthritis 

COVID-19 

Pandemic 

Chapter 6: Different types of physical activity 

are positively associated with indicators of 

mental health and psychological wellbeing in 

Rheumatoid Arthritis during COVID-19  

Key findings: 

• Differing associations were found between 

LPA, walking, exercise and SB with indicators 

of mental health and wellbeing in people 

with RA during COVID-19.  

• LPA and walking should be recommended for 

people with RA during COVID-19. 

 

Figure 7.1: Flowchart of all chapters as part of this thesis 
Note: RA= Rheumatoid Arthritis, PA= Physical Activity, SB= Sedentary Behaviour, LBP= Lower Back Pain, QST= Quantitative Sensory Testing, PPT= Pressure-pain Threshold, TS= Temporal 

Summation, CPM= Conditioned Pain Modulation, LPA= Light intensity Physical Activity. 

Chapter 7: 

General 

Discussion 

Chapter 1: 

General 

Introduction 
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Reflections throughout PhD 

Over the past 3+ years of completing this PhD, I have developed as both a researcher and an 

individual. I have been taught how to critique and analyse many forms of research and data, and 

these are skills which I currently and will continue to use both professionally and in all areas of my 

life.  

Through conducting a systematic review, I have gained an appreciation of the need for openness and 

transparency in research. Research should be available and reproducible to all, and this was 

highlighted to me through the various stages, from registration to meta-analyses. The many steps 

involved in completing the review emphasised to me the complexity and many stages involved in 

timelines of research and clinical trials. I also learnt the importance of teamwork through completing 

this review. Although completing a PhD is an independent task and I have found it easy to get lost in 

my own “research bubble”, conducting a systematic review requires a team of personnel. These 

collaborations as part of conducting the review have improved my patience, communication skills 

and encouraged me to work more collaboratively in my subsequent projects. Although the 

systematic review was initially daunting, it was one of my favourite projects as part of my PhD as it 

appealed to my organised and structured way of working. I now work in a more systematic manner, 

which will prove useful in my future career. 

The methodological chapters of my thesis (i.e., reliability studies as part of Chapter 3 and 4) have 

given me an understanding of the need for accurate and reliable measurement tools, and the 

statistical processes involved in determining reliability and validity. If measurement tools or 

processes have not been proven reliable and valid, this can limit interpretation of the research they 

are subsequently employed in. I believe I am now equipped with enhanced statistical knowledge on 

how to analyse reliability and validity, and I feel confident that I will use these skills in research I will 

conduct as part of my continuing academic career.  
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I have also gained invaluable knowledge on the processes involved in setting up clinical research 

studies. I have created and had approved ethical applications and amendments at both a university 

and NHS level. In addition, I have gained experience with all steps involved in setting up and 

conducting small-scale clinical studies, as well as invaluable experience working with a variety of 

research staff, other students, clinicians, academic researchers and patients. Through working with 

such a multidisciplinary team, and being required to do face-to-face recruitment of patients, this has 

greatly improved my confidence and communication skills.  

The COVID-19 pandemic provided a unique event whereby the main research study as part of this 

thesis could not proceed. This period of uncertainty taught me resilience and mental strength. 

Through the innovative thinking of my supervisors and quick and decisive action, I was able to 

continue my research and minimise the COVID-related disruption. One of my proudest achievements 

from this PhD was the ability to quickly set up and conduct a clinically-important study investigating 

PA, SB and health in people with RA during the COVID-19 pandemic. By publishing these findings, I 

was able to contribute to the limited evidence and guidance for people with RA during this unique 

global event.  

This PhD equipped me with the skills and expertise required for conducting research in clinical and 

disadvantaged populations. My motivation has been tested throughout, and my resilience and 

dedication is proof to me that PA and SB research is something I am truly passionate about. 

Consequently, I hope to continue in the field of academic research, and further increase my own and 

others knowledge on the importance of PA and SB for health in other populations.    
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Conclusion 

Taken in their totality, the results of this thesis indicate that although interventions targeting lifestyle 

PA and SB in people with RA are effective at improving core OMERACT outcomes, more consistency 

is required in regard to the outcomes targeted and the measurement tools employed to assess those 

outcomes (Chapter 2). Future research in RA should use reliable and valid measures which provide 

novel and multidimensional information about outcomes (i.e., QST (Chapter 3)) and PA and SB (i.e., 

ActiGraph and activPAL) (Chapter 4). Self-report tools can also be employed in conjunction with 

device-based measures of PA and sedentary time, to provide information about non-exercise PA and 

the contexts/activities in which PA and SB are realised (Chapter 6). Finally, the present findings 

suggest that interventions which target certain types and/or intensities of non-exercise PA (e.g., 

lifestyle PA, non-exercise LPA, walking) or SB may be effective at improving OMERACT patient- and 

clinician-important outcomes in people with RA (Chapters 2 and 6). Therefore, as a next step, 

researchers should develop interventions using reliable and valid measures (i.e., QST, ActiGraph, 

activPAL) for people with RA targeting: 1) increasing non-exercise types of PA (e.g., lifestyle PA, light 

non-exercise PA, walking); and 2) reducing SB, in order to target core patient- and clinician-important 

outcomes as defined by OMERACT.  
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Appendix 3.1: Quantitative Sensory Testing Script 

1. Introduce myself and my background and PhD area- how this study links in to PhD. Emphasise the 
impact this can have on RA patients, may influence treatment and recommendations.  

 

“Hello, thank you for coming today. I’m Sophia and I’m a PhD student, studying physical activity 

and sedentary behaviour in rheumatoid arthritis patients. As part of my preliminary study, I am 

testing the reliability of some assessments of how we feel pain and this is why you are here 

today. As an RA patient, I hope that the results of my study will influence treatment and 

recommendations to have a positive impact on your quality of life.” 

2. Explain the study (3 assessments which I will explain in detail).  

“This study will involve 3 short assessments which will measure how you feel pain. I will do the 3 

assessments now and these assessments will then be repeated by my colleague once you feel 

ready to do them again and then I will repeat them once more at a later date.” 

 

“The assessments have been done many times before, by myself and colleagues in Nottingham. 

They are safe, and patients have not reported any long term side effects. The pain you will feel 

should be mild and transient but you can stop or withdraw at any point and do not need to give a 

reason. “ 

3. Confirm that volunteer meets criteria and has read and understands the participant information sheet, 
obtain consent.           

Meet criteria 

Read and understands participant information sheet 

Given consent 

                                                                      

Pressure-Pain Threshold (PPT) 

 

“The idea of this test is to look at your pressure to pain threshold. We are not looking at how much pain you 

can tolerate, simply at what point you start to feel pain. The pain you feel will only be fleeting, as the test will 

be stopped as soon as you indicate that you have started to feel pain. You will hold this push button in your 

dominant hand and I will start to apply a graded pressure to the front of your lower leg (tibialis anterior 

muscle). You will feel pressure as the probe is pressed down and the pressure will be gradually increased. As 

soon as the pressure starts to change to pain, you should press the button and I will withdraw the probe.”  

 

“We will do a practice test on your non-dominant lower leg, to let you know how it feels. I will then do the same 

three times on your dominant lower leg. There will be a break in between each test.” 

 

PPT Procedure in detail: 

Ensure patient is not experiencing more than their normal level of pain before applying stimuli. Ask participant 

to close their eyes during testing.  

1. Mark testing site as 5cm below base of knee cap just off to the side (on the muscle, not bone) on both 
legs. 

2. Do practice test on non-dominant leg.  
3. Begin Test Site: Record three measurements 
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Apply the probe perpendicular to the skin and start the force application. Apply graded pressure. 

When the patient starts to feel that the pressure has changed to pain, he/she presses the button. This gives an 

audible indication. At this point, the probe is withdrawn and the pain threshold recorded. 

Manually record PPT level as well as via automated data collection unit. 

Temporal Summation (TS): 

The patient will retain the same relaxing siting position while the examiner will apply the pen, which features a 

retractable blunt needle, in repetitive manner (once per second for ten seconds) on the front of the individual’s 

upper leg, approx. 5cm above the patella. The individual will feel light pricking with every application and will be 

asked to specify the intensity of pain, on a 0 to 10 scale, on the first and on the last time. The given scores will 

be noted on a piece of paper.  

Participant preparation: 

• Explain the procedure to the participant: 
 

“This is a test of your ability to detect a sensation of ‘Sharpness’ or ‘stinging’. For this test, we will use a 

weighted blunt needle. This will be pressed gently against your skin on your upper-leg. The stimulator is only 

applied for 1 second, so the sensation of sharpness will be temporary. The pinprick stimulator is designed not 

to puncture your skin and is disinfected before we use it on every participant.” 

 

• Participant should close their eyes during definitive testing 

• Ensure the participant is lying comfortably  

• Identify and mark test site: Upper-leg (quadriceps, 5cm from superior to the mid-point of the patella) 
 

Training session: 

• Perform one measure on the arm for training purposes only.  
 

“I will perform one measure on your arm just as a practice to show you what the procedure is like” 

 “Once the experiment starts, I will apply a stimulator to the front of your dominant leg. Please rate the pain 

or sharpness you experience from 0-10 where 0 indicates no pain or sharpness and 10 indicates the most 

intense pain or sharpness imaginable. I will then apply the same stimulator at the same site 10 times 

repeatedly at a rate of 1/second. After completing the 10 pinpricks, please rate the average pain or sharpness 

you experienced during all 10 pinpricks, from 0-10 where 0 indicates no pain or sharpness and 10 indicates 

the most intense pain or sharpness imaginable. I will then repeat the procedure.” 

 

1. Apply pinprick perpendicular to the skin of the quadriceps, 5cm above the patella  
2. Ask the participant to rate the pain or sharpness they experience from 0-10 where 0 indicates no 

pain or sharpness and 10 indicates the most intense pain or sharpness imaginable.  
3. Record the rating. 
4. Apply the same stimulator at the same site 10 times repeatedly at a rate of 1/second.  
5. After completing the 10 times pinprick test, ask the participant how painful was the average 

stimulation. From 0-10 where 0 indicates no pain or sharpness and 10 indicates the most intense 
pain or sharpness imaginable.  

6. Repeat the procedure. 
7. The wind-up will be calculated as the average rating of the 2 procedures  

 

Conditioned Pain Modulation (CPM): 
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For the purposes of CPM, a manual blood pressure sphygmomanometer will be used in combination with the 

electronic algometer mentioned above. Before the use of the sphygmomanometer, the algometer will be used 

to assess the individual’s PPT at the lower-leg in a procedure identical to the one described above. The 

participants are expected to feel pain at a lower pressure during the second PPT measurement.  

“The final test is called Conditioning Pain Modulation (CPM), and it involves simultaneously applying pressure to 

your upper arm via a blood pressure cuff and repeating the pain threshold test on your lower leg.”  

“The computer records your pain threshold of each test and this will be compared with other volunteers. If, for 

any reason, you want to stop, let me know straight away.” 

“Do you have any questions?” 

“I will first repeat the pain-pressure threshold test that I did before on your dominant lower leg, to act as a 

comparison before I do it again with the blood pressure cuff on.” 

 

PPT CPM procedure in detail: 

• Do PPT once more to act as a comparison for CPM 

“I am now going to apply continuous pressure to your lower-leg as before, but with the aid of a blood pressure 

cuff and ask you to do some hand grip exercises. I would like you to let me know when you would rate the pain 

as 4/10. I would describe this as uncomfortable but bearable for a short amount of time.”  

“I will then immediately re-test your pain threshold on your lower-leg with the cuff still inflated. As before, as 

soon as the pressure starts to change the pain, press the button and I will withdraw the probe, the cuff will also 

deflate.”  

 

Operator Instructions: 

• Read out verbal instructions. 

• Wrap cuff around the contralateral arm to the leg being tested. 

• Set systolic pressure to 270mmHg and do not exceed. After target pressure is reached, ask participant 
to rate sensation in arm from 0-10. 

• Repeat handgrip ≥10 times until 4 is reached on numerical rating scale (NRS). Ask for NRS rating every 
five handgrips. 

• Once NRS 4 achieved, apply probe in same manner as before to lower-leg test site. 

• Once participant presses button, withdraw probe and immediately release cuff. 

• Manually record PPT level and systolic pressure value where the NRS target (≥4) was reached. 

• Calculate CPM effect: difference in average threshold values (in kPa) of the two test stimuli (with 
conditioning – without conditioning). Positive value = efficient CPM. 

 

Before testing: Sterilise probe head (prior to each patient) 
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