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Abstract 

An observational study of changes in cervical inter-vertebral motion and the 

relationship with patient-reported outcomes in patients undergoing spinal manipulative 

therapy for neck pain, by Jonathan Branney 

Spinal manipulation is a commonly sought therapy for neck pain. The present work 

examined sagittal plane cervical inter-vertebral kinematics in patients and healthy 

volunteers to explore whether motion is different in patients with neck pain, if 

manipulation is associated with changing cervical kinematics, and if changes are 

related to patient-reported outcomes. 

A standardised quantitative fluoroscopy (QF) image acquisition protocol for the cervical 

spine was developed and tested. A model of a cervical segment with a rigidly fitted 

digital inclinometer was rotated in the sagittal plane whilst being fluoroscopically 

imaged and QF results were compared for accuracy to that of the inclinometer. QF 

imaging sequences from ten subjects were analysed twice, six weeks apart, to assess 

repeatability. Finally, 30 patients and 30 age/gender-matched healthy volunteers had 

two cervical spine QF assessments four weeks apart. Only patients received spinal 

manipulation and completed patient-reported outcome measures (PROMs). Kinematic 

variables of interest included IV-RoM, segmental hypo-mobility, paradoxical motion, 

instantaneous axis of rotation (IAR) location, and laxity/attainment rate.  

The acquisition protocol allowed for imaging sequences to be achieved in a manner 

acceptable to participants. QF was found to be accurate to 0.5° for rotational range of 

motion. Intra- and inter-observer repeatability studies revealed substantial agreement 

and reliability for the QF measurement of C1 to C6 rotational motion (largest standard 

error of measurement (SEM) = 1.14°, lowest intra-class correlation coefficient (ICC) = 

0.895) but not for IAR location (largest SEM = 7.66mm, lowest ICC = -0.080). 

Agreement and reliability were moderate-substantial for laxity/attainment rate (largest 

SEM = 0.04, lowest ICC = 0.70).  

There were no significant differences at baseline between patients and healthy 

volunteers in IV-RoM, or in the number of hypo-mobile, paradoxical or lax motion 

segments. Spinal manipulation was weakly associated with IV-RoM increases above 

the minimum detectable change calculated from healthy volunteers, in a dose response 

manner (Rho = 0.39 (95% CI: 0.014 to 0.663) p = 0.04). While the majority (87%) of 

patients reported clinically significant reductions in pain and disability, changes in IV-

RoM were not correlated with any of the PROMs measured.     
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Assessment subcommittee 

AECC – Anglo-European College of Chiropractic 

CI – Confidence interval 

CID – Clinically important difference 

CROM – Cervical range of motion 

EQ-5D-5L – EuroQuol-five dimensions-five levels questionnaire 

GBD – Global Burden of Disease 

HVLA- High-velocity low-amplitude [also referred to as thrust manipulation] 

IAR - Instantaneous axis of rotation (2D) 

ICC – Intra-class correlation coefficient 

ICR – Instantaneous centre of rotation (3D) 

IV-RoM – Inter-vertebral angular/rotational range of motion; also, inter-segmental 

motion 

IQR – Inter-quartile range 

LBP – Low back pain 

LOA – Limits of agreement 

MDC – Minimum detectable change 

NDI – Neck Disability Index 

NRS- - Numerical rating scale 

OSMIA – Objective Spinal Motion Imaging Assessment – name for QF image analysis 

system at AECC  

PGIC – Patient global impression of change 

PROMs – Patient-reported outcome measures 

QF - Quantitative fluoroscopy 

RCT – Randomised clinical trial 

RMS – Root mean square 

ROM - Range of motion 

RSA – Radiostereometric analysis (also called radiostereophotogrammetric analysis) 

SEM – Standard error of measurement 

SEP – Somatosensory-evoked potential [dermatomal] 

SMT - Spinal manipulative therapy; also, spinal manipulation 

VAS – Visual analogue scale  

VBA – Vertebro-basilar arterial [stroke] 

VBU - Vertebral body unit 
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PART I: Background 
 

 

“Is it time to discard the term ‘diagnosis’ when examining a person with uncomplicated 

axial neck pain?” (Haldeman 2011) 

 

“Spinal manipulation for neck pain does not work” (Bogduk 2003) 
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Chapter 1. Introduction 

 

1.1 Statement of the problem 
 

Many people get neck pain and the best way of managing this problem is unknown. 

Findings from the World Health Organisation’s Global Burden of Disease (2005) study 

showed one-year incidence rates of neck pain ranging from 10.4% (Canada) to 21.3% 

(Finland) and one-year prevalence rates ranging  from 17.1% (Finland) to as high as 

73% (Sweden) (Hoy et al. 2010). In the UK one-year incidence and prevalence rates 

are reported as 17.9% (Croft et al. 2001) and 33.7% (Palmer et al. 2001) respectively. 

The more recent Global Burden of Disease (2010) study suggests that the prevalence 

of neck pain-related disability is higher than previously estimated and that the burden it 

places on society and healthcare can be expected to rise with an ageing world 

population (Murray et al. 2012). Rates do vary between individual studies and countries 

depending on the age range of study participants (most studies indicate an increasing 

risk of neck pain until the age-group 35-49 after which the risk decreases) and the 

survey methods used. However, taken as a whole the data indicate that, particularly in 

high-income countries, neck pain represents a global source of suffering (Hoy et al. 

2010; Murray et al. 2012). 

Despite the technological advances of the late 20th and early 21st centuries in 

medicine, neck pain remains something of an enigma regarding accurate diagnosis 

with no tests demonstrating clear validity (Nordin et al. 2008), and, without a diagnosis, 

prescription of the correct treatment amounts to a lottery. Thankfully in spite of this 

situation most sufferers recover with little intervention, at least to the point of being able 

to get on with their lives without too much disruption. The overwhelming majority of 

neck pain is considered to be of postural or mechanical origin rather than due to  

specific disease (Binder 2008). However, the typical course of neck pain is now seen to 

be an episodic one over a person’s lifetime (Guzman et al. 2008b) rather than a 

discrete event that ultimately resolves, and for around 10% of sufferers a problem that 

becomes chronic (Binder 2008). 

For those neck pain sufferers who seek care there are a number of healthcare options. 

Neck pain is mostly managed in primary care and the common port of call is the 

general practitioner (Wermeling et al. 2011) who may typically prescribe self-care 

advice, pain-relieving medication, or refer to a physiotherapist or, less often, a medical 

specialist (Borghouts et al. 1999a; Vos et al. 2007). Available privately for neck pain 

treatment are chiropractic, osteopathy and physiotherapy, amongst others.  
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At present the various treatments employed by healthcare professionals show 

generally only modest benefit (Carragee et al. 2008; Hurwitz et al. 2008) and this may 

be in part due to the lack of accurate diagnosis, coupled with a lack of understanding of 

the mechanism of action of commonly available treatments. 

Spinal manipulation, commonly utilised by chiropractors, osteopaths and 

musculoskeletal physiotherapists in the treatment of neck pain, is thought to have as a 

mechanism of action the restoration of motion to restricted spinal joints with 

consequent reduction of pain (Cassidy et al. 1992; Martinez-Segura et al. 2006). 

However, this theory has never been adequately tested, largely due to the lack of 

reliable means of measuring spinal joint motion in the first place. Improving the 

understanding of the biomechanical effects of spinal manipulation and the relationship 

between these and patient outcomes has been highlighted as an important research 

aim (Cramer et al. 2006; Khalsa et al. 2006). A new technology, quantitative 

fluoroscopy, has recently become available which allows, for the first time, reliable 

measurement of motion between the vertebrae (Breen et al. 2006) and therefore can 

be used to explore this theory. Improving our understanding of the mechanism of this 

treatment might lead to better targeting of this therapy to those expected to benefit from 

it, and thereby contribute to the improved management of neck pain.     

1.2 Purpose of the study 
 

This study sought firstly to determine the accuracy, observer repeatability and intra-

subject reproducibility of measuring cervical inter-vertebral motion with quantitative 

fluoroscopy as this technology has only been previously researched in the lumbar 

spine. The second purpose was to determine whether spinal manipulation was 

associated with changes in cervical inter-vertebral motion as measured by quantitative 

fluoroscopy in patients with neck pain, and whether any changes in motion were 

related to patient-reported outcomes. 
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1.3 Organisation of the thesis 

 
This thesis is structured into three parts:  

Part I includes a review of the related literature (Chapter 2), the aims and objectives 

(sections 2.9 and 2.10) of the study, and the questions that this research sought to 

answer (section 2.11).  

Part II is concerned with the development of a quantitative fluoroscopy acquisition 

protocol for the measurement of cervical inter-vertebral motion (Chapter 3). Chapter 4 

describes an accuracy study intended to validate QF measurement for the cervical 

spine and Chapter 5 presents observer repeatability studies of the analysis of the 

fluoroscopic imaging sequences. These studies were intended to determine which 

kinematic parameters might be reliably measured in living people to inform the clinical 

studies in Part III.  

Part III begins with a cross-sectional study intended to identify differences in cervical 

inter-vertebral motion between patients and matched healthy volunteers (Chapter 6). 

Chapter 7 is an intra-subject reproducibility study that sought to determine the extent to 

which angular inter-vertebral motion changes over four weeks in healthy volunteers. 

Chapter 8 is a prospective cohort study of patients with neck pain receiving spinal 

manipulative therapy over four weeks. Informed by the results of the two preceeding 

chapters, this final chapter sought to observe changes in cervical angular inter-

vertebral motion and their relationship with patient-reported outcomes.  

The thesis is concluded by a summary of the key findings and recommendations for 

future work.  
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Chapter 2. Literature review 

 

2.1 Methodology of the literature review 
 

Biomedical literature databases were searched to identify the current knowledge base 

in the areas of neck pain epidemiology, diagnosis and management, cervical spine 

biomechanics, and spinal manipulative therapy for neck pain. From the extensive 

reference database held at IMRCI relevant papers were identified using the following 

key words: “Neck Pain”, “Cervical” AND “Biomechanics” OR “Kinematics”, “Reliability” 

OR “Reproducibility” OR “Repeatability”, “Validity” and “Spinal Manipulation” OR 

“Spinal Manipulative Therapy”. Several hundred articles were identified which were 

hand searched for relevance and reference lists were checked for important papers not 

contained in the database. Search engines were used to obtain additional citations 

using these same key words and by utilising the “related citations” option for articles 

related to seminal papers. The search engines employed were Pubmed, Index to 

Chiropractic Literature and CINAHL. Citations were obtained mainly through EBSCO, 

Ovid and ScienceDirect. Pubmed alerts were set up to provide a weekly update of 

articles published and linked with the following MeSH terms: “Neck Pain [Majr]”, 

“cervical vertebrae [Majr]”, “Validation studies [Publication type]” AND “Range of 

Motion, Articular”, “Reproducibility of Results” AND “Range of Motion, Articular”, 

“Biomechanics” AND “Neck” and “Manipulation, Spinal”. 

 

2.2 Neck pain - epidemiology 

 
Neck pain is a common condition which most people experience at some point in their 

life, with self-reported incidence rates ranging from 15.5 to 213 per 1000 person years 

in the general population (Hogg-Johnson et al. 2008). The 12-month prevalence rates 

range around 30-50% with 1.7-11.5% of people experiencing activity-limiting pain 

annually (Hogg-Johnson et al. 2008). While most episodes of neck pain appear to be 

self-limiting, a systematic review and meta-analysis of inception cohort studies 

concluded that the prognosis of acute neck pain was poor (Hush et al. 2011). From the 

pooled analysis a rapid decrease in mean pain (-45%) and disability (-43%) over the 

first six and a half weeks of the neck pain episode was observed.  
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While this was expected to be clinically meaningful for some patients, the mean pain 

severity of 42% (95% CI, 39-45) at 12 months was considered to be sufficiently severe 

as to indicate continuing activity-limiting neck pain for others; the proportion affected 

was not calculated/reported (Hush et al. 2011).   

Aside from the physical distress associated with this condition it can also be a source 

of significant human suffering both at the personal and societal levels through work 

absence (Cote et al. 2008b; HSE 2009) and healthcare costs (Borghouts et al. 1999b). 

In the UK in 2008/09 an estimated 9.3 million working days (full-day equivalent) were 

lost through musculoskeletal disorders reported as being caused by or made worse by 

work of which 3.8 million days were lost due to conditions mainly affecting the upper 

limb or neck (HSE 2009). More recent figures regarding time off work do not distinguish 

between different musculoskeletal disorders and suggest the number of days lost due 

to any musculoskeletal disorder may be declining (HSE 2012). While this might be an 

encouraging sign it is important to note that rates do fluctuate annually, and it could be 

that more people are working despite the pain, which presents the risk of reduced 

productivity (presenteeism) with subsequent negative impact on the national economy 

(Dagenais and Haldeman 2012).      

With the global population aging and more national economies becoming industrialised, 

the burden of disease is shifting from being one of communicable to non-

communicable diseases such as musculoskeletal disorders; it is a problem that has 

increased and is expected to grow in magnitude (Murray et al. 2012). Neck pain-related 

disability is a growing problem in many countries throughout the world. As indicated in 

Figure 1, neck pain has shifted from being the 25th leading cause of disability-adjusted 

life years worldwide in 1990 to being the 21st leading cause in 2010 as reported by the 

Global Burden of Disease (GBD 2010) survey (Murray et al. 2012).   According to GBD 

2010, in the United States neck pain ranks as the 11th leading cause of disability-

adjusted life years and the 4th leading cause for years lived with disability (Murray and 

Lopez 2013).  
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95% UI,95% uncertainty index; [highlighting of neck pain made by this author]  

Figure 1: Global disability-adjusted life year ranks with 95% UI for the top 25 causes in 
1990 and 2010, and the percentage change with 95% UIs between 1990 and 2010 

(Murray et al. 2012); Image reproduced with permission from Elsevier 

 

2.3 The problem with diagnosing neck pain 
 

Although neck pain can be defined in clinical terms, the underlying pathology and 

pathophysiology are largely unknown (Bogduk 2011). As is the case with chronic low 

back pain, research has not been able to demonstrate a consistent relationship 

between structural pathology and cervical-related pain (Friedenberg and Miller 1963; 

Heller et al. 1983; Gore et al. 1986; Boden et al. 1990; Pettersson et al. 1994; Marchiori 

and Henderson 1996). Typically, patients present with pain, muscle tension or stiffness 

in the posterior neck area, and may or may not have associated arm pain. Once 

serious or life-threatening (rare) causes of neck pain such as inflammatory arthritis, 

infection, tumour, fracture or vascular causes have been ruled out patients are then 

given a generic diagnosis of “non-specific neck pain” or its synonymous counterpart 

“mechanical neck pain” (Bogduk 1984; Guzman et al. 2008b).  
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This situation has led one author to consider, “Is it time to discard the term “diagnosis” 

when examining a person with uncomplicated axial neck pain?”, although he did not 

explicitly define when neck pain might be considered ‘uncomplicated’ (Haldeman 

2011). Neck pain is a symptom, not a diagnosis, and the lack of an accurate diagnosis 

precludes being able to direct patients to one treatment or another, or identifying when 

new treatment approaches need to be developed.   

There are many parallels between the problem of diagnosing and treating neck pain 

and low back pain (LBP). For many years LBP was seen through the lens of the 

disease model and therefore viewed as a specific, defined pathology (an injury), 

treatment of which was then expected to effect a cure (Waddell 2004). This 

medicalised approach failed to stem, and might even have contributed to, soaring 

levels of LBP disability in the latter half of the 20th century through ineffective treatment 

and management (Waddell 2004). The back pain problem prompted the re-focussing of 

research efforts which resulted in the disease model view of back pain being 

supplanted with that of the biopsychosocial model. Unlike the disease model, this more 

encompassing approach takes account of the multi-factorial nature of pain and 

acknowledges not just the physical nature of back [or neck] pain (bio-logical), but also 

how this pain is interpreted and acted upon (psycho-logical), as well as mediating 

factors within an individual’s social context, such as the behaviour of friends and family 

towards the person’s problem (social) (Waddell 2004).  

The escalating LBP disability problem (Number 6 cause of global disability-adjusted life 

years in 2010, Figure 1) is a powerful explanation for the greater research interest 

there has been over that of neck pain (a search on Pubmed revealed that citations for 

“low back pain” [MeSH] (13,780) more than treble that of “neck pain” [MeSH] (4,315) 

[search date 18/05/14]). The relative lack of knowledge regarding neck pain prompted 

the launch, by the World Health Organisation, of an international ‘Task Force on Neck 

Pain and Its Associated Disorders’ (Neck Pain Task Force) whose remit it was to add 

to and gather together the existing scientific evidence regarding neck pain (Lidgren 

2008). This resulted in the identification of strong evidence for a number of 

psychosocial factors that are important in someone recovering (positive prognostic 

factors) or continuing to suffer (negative prognostic factors) from neck pain (Carroll et 

al. 2008b). The American Physical Therapy Association recommends that the 

management of neck pain ought to take account of psychosocial factors (Childs et al. 

2008), as is established in national and international clinical guidelines for back pain 

(Koes et al. 2010). However, references to the physical aspects of neck pain by the 

Neck Pain Task Force, the ‘bio’, are conspicuous by their absence.  
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This is perhaps indicative of the fact that research efforts to discover a clear 

mechanism(s) for neck pain (or back pain for that matter) to help inform diagnosis and, 

therefore, treatment, have not been fruitful (Bogduk 2011). Thus the emphasis in neck 

pain (Sterling 2009) and back pain research (Waddell 2004) has tended more towards 

the psychosocial side of the biopsychosocial model. While psychosocial factors such 

as fear avoidance (Carroll et al. 2008b) and work dissatisfaction (Carroll et al. 2008a) 

are important considerations in the management of neck pain they explain peoples’ 

responses to pain rather than the pain itself (Adams et al. 2013). As Waddell (2004) 

asserted, the biopsychosocial model is not a causal model but one that “seeks to 

crystallise thinking regarding management” (Waddell 2004). While the model might be 

useful in reminding clinicians to consider various aspects impacting on a patient’s 

condition, it does not get one any closer to a diagnosis which is required to direct 

treatment, and perhaps this is one reason why the model has yet to be widely and 

consistently adopted by clinicians (Pincus et al. 2013).    

 

Figure 2: A proposed model for the biological component of non-specific spinal pain 
(Breen 2013); Image reproduced with permission 

 

Complicating the clinical picture, it is possible that the biological component of the 

biopsychosocial model is itself multifactorial within any given patient. Rather than 

patients exclusively exhibiting features of mechanical pain, there may be, in varying 

degrees of importance, chemical or central sensitisation components also present, as 

suggested by the model in Figure 2.  
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While the detection of vertebral endplate oedema with MRI is evolving the 

understanding of the relationship between chemical changes in the spine and ‘non-

specific’ spinal pain (Jensen et al. 2008; Mann et al. 2014), and reference values have 

been established for pain-pressure and thermal thresholds to aid diagnosis of central 

sensitisation (Neziri et al. 2011), none of the three components have biomarkers 

sufficient for accurate diagnosis at this time (MacDermid et al. 2009a).     

Considering only the ‘mechanical’, there are numerous tissues in the neck that are 

innervated and therefore potential pain sources; all of the muscles, ligaments, synovial 

joints, inter-vertebral discs, cervical dura mater and the vertebral artery. Experimental 

evidence further implicates the synovial joints and inter-vertebral discs as pain sources 

while the role of the other tissues as pain generators remains unclear (Bogduk 2011). 

The pattern of pain produced by an anatomical structure is generally dictated by the 

nerve supply, not the location of the structure. Thus, discogenic pain cannot be 

distinguished from facet joint pain with clinical certainty due to the shared cervical 

segmental innervations (Bogduk 2011). Further, the lack of reliable and objective tests 

currently means that potential pain sources cannot be confirmed as sources (Nordin et 

al. 2008). Even if it were possible to identify the pain-producing tissue, consideration 

needs to be given as to why it is producing pain. In the absence of disease or trauma, 

postural and/or movement impairments are the main causes implicated, whereby 

anatomical structures are thought to become overloaded or stressed (Sahrmann 2002) 

and with neck pain movement impairment might include dysfunctional breathing 

through impaired mobility of the thorax (Wirth et al. 2014). However, it is not clear 

whether the movement impairment or the pain comes first.  

While exercise in general appears to be an effective strategy for mechanical neck pain 

(Kay et al. 2012), the effectiveness of the assessment and treatment of movement 

impairments is yet to be properly evaluated. The management of neck pain is unlikely 

to be optimised until understanding of the biological component is improved, in relation, 

and in addition to, psychosocial factors (Hancock et al. 2011).  
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2.4 Subgrouping 
 

Since patients with neck pain are grouped based on a common symptom it is likely that 

patients with neck pain are not a homogeneous group but rather consist of a variety of, 

as yet unidentified, subgroups, each of which may benefit from a different approach to 

management (Childs et al. 2004b). Approaches to subgrouping include classification 

models and clinical prediction rules. [A prerequiste to both forms of subgrouping is that 

the procedures used to evaluate patients i.e. in the physical assessment, are 

sufficiently reproducible to give clinically meaningful information. The manual 

examination of the cervical spine is discussed in section 2.7.1].   

2.4.1 Mechanistic classification 
“Mechanistic classification” is the more typical approach to subgrouping where the 

identification of joint impairments or spinal motion dysfunction during examination is 

used to inform what therapy should be used and where it should be directed 

(Huijbregts 2007). The majority of classification systems are concerned with LBP 

(Karayannis et al. 2012) and the main criticisms of these is they are largely influenced 

by tradition or unsystematic observations, or are evidence-informed hypotheses 

(Hebert and Fritz 2012). None have been sufficiently tested to evaluate their utility in 

clinical practice (Slater et al. 2012). Two classification systems for neck pain have been 

proposed in the literature (Figure 3 and Figure 4).  
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Reproduced with permission from Childs et al (2004b) Proposal of a Classification System for Patients with 
Neck Pain Journal of Orthopaedic & Sports Physical Therapy 34(11), 686-700 doi: 
10.2519/jospt.2004.34.11.686. Copyright ©Journal of Orthopaedic & Sports Physical Therapy®. 

Figure 3: Proposed classification system for patients with neck pain: Overview of 
classification categories with key examination findings and proposed matched 

interventions (Childs et al. 2004b)    

 

While the model proposed by Childs et al (2004b) focuses on making treatment 

decisions based on physical signs and symptoms (Figure 3), the clinical decision rule 

or guide proposed by Murphy and Hurwitz (2007) is more in keeping with the 

biopsychosocial model and incorporates assessment of oculomotor dysfunction, central 

sensitisation, and the identification of psychological prognostic variables in addition to 

physical spinal examination findings (Figure 4). Deficits in oculomotor control have 

been associated with neck pain, particularly whiplash-associated disorders, but it 

remains uncertain whether attempting to correct this may contribute to symptomatic 

improvements in neck pain (Treleaven and Takasaki 2014).    
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Figure 4: Management algorithm for the application of the Diagnosis-based Clinical 
Decision Rule1 for the management of patients with spinal pain (Murphy and Hurwitz 

2007) 

 

While the two proposed classification systems are perhaps useful as guides for 

clinicians the model proposed by Murphy and Hurwitz (2007) has only been evaluated 

in a prospective cohort study (Murphy and Hurwitz 2011) and that proposed by Childs 

et al (2004b) has not been evaluated at all. Additionally, as alluded to previously in 

Figure 2, it is unlikely to be common for patients to exhibit features of only one of the 

above proposed diagnostic categories and until their utility is assessed in randomised 

clinical trials (RCTs), the ability of mechanistic classification to improve patients’ 

outcomes will remain unknown. 

                                                
1
 The use of the term ‘Diagnosis–based Clinical Decision Rule’ has been criticised for not 

adhering to the conventional use of the term ‘clinical decision rule’, which is an alternative term 
for clinical prediction rule (Hebert and Fritz 2012). There is an accepted process of derivation 
and validation for clinical prediction rules whereas the ‘rule’ presented by Murphy and Hurwitz 
(2007) was an evidence-based hypothesis. Perhaps by way of clarification, in a follow-up study 
the authors substituted the word ‘rule’ with ‘guide’ (Murphy and Hurwitz 2011). 
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2.4.2 Clinical prediction rules  
The lack of any consistently identifiable mechanism(s) for neck [or back] pain to help 

inform treatment choices has prompted some investigators to develop clinical 

prediction rules (Huijbregts 2007). Clinical prediction rules are intended to aid clinical 

decision-making by identifying potential predictors of diagnostic test outcome, 

prognosis or therapeutic response (Hebert and Fritz 2012). In the rehabilitation 

literature clinical prediction rules are most commonly used to predict a patient’s 

response to treatment whereby a cluster of signs and symptoms from the patient 

history and examination is used to sub-group patients based on the anticipated 

outcome from one treatment versus another (Hebert and Fritz 2012).  

Most research in this area has involved the identification of predictors for response to 

spinal manipulation for LBP (May and Rosedale 2009). While some initial results 

appeared to be promising (Childs et al. 2004a; Cleland et al. 2009) a systematic review 

of clinical prediction rules in LBP research concluded that none of the rules, for any of 

the back pain treatments researched, had been sufficiently validated for 

implementation into routine practice (May and Rosedale 2009). A more recent 

systematic review came to the same conclusion (Haskins et al. 2012).  

Similar prediction rules regarding manual therapy have also been proposed for sub-

grouping neck pain patients. In a study seeking to identify predictors for an immediate 

favourable response to cervical manipulation, high-velocity low-amplitude (HVLA) 

manipulation was delivered to 100 patients with neck pain (Tseng et al. 2006). Six 

predictors were identified to significantly predict who the immediate responders were.2 

There were, however, problems with this study that limit its conclusions. First of all, the 

sample was heterogeneous. Patients included had diagnoses of cervicogenic 

headache, myofascial pain syndromes, herniated cervical disc or spondylosis 

±radiculopathy, and some had traumatic-onset neck pain. Furthermore, “responders” 

were defined by improvement in one of three outcomes:  PGIC of ≥4 (“much improved”) 

on 15-point Likert scale (-7 to + 7) or, ≥50% pain reduction or, simply, “very satisfied” 

(Tseng et al. 2006). Patients could well have been “very satisfied” that a therapist had 

given time and attention to their neck problem, irrespective of any clinically meaningful 

improvement (Evans et al. 2014).   

 

                                                
2
 The six predictors were: neck disability score < 11.5, “bilateral involvement pattern”, not 

performing sedentary work ˃ 5 hours/day, feeling better while moving the neck, neck extension 
not aggravating, the diagnosis of spondylosis without radiculopathy (Tseng et al. 2006).  
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The non-responders exhibited a greater prevalence of factors which are negatively 

prognostic for recovery from neck pain, irrespective of any intervention. Non-

responders were much more likely to work ˃5hrs/day in a sedentary occupation which 

is a known occupational risk factor for neck pain (Cote et al. 2008a) that can hamper 

recovery (Carroll et al. 2008a) and, although not statistically significant, the proportion 

of females was higher in the non-responder group.  

Furthermore, non-responders were more likely to have radiculopathy, which is a 

condition patho-physiologically and prognostically distinct from mechanical neck pain 

(Bogduk 2011) and the efficacy of manipulation for this is unknown (Guzman et al. 

2008a).3 The two groups might well have been similarly assimilated from case histories 

alone. Notably, no differences were found in regional cervical range of motion (ROM) 

nor in the proportions of palpated hypo-mobile segments prior to manipulation between 

responders and non-responders (Tseng et al. 2006), further suggesting factors other 

than spinal mobility were of prognostic importance. 

Manipulation delivered to the thoracic spine has evidence of efficacy in the treatment of 

neck pain (Cross et al. 2011). In a prospective cohort of 78 patients with neck pain 

referred for physical therapy, Cleland et al (2007) developed a clinical prediction rule to 

help determine which neck pain patients might benefit from thoracic manipulation 

(Figure 5).  

Predictors of a successful outcome from thoracic manipulation* 

Symptoms < 30 days 

No symptoms distal to shoulder 

Looking up does not aggravate symptoms 

FABQPA score < 12 

Diminished upper thoracic spine kyphosis 

Cervical extension ROM < 30° 

*If ≥ 3 of these attributes were present the probability of experiencing a successful 

outcome increased from 54% to 86%; FABQPA, Fear-Avoidance Beliefs Questionnaire 

physical activity scale 

Figure 5: Proposed clinical prediction rule to identify patients with neck pain likely to 
benefit from thoracic thrust manipulation (Cleland et al. 2007) 

 

                                                
3
 In an earlier proposal for a classification system for patients with neck pain (Figure 3), it was 

proposed that patients with radicular pain specifically do not receive manipulation but rather, 
cervical traction and/or repeated movements to centralise pain (Childs et al. 2004b). 



 
 

16 
 

Unfortunately, the validity (please see Glossary for definition, page 284) of this rule was 

not supported when put to the test in RCTs. In the first RCT, 140 patients with neck 

pain were randomised to receive exercise only or exercise plus thoracic manipulation 

(Cleland et al. 2010). Regardless of the patients’ baseline status according to the 

clinical prediction rule, those who received thoracic manipulation in addition to exercise 

had superior outcomes (Cleland et al. 2010). In a different RCT, patients with acute 

neck pain who met four out of six of the above-named criteria (Figure 5) were randomly 

assigned to receive either thoracic or cervical manipulation in addition to exercise 

(Puentedura et al. 2011). While confidence in the results of the study are limited by the 

small convenience sample (n=24), patients who received cervical manipulation 

reported greater improvements in pain and disability (Puentedura et al. 2011).  

More recently a clinical prediction rule has been developed to predict success from 

cervical manipulative treatment for neck pain (Puentedura et al. 2012a). The predictors 

are shown in Figure 6.  

Predictors of a successful outcome from cervical manipulation* 

Symptoms < 38 days 

Positive expectations that manipulation will help 

Side-to-side deficit of ≥10° neck rotation 

Pain with posterior to anterior springing of the middle cervical spine  

*If ≥ 3 of these attributes were present the probability of experiencing a successful 

outcome increased from 30% to 90% 

Figure 6: Proposed clinical prediction rule to identify patients with neck pain likely to 
benefit from cervical thrust manipulation (Puentedura et al. 2012a) 

 

Despite some encouraging findings in the study by Puentedura et al (2012a) only 32/82 

of the patients (39%) reported a favourable outcome defined as + 5 (“quite a bit better”) 

or higher on a 15-point Likert scale (-7 to + 7), a higher threshold for success than that 

set by Tseng et al. (2006) (see page 14). Patients received only three treatment visits 

which, as acknowledged by the authors, meant the threshold for success was set 

rather high (Puentedura et al. 2012a). This is a small treatment frequency compared to 

usual clinical practice or that in found in clinical trials of manipulation (Childs et al. 

2008). 

Aside the lack of validation, a substantial problem with the two rules proposed above is 

the presence of prognostic factors that predict improvement independent of the 

treatment delivered.  
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A shorter duration of symptoms and the absence of symptoms in other body areas are 

predictors of improvement independent of manipulation or anything else (Carroll et al. 

2008b). For now, this approach to sub-grouping is not the answer.  

 

2.4.3 Which treatment, and for whom? 
Reflecting the inability to accurately diagnose neck pain is the variety of treatments that 

have emerged over the years and it is perhaps not surprising that no one intervention 

for neck pain has so far shown strong effectiveness and clear superiority over the 

others (van der Velde et al. 2008). It has been pointed out that designing trials of 

treatments around patients sharing a symptom, not a diagnosis, might all but preclude 

finding real effects of any specific intervention (Childs et al. 2004a). Spinal 

manipulation, mobilisation, exercise, analgesics, acupuncture and low level laser have 

all been shown to provide at least some degree of short-term relief of neck pain in the 

absence of trauma (Guzman et al. 2008a). Spinal manipulation or mobilisation, 

particularly combined with exercise, appears to exhibit marginal benefit over other 

interventions (Hurwitz et al. 2008; Miller et al. 2010). Both manipulation and 

mobilisation are generally predicated on the idea that cervical spine motion is altered 

(dysfunctional) in patients with neck pain and that the motion can be changed with 

therapy.   

 

2.5 Neck pain and cervical spine motion 

2.5.1 Regional motion dysfunction 
Several studies have found cervical spine (neck) regional motion to be different 

(typically decreased) in patients with neck pain, particularly whiplash,  compared to 

persons without neck pain (Revel et al. 1991; Feipel et al. 1999; Dall'Alba et al. 2001; 

Antonaci et al. 2002; Grip et al. 2003; Ohberg et al. 2003; Vogt et al. 2007; Sjolander et 

al. 2008). Although decreased range of motion has been associated with spinal pain 

(Hagen et al. 1997), it is unknown whether it is a cause or an effect. The aetiology of 

abnormal motion of the spine is poorly understood. However, several explanations 

have been offered, such as decreased compressibility or elasticity of the inter-vertebral 

disc (Nachemson et al. 1979), disc herniations (Begg and Falconer 1949; Schalimtzek 

1954), altered elasticity of ligaments and joint capsules (Froning and Frohman 1968) 

and muscle dysfunction (Stokes et al. 1981; Woodhouse and Vasseljen 2008).  

It is possible that all of the above phenomena play a part in abnormal biomechanics to 

different degrees and in varying combinations.  
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2.5.2 Inter-vertebral motion dysfunction 
Less is known regarding motion dysfunction at the inter-vertebral level. The normal 

movement of a motion segment (two vertebrae and their associated soft tissues) is a 

combination of rotation and translation described with reference to the three planes of 

human anatomy (Bogduk and Mercer 2000). Static radiographs taken at the end-range 

of flexion and extension (Figure 7) are established clinical practice to help identify 

abnormalities in inter-vertebral motion in patients with suspected cervical spine 

disorders (e.g. instability) (Yochum and Rowe 2004). Reference ranges of normal 

cervical inter-vertebral motion, which are needed for comparison with patients’ inter-

vertebral motion to determine if any motion can be classed as abnormal, have been 

published based on findings from a number of studies using this method in 

asymptomatic subjects (Aho et al. 1955; Bhalla and Simons 1969; Dvorak et al. 1988; 

Lind et al. 1989; Frobin et al. 2002). These studies have typically calculated the 

quantity (angular range in degrees, translation in mm) of inter-vertebral motion. 

 

Figure 7: Plain-film flexion-extension study (Yochum and Rowe 2004, p. 36-37); Image 
adapted and reproduced with permission from Lippincott Williams & Wilkins 
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In contrast, the instantaneous axis of rotation (IAR) is considered to describe the 

quality of inter-vertebral motion (Bogduk and Mercer 2000). This kinematic parameter 

is the hypothetically stationary location somewhere below the superior vertebra in a 

motion segment about which this superior vertebra is rotating in an arc above the 

inferior one (White and Panjabi 1990).  

 

Figure 8: Vertebral motion approximated to a single, uniform arc around the 
instantaneous axis of rotation (IAR) (Bogduk et al. 1995); Image reproduced with 

permission from SAGE Publishing 

 

In reality, due to the translation motion accompanying the rotation of vertebrae, the IAR 

can be expected to change location as the superior vertebra moves through different 

arcs (but at any one instant in time can be conceptualised as being at a stationary 

point). This cluster of IARs constitutes the centrode of motion. 

 

Figure 9: Vertebral motion along a series of different arcs around the centrode of 
motion (Bogduk et al. 1995); Image reproduced with permission from SAGE Publishing 
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A and B are points located at the superior corners of the superior verterbra and A’ and 
B’ represent the new locations of these points after the rotation. The centre of rotation, 
C (Cx, Cy), is at the intersection of the perpendicular bisectors of the lines of translation 

AA’ and BB’.  

Figure 10: Block diagram illustrating the determination of IAR location 

 

The determination of IAR location requires the measurement of coordinates from a 

minimum of two points identified on the superior vertebra of a pair, in at least two 

positions (Panjabi 1979), as illustrated above in Figure 10. Point C is the centre of 

rotation, usually called the axis of rotation (essentially analogous to IAR) when 

measured from two-dimensions, as from a plain-film x-ray. 

Measurement of IAR location from plain-film flexion-extension studies can be subject to 

large errors due to difficulties in identifying anatomical landmarks consistently (Dimnet 

et al. 1982) and where only a small amount of rotation has taken place. Pearcy and 

Bogduk (1988) found generally large errors in locating IARs from lumbar spine plain-

films which were unacceptable if rotation was less than 5°. Errors were also found to be 

largest at the uppermost (L1/2) and lowermost (L5/S1) levels because the radiographic 

beam was centred on the mid-lumbar spine (Pearcy and Bogduk 1988).  
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Therefore, these vertebrae were less well defined due to the divergence of the beam 

and therefore more difficult to the tracing and superimposition over the second film 

associated with that technique. The error locating the IAR may be reduced when there 

are not only two radiographs but a series of multiple radiographs taken throughout the 

flexion-extension motion (Dimnet et al. 1982). However, in a cineradiography study 

where many images are recorded IAR location errors were found to be large when 

rotation was less than 7° (van Mameren et al. 1990), further suggesting that measuring 

IARs may only be useful when the magnitude of motion is large.  

It was suggested over 100 years ago that inter-vertebral dysfunction (subluxation [sic]) 

might be associated with an abnormally located centre/axis of rotation (Smith et al. 

1906) but this idea was not investigated until much later. Cervical flexion-extension 

radiographs of patients with and without neck pain were analysed and compared by 

Amevo and colleagues for differences in IAR locations, (Amevo et al. 1992). They 

found the majority of patients with neck pain had evidence of abnormal inter-vertebral 

motion as determined by identification of abnormal IAR locations (Amevo et al. 1992) 

when compared to those without neck pain (Amevo et al. 1991c) (Figure 11).  

 

x – IAR locations from a neck pain patient; Marginal IAR at C2-3: the IAR falls outside 

the biological distribution but within the technical error range; Normal IAR at C3-4: the 

IAR falls within the biological distribution range (mean±2SD of IAR locations from 40 

people without neck pain); Abnormal IAR at C5-6: the IAR falls outside the technical 

error range; 2SD – two standard deviations. 

Figure 11: Examples of abnormal, marginal and normal IARs (Amevo et al. 1992); 
Image adapted and reproduced with permission from Lippincott Williams & Wilkins 
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Despite the limitations of plain-film radiography the findings from this study suggest IAR 

might be an important parameter in neck pain.  

Using this statistical approach to defining abnormal motion, where abnormal is that 

defined as motion out-with the mean±2SD range from a representative asymptomatic 

population (assuming a normal distribution), is an approach that was adopted in a low 

back study by Abbott et al. 2006 for analysing motion data calculated from lumbar 

flexion-extension radiographs (Abbott et al. 2006).  

This was done in two different ways; first, what was termed a “between-subjects 

Gaussian approach” [where reference intervals of normal motion (mean±2SD) were 

calculated from a sample of 30 asymptomatic volunteers]. Where inter-vertebral motion 

in patients with LBP was found to be out-with that reference range, the motion segment 

in question was considered to be “rigid” (hypo-mobile) if motion was below the 2nd 

percentile whereas “instability” (hyper-mobility) was deemed present if motion was 

above the 98th percentile (Abbott et al. 2006). This is shown graphically in Figure 12.  

 

Figure 12: Theoretical framework for the categorisation of inter-vertebral motion (Deitz 
et al. 2011); image adapted and reproduced with permission from Elsevier 

 

In the second approach, “within-subject normalised values” the authors calculated the 

proportion of motion that each inter-vertebral level contributed to the total inter-

vertebral motion in each asymptomatic individual. Any motion segment whose 

proportional contribution to the total inter-vertebral motion in patients with back pain 

that fell out-with these normal limits could then be considered abnormal, as previously 

described.  
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Lumbar segmental “rigidity” was found with statistically significant prevalence in 

patients with recurrent or chronic LBP. The prevalence of abnormal motion at both the 

segmental and individual level were generally higher using the normalised within-

subjects model compared to the conventional Gaussian model  (Abbott et al. 2006). 

These findings are limited however by not considering measurement error.  

The flexion-extension method, despite having been considered the gold standard of 

inter-vertebral motion assessment (Frobin et al. 2002) is prone to error (Amevo et al. 

1991a; Amevo et al. 1991b; Panjabi et al. 1992) and most studies have not adequately 

reported technical errors or means and standard deviations which are required for the 

data to be meaningfully used (Bogduk and Mercer 2000).  

Hino et al. (1999) measured normal and pathological inter-vertebral motion patterns in 

the cervical spine through the analysis of continuous motion by cineradiography (Hino 

et al. 1999) a method considered to be an improvement on flexion-extension studies 

(Bogduk and Mercer 2000). Differences in motion patterns between normal and 

pathological cervical spines were found based on the order that motion segments 

contributed to the overall movement. Kaneoka et al (1999) have reported similar 

observations with cineradiography. They studied healthy volunteers, exposing them to 

a minor whiplash injury or loading and then evaluated their cervical spines. The 

research showed that during a whiplash injury, the cervical spine is forced to move 

from the lower vertebrae first, opposite to what is thought to occur in normal extension 

motion (Kaneoka et al. 1999). It is not yet clear how useful these observations may 

prove to be clinically.  

2.5.3 Measuring changes in inter-vertebral motion 
It has been typical for inter-vertebral motion to be measured in individuals on only one 

occasion so the stability or variability of inter-vertebral motion over time is poorly 

understood. The stability of inter-vertebral measurements over time has been 

investigated by Van Mameren et al. (1990) using cineradiography. Using this technique 

Van Mameren et al. (1990) took up to 25 high-speed exposures per flexion-extension 

sequence in each participant from which to calculate inter-vertebral motion, in contrast 

to the two end-range radiographs of a flexion-extension study (van Mameren et al. 

1990). Of the ten healthy volunteers aged 19-22 years involved in the study two 

subjects were imaged at baseline and two-week follow-up, while the remaining eight 

were imaged at these time intervals and at ten weeks.  
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Inter-vertebral motion within and between participants was found to be highly variable, 

and from this it was concluded that inter-subject variability of inter-vertebral motion was 

too large to be useful for diagnosing abnormal cervical spine motion and intra-subject 

variability too high to be sure if changes in motion after treatment might be related to a 

manual therapy intervention or to normal physiological variation. However, as the 

authors concede, these changes could be accounted for, at least in part, by 

participants moving in a slightly different way at each measuring session.  

According to the paper, the movement of participants seems not to have been 

standardised beyond the fact they were seated and imaged from a position of 

maximum extension into flexion and vice-versa (van Mameren et al. 1990). Intra-

subject variability might be reduced by improving the standardisation of the acquisition 

procedure. In contrast to the variability in ranges of motion, the order of maximum 

contribution of motion segments consistently showed the same pattern between 

measurement sessions within subjects, particularly in the lower cervical spine (van 

Mameren et al. 1990). Between subjects, the order of contribution of segments only 

varied in the mid-cervical spine (C2-4).  

This same research group also calculated IARs on the same sample of ten participants 

(van Mameren et al. 1992). They did this by calculating “averaged” IARs, defined as 

the mean of a cluster of IARs, and “standard” IARs, defined as IARs calculated from 

only the two extreme frames of the cineradiographic film (similar to a plain-film x-ray 

flexion-extension study). These were calculated only for inter-vertebral levels that 

rotated a minimum of 7° as measurements below this were subject to large errors (van 

Mameren et al. 1992). IAR locations in the cervical spine were found to be stable over 

time at all levels, and the “averaged” method was found to be more reproducible (van 

Mameren et al. 1992). However, these findings are not from a sample sufficiently large 

and representative from which to derive normal reference values. Normal data from 

healthy volunteers are required to calculate the minimum detectable change (MDC) 

(Bland and Altman 1996a); changes that might be attributable to an intervention need 

to be larger than this MDC. Studies of the MDC of cervical regional motion as 

measured with external methods suggest the MDC is large (Appendix 1), but might be 

reduced with improved standardisation of the measurement procedure (Dunleavy and 

Goldberg 2013).The limitations with measuring IAR previously discussed highlight the 

importance of conducting  repeatability/reproducibility studies on any measurement 

method to inform its use in a clinical study. However the apparent stability of IAR 

location over time in healthy individuals makes it an attractive parameter for any study 

aiming to measure changes in a biomechanical parameter in response to a therapeutic 

intervention for neck pain.  
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Limitations notwithstanding, the above studies suggest that inter-vertebral motion 

parameters might be used to biomechanically sub-group neck pain.   

2.6 Spinal manipulative therapy  

2.6.1 Proposed mechanisms for spinal manipulative therapy 
Spinal manipulation appears to have been performed in one form or another almost 

throughout documented human history. The first known evidence of a manual 

technique used in the treatment of the spine is the ancient Indian epic Srimad Bhagwat 

Mahapuranam, estimated to have been written between 3,500 and 1,800 B.C. (Naderi 

et al. 2007). Hippocrates performed spinal manipulation and his techniques were later 

advocated by Galen whose teachings influenced medicine for hundreds of years 

(Naderi et al. 2007).  

A modern re-emphasis on spinal manipulation occurred in the 19th century in the United 

States with the emergence of osteopathy and chiropractic, when the HVLA approach to 

manipulation appears to have become popularised. This appears to be the prevalent 

form of spinal manipulative therapy (SMT) among practitioners of manipulation in 

modern times (Maitland 2005; Peterson and Bergmann 2011).  

SMT is a frequently used therapy for neck pain (Wolsko et al. 2003) yet, despite a long 

history, little is known about its’ mechanism(s) of action. There are many competing 

theories attempting to explain the clinical effects of SMT (see Figure 13). Historically 

biomechanical models have served as the primary basis for the mechanistic 

explanation of manipulation; for example, the correction of inter-vertebral “aberrant 

motion” (Peterson and Bergmann 2011). More recent evidence suggests that the 

effects of manipulation may be mediated by neurophysiological mechanisms; for 

example, inhibition of pain signals from the nervous system (Souvlis et al. 2004).  
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 Proposed mechanism* 

1 Restore vertebra to normal position 

2 Straighten the spine 

3 Relieve interference of blood supply 

4 Reduction of compressive or irritative insults to neural tissues  

5 Relieve irritation of sympathetic chain  

6 Mobilise fixated vertebral units 

7 Shift a fragment of inter-vertebral disc 

8 Mobilise posterior joints 

9 Remove interference with cerebrospinal fluid circulation 

10 Psychological effect of laying on of hands 

11 Correct abnormal somato-visceral reflexes 

12 Stretching or tearing of adhesions around the nerve root 

13 Reduce distortion of the annulus 

14 Inhibition of excessive muscular reflex activity and/or facilitation of inhibited muscle activity 

15 Alleviation of an entrapped facet joint inclusion or meniscoid 

16 Alleviation of stiffness induced by fibrotic tissue from previous injury or degenerative 

changes that may include adaptive shortening of fascial tissue 

17 Activation of pain–inhibiting mechanisms 

18 Unbuckling of motion segments that have undergone disproportionate displacements 

*Collation of the mechanisms listed by: (Haldeman 1976; Shekelle 1994; Meeker and 

Haldeman 2002; Souvlis et al. 2004) 

Figure 13: Proposed biomechanical and neurophysiological mechanisms of spinal 
manipulation 

 

The clinical effects of SMT are thought to occur in response to mechanical, 

neurophysiological or psychological mechanisms (Zusman 1986; Maigne and 

Vautravers 2003) but it might be helpful to consider that mechanisms associated with 

all three of these conceptual models could be simultaneously at play to varying extents, 

at different times. In Figure 14, one mechanistic chain of events is suggested to explain 

decreased pain and increased regional ROM in a patient who has received cervical 

HVLA manipulation. 
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The ‘black box’ represents the (unknown) underlying mechanisms that account for the outcome after an 

intervention (Howick et al. 2010). In the above black box are mechanical, neurophysiological and 

psychological effects (mechanisms) that may be considered to act in isolation or in concert in producing 

the clinical outcome. ‘Changed IV-RoM’ includes the possibility of a change (increase) in range, or change 

in another kinematic variable, e.g. IAR location, with or without a change in range.    

Figure 14: A suggested mechanistic chain to explain the clinical effects of spinal 
manipulative therapy 

 

A similar but more detailed model has been proposed for the mechanisms behind the 

clinical effects associated with any manual therapy and is shown in Figure 15 (Bialosky 

et al. 2009).  
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Figure key: The model suggests that a transient, mechanical stimulus to the tissue produces a chain of 

neurophysiological effects. Solid arrows denote a direct mediating effect. Broken arrows denote an 

associative relationship which may include an association between a construct and its measure. Bold 

boxes indicate the measurement of a construct.  

Figure 15: Model of proposed mechanisms of manual therapy (Bialosky et al. 2009); 
Image reproduced with permission from Elsevier 

 

Simply put, this model (Figure 15) proposes that a ‘mechanical stimulus’, like SMT, 

sets off a chain of neurophysiological [including pyschological] responses that are 

ultimately responsible for the clinical outcomes (Bialosky et al. 2009).4 A number of the 

mechanisms postulated by this model have been investigated, but mostly theorised, in 

relation to SMT. Most investigative research has used cadavers, animal models or 

asymptomatic volunteers which can provide useful information to inform patient studies 

but the findings from such studies are in themselves not immediately clinically useful. 

Further, when mechanisms are explored in patients they are rarely considered in 

relation to symptomatic changes, and study designs rarely include a control group.  

                                                
4
 It is inferred from this model that there may be little difference or at least significant overlap in 

the neurophysiological effects, irrespective of the manual therapy. While no manual therapy 
intervention has been shown to have unambiguous efficacious superiority for neck pain or any 
other musculoskeletal condition (Gross et al. 2010; Clar et al. 2014) it does not necessarily 
follow that they all work through the same mechanisms. Further to the model by Bialosky et al. 
(2009) it has been proposed that diverse manual therapy techniques may achieve similar 
outcomes due to common effects on the fascial tissues (Simmonds et al. 2012) but this remains 
to be investigated. 
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Finally, most research has concerned the effects of SMT on the lumbar spine (LBP), 

and caution is warranted in extrapolating findings to a different condition (neck pain) 

and the biomechanically distinct cervical spine (Sterling 2004). 

 

2.6.2 Mechanical mechanisms 
 

• Facet joint gapping 

The facet joint capsule opposite the side contacted by the practitioner is assumed to 

have been stretched during the manipulative thrust as the facet joints are gapped. 

Static positional changes have been demonstrated, but only in the lumbar spine. 

Cramer et al. (2013) found that SMT increased separation (gapping) of lumbar facet 

joints as measured by MRI in patients with LBP and was associated with immediate 

decreases in pain. However, controls who did not receive SMT but were lying on their 

side while being imaged exhibited the largest amount of gapping at visit one, while 

those receiving SMT and remained on their side while being imaged exhibited most 

gapping at visit two, making the link between gapping and pain relief uncertain (Cramer 

et al. 2013).  

Gapping is confirmed clinically by an audible release or cavitation (Herzog et al. 1993). 

It has been suggested that the cavitation is a hallmark feature that distinguishes HVLA 

manipulation from other manual techniques (Evans and Lucas 2010). However, the 

role of cavitation in the clinical effects of manipulation is uncertain. In the lumbar and 

thoracic spines cavitation has been shown to take place at the target segment only half 

of the time, and multiple cavitations were common from only one manipulation (Ross et 

al. 2004). Multiple cavitations have also been associated with manipulation to the upper 

cervical spine, with cavitation occurring unilaterally (on either side of the spine) or 

bilaterally (Dunning et al. 2013). Thus, manipulation does not appear to accurately 

target the intended inter-vertebral level. Further, in a study of manipulation in patients 

with LBP, cavitation was not found to be necessary for a successful outcome (Flynn et 

al. 2003).  

Facet joint gapping is an important feature of a number of proposed mechanical 

theories for the clinical effects of SMT. Gapping of the joint may lead to mechanical 

breakdown of capsule adhesions, although adhesions have not been shown to be a 

dominant factor for restricted segmental motion (Zusman 1986); similarly uncertain is 

the extent to which the synovial folds (meniscoids) are involved in neck pain, and 

whether they might be un-trapped during facet gapping (Webb et al. 2011).  
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It is also theorised, but unknown, that facet joint capsule stretching will facilitate the 

inhibition of paraspinal muscle spasm (Maigne and Vautravers 2003). Inhibition of 

reflex muscle contraction about a joint is thought to disperse irritative metabolites which 

have accumulated due to muscle ischaemia. Further, there may be reduced muscular 

tension on periarticular structures with a subsequent decrease in peripheral afferent 

discharge (Zusman 1986). Corroborating the role of muscle spasm in spinal pain, Zhu 

et al (2000) measured cortical-evoked potentials on magnetic stimulation of lumbar 

paraspinal muscles in patients with LBP (Zhu et al. 2000). After two weeks of SMT, 

palpable muscle spasm was decreased in 11/13 patients, and decreases in pain were 

significantly correlated with increased cortical-evoked potentials (Zhu et al. 2000). Due 

to the lack of a control group however, it is unknown whether the muscle spasm 

changed due to treatment, or natural history.    

• Diffusion of water in the inter-vertebral disc 

Oscillatory mobilisation to the lumbar spine has been associated with producing a 

significant increase in the diffusion of water in the degenerated L5/S1 inter-vertebral 

disc in patients with activity-limiting LBP (Beattie et al. 2009), but the clinical 

significance of such changes, and whether they might occur in the cervical spine or 

with HVLA manipulation, are unknown. It is also said to be unlikely that manipulation 

repositions fragments of disc (Evans 2002).  

• Relief of joint stiffness 

Muscle guarding or splinting has been observed in patients with LBP and it is 

suggested that mechanical deformation of pain receptors in the soft tissues may 

activate the paraspinal muscles, causing the motion segment to stiffen (Solomonow et 

al. 1998). One study has linked immediate decreases in measured lumbar spine 

stiffness with decreases in pain and increased regional ROM after one session of 

Grade III rhythmic mobilisation to the fourth lumbar vertebra in patients with LBP 

(Shum et al. 2013). Patients could also tolerate greater mechanically applied loading to 

the spine immediately after treatment, but the longer-term benefits of this remain 

unknown. The study also showed that rather than the target segment alone receiving 

the mechanical loading, the whole region of spine was mobilised (Shum et al. 2013). 

Similar three-point bending has been shown to occur with posteroanterior mobilisation 

of the cervical spine but in that study stiffness and pain were not measured (Lee et al. 

2005).   
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Another study similarly measured lumbar stiffness and in addition measured multifidus 

recruitment by ultrasound after two SMT sessions over one week (Fritz et al. 2011). 

Pain-related disability was significantly decreased at one-week which the authors 

concluded was mediated by improved multifidus recruitment (measured during a 

submaximal contraction) and immediate decreases in lumbar stiffness, suggesting a 

link between joint stiffness, muscle activity and pain (Fritz et al. 2011). 

• Increasing spinal motion 

The previous theories of the repositioning of vertebra or straightening of the spine have 

been shown to be untrue (Evans 2002). However, despite the lack of accurate clinical 

measures of inter-vertebral motion, there is evidence to suggest that SMT can increase 

regional cervical spine motion and decrease pain. Nansel et al. (1989a) showed that a 

single manipulation could reduce asymmetry of passive regional cervical spine motion 

(Nansel et al. 1989a). Cassidy et al. (1992) and Martinez-Segura et al. (2006) 

independently found manipulation both reduced neck pain and increased regional 

range of neck motion immediately after treatment (Cassidy et al. 1992; Martinez-

Segura et al. 2006). There is also evidence from RCTs of neck pain/headache that 

SMT increases cervical regional range of motion (Nilsson et al. 1996a; Whittingham 

and Nilsson 2001; Hemmila 2005). However, little is known about changes in cervical 

inter-vertebral motion resulting from SMT as intended. 

Hviid et al (1965) took flexion-extension radiographs before and after a course of SMT 

in 50 patients with neck complaints and observed that in cases judged to have regional 

cervical hypo-mobility, 10/10 patients (flexion) and 10/13 patients’ (extension) hypo-

mobility was returned to normal (Hviid 1965). However, the timing of radiographs was 

not standardised, with follow-ups taking place at different time intervals between 

patients, and identification of hypo-mobility was qualitative, not quantitative. When the 

authors subsequently measured the motion from the radiographs they found the 

majority of patients had increased mobility; but this was not measured segmentally 

(Hviid 1965). Neither measurement error nor the MDC of measurements from 

radiographs were taken into account, so the meaningfulness of these results is 

unknown.  

In a case series of 58 patients with neck pain or headache the motion at each vertebra 

was measured on radiographs before and after SMT but while vertebral motion was 

shown to increase, measurements were not standardised and changes in motion were 

less than the measurement error from plain-film radiography, so were in fact not 

detectable (Yeomans 1992).  
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In order to detect true changes in inter-vertebral motion the acquisition procedure must 

be standardised, and interpretation of the results need to take account of the inherent 

measurement limitations of the method.       

2.6.3 Neurophysiological mechanisms 
  

• Descending pain inhibition  

A systematic review and meta-analysis concluded that SMT has a greater effect on 

increasing pressure-pain thresholds (PPT) compared to other interventions, suggesting 

an influence on central descending pain inhibition (Coronado et al. 2012). However, 

most of the studies included had been carried out on asymptomatic participants, there 

was a lack of studies linking changes in pain sensitivity to changes in clinical outcomes, 

and most studies only assessed short-term or immediate PPT changes (Coronado et 

al. 2012). Finally, this systematic review appears not to have taken account of the MDC 

in assessing changes in PPT.  

In a study that assessed immediate changes in patients with neck pain after cervical or 

thoracic manipulation, while pain and PPT improved significantly, changes in PPT did 

not exceeded the MDC (Martinez-Segura et al. 2012). In another study that assessed 

immediate changes after cervical or thoracic SMT, PPT threshold was again increased 

post-intervention (Molina Ortega et al. 2014). Levels of nitric oxide and substance P 

were also measured pre and post-intervention. Nitric oxide remained unchanged while 

the largest increase in substance P occurred in the cervical SMT group (Molina Ortega 

et al. 2014). However it is unknown whether this change would last beyond the two 

hours post–SMT time point at which it was measured, and the role of substance P in 

pain modulation is not fully understood.  

• Somatosensory activation  

In an experimental study, dual peripheral nerve stimulation somatosensory evoked 

potentials (SEP) were recorded after median and nerve stimulation at the wrist in 11 

asymptomatic subjects (Haavik-Taylor and Murphy 2010). This was done as a means 

of assessing somatosensory processing before and after a 20 minute typing task 

(Haavik-Taylor and Murphy 2010). SEPs were measured again after the typing task 

was repeated, this time preceded by cervical SMT. Changes in SEPs were detected 

after the task post-SMT that were not present after the task only, and the authors 

concluded that this was suggestive of altered central nervous system activity (Haavik-

Taylor and Murphy 2010).  
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Unfortunately, there is no evidence to support the use of dermatomal SEPs as an 

outcome measure for any condition (AANTTA. 1997). Importantly, there was no control 

group to compare changes with. Altered muscle firing patterns have been found in 

patients with chronic neck pain while performing a functional task (Tsang et al. 2014) 

and it would be desirable to see if muscle firing patterns were altered post-treatment, 

the implications of which are more clinically obvious that changes in SEPs. A review 

paper on SMT somatosensory activation reveals that this is an area of investigation 

that is still at the experimental stage (Pickar and Bolton 2012).  

• Sympathetic nervous system  

A recent systematic review of research into effects of spinal mobilisation on the 

sympathetic nervous system found seven randomised controlled trials that the authors 

rated as high quality. These studies found consistent increases in sympathetic nervous 

system activity across all outcome measures, indicative of sympathetic excitation, 

irrespective of the segments mobilised (Kingston et al. 2014). However, only one study 

evaluated changes in a symptomatic population and, since changes were not linked to 

outcomes, the clinical utility of changes in skin conductance, decrease in skin 

temperature, and especially of increases in respiratory rate, blood pressure and heart 

rate, are unknown and questionable (Kingston et al. 2014). 

• Endocrine system 

Despite the role it plays in pain modulation, there has been little research of the effects 

of SMT on the endocrine system. In a small prospective case series (n=9, assumed to 

be asymptomatic) serum cortisol levels were not significantly different after four 

treatment visits for SMT (region of spine not stated) (Tuchin 1998). A second study 

compared salivary cortisol levels in a cervical SMT group, a sham group and a control 

group before and after treatment, and found no differences in cortisol changes between 

the (asymptomatic) groups (Whelan et al. 2002). Finally, despite the author’s tenuous 

claims to the contrary, Padayachy et al (2010) similarly found no differences in serum 

cortisol levels five minutes after lumbar manipulation in 30 asymptomatics (Padayachy 

et al. 2010).  

• Inflammation  

In a cross-sectional study patients (n=27) with chronic and recurrent neck pain were 

found to have significantly higher levels of serum inflammatory mediators compared to 

controls with no neck pain (Teodorczyk-Injeyan et al. 2011). The presence of an 

inflamed joint is generally considered a contra-indication to manipulation, at least in the 

case of spondyloarthopathies (Assendelft et al. 1996).  



 
 

34 
 

However, in an earlier study the same research group found that a single thoracic 

manipulation was associated with a greater decrease in inflammatory cytokines 

compared to sham or venepuncture controls (Teodorczyk-Injeyan et al. 2006). While 

experiments with an animal model suggest SMT might decrease inflammation 

associated with the inter-vertebral foramen (Song et al. 2006), the mechanism behind 

these decreases in inflammation, the duration of action and the importance of this in 

mediating patients’ clinical outcomes in neck pain or any other condition remains 

unknown.  

The use of functional MRI to monitor brain changes in response to lumbar mobilisation 

has been investigated recently (Meier et al. 2014). This appears to be feasible and 

might be a more promising avenue for investigating the neurophysiological effects of 

SMT.  

2.6.4 Psychological mechanisms 
Finally, a psychological effect may occur in isolation or in tandem with mechanical and 

neurophysiological effects, such as a decrease in fear avoidance, by breaking the pain-

spasm-pain cycle (Maigne and Vautravers 2003). Fear avoidance is a good example of 

a psychological variable that can function as both a treatment effect modifier (baseline 

variable that influences the relationship between an intervention and the outcome) or 

as a treatment mediator (factors that have an intermediary role in the link between 

treatment and outcome) (Hill and Fritz 2011).  

The expectations that patients have before commencing treatment can have an 

influence on recovery. In a clinical trial of 140 patients, patients who believed that 

manipulation would help, and received manipulation, had better odds of recovery at 

one month than those who received manipulation, but did not think it would help (OR 

0.33; 95%CI: 0.11 to 0.99) (Bishop et al. 2013). In a randomised trial of 346 patients 

receiving physical therapy treatments for neck pain, low treatment expectation was a 

predictor of poor outcome at six months (Hill et al. 2007). Despite expectations 

appearing to be important, early positive response to treatment appears to ultimately 

be a better predictor of improvement than any baseline variable (Bolton and Hurst 

2011; Peterson et al. 2012).  

Despite the identification of a number of potential mechanisms these have rarely been 

linked to patient-reported outcomes, and when they have, only in patients with LBP 

(Fritz et al. 2011; Koppenhaver et al. 2011). The value in discovering a mechanism will 

only be fully realised when the extent to which it is associated with reducing pain and 

disability is also discovered. 
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2.6.5 Clinical trials of spinal manipulative therapy for neck pain 
 

A systematic review of spinal manipulation for neck pain published in 2003 concluded, 

on the basis of four randomised clinical trials, that spinal manipulation (performed by 

chiropractors) was not more effective than control treatment and inferior to exercise 

treatment (Ernst 2003). Letters written to the journal editor in response to this review’s 

findings highlight some of the issues regarding the evidence base for spinal 

manipulation in general, issues which have still yet to be completely resolved. The view 

of two correspondents was that the review was methodologically flawed, for example, 

by omitting certain electronic databases, only focusing on one manual therapy 

profession and being conducted by a solo author rather than a team (Peloso and Gross 

2003); another correspondent concluded that there were no major methodological 

flaws, for example, by suggesting that the inclusion of more journal searching would 

not have identified any additional trials that may have altered the review’s conclusion 

(Bogduk 2003). While both these letters highlighted that the biggest problem with the 

evidence was the lack of it, Peloso and Gross’s (2003) response to this was, “Further 

studies are needed to assess the competing therapies for neck pain” while, in contrast, 

Bogduk (2003) concluded, “Spinal manipulation for neck pain does not work”. Since 

then, the evidence base has grown considerably, but some views on spinal 

manipulation for neck pain remain polarised. 

In 2008 the Neck Pain Task Force conducted a Best Evidence Synthesis of non-

invasive treatments for neck pain (Hurwitz et al. 2008) and the 13 trials on spinal 

manipulation or mobilisation which met their inclusion criteria are listed in Table 1, 

pages 34-36 . In summary, what this table shows is that trials investigating spinal 

manipulation for neck pain produce conflicting results. However, the Neck Pain Task 

Force concluded that, on balance, the evidence was supportive of the effectiveness of 

spinal manipulation in the treatment of neck pain (Hurwitz et al. 2008). 
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Trial Sample Episode 
duration 

Intervention Outcomes Last 
follow-up 

Comparator(s) Outcome of 
comparison 

 
(Koes et al. 

1992; Koes et 
al. 1993) 

64 GP 
patients 

≥ 6 weeks  Manipulation/mobilisation 
[manual therapist] 

Pain, disability, 
global effect 

52 weeks Placebo or sham = 

Usual GP care  = 

Physiotherapy (exercise, 
massage, modalities) 

= 

(Sterling et al. 
2001) 

30 Manual. 
PT patients 

> 3 
months 

Mobilisation [PT] Pain, pressure 
pain threshold 

Immed-
iate 

Placebo or sham + 

No care + 

 
(Hoving et al. 

2002; 
Korthals-de 
Bos et al. 

2003; Hoving 
et al. 2006) 

183 GP 
patients 

≥ 2 weeks Mobilisation  
[manual therapist] 

Pain, disability, 
perceived 
recovery 

Cost (cost 
effectiveness) 

52 weeks Usual care + (7 and 13 
weeks) 

+/= (26 and 
52 weeks) 

+ (CE) 

Physiotherapy (sessions 
of exercise)  

+ (7 weeks) 
= (13 and 52 

weeks) 
+ (CE) 

 
(Jull et al. 

2002; Stanton 
and Jull 2003) 

200 PT 
patients  

One 
HA/week 

for ≥ 2 
months 

Manipulation/mobilisation 
[PT] 

HA frequency, 
length, neck 

pain, perceived 
effect 

52 weeks No care + 

Sessions of exercise 
therapy 

= 

Sessions of exercise 
therapy + manipulation/ 

mobilisation 

= 

 
(Brodin 1984) 

71 patients ? Salicylates, advice +/- 
mobilisation 

Pain 4 weeks Salicylates only + 

Salicylates + advice, 
massage, electrical 

stimulation and traction 
 

+ 
 

 
 

(continued) 
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Trial Sample Episode 
duration 

Intervention Outcomes Last 
follow-up 

Comparator(s) Outcome of 
comparison 

 
(Dziedzic et al. 

2005) 

 
350 GP 
patients 

referred to PT 

 
> 3 

months 

 
Advice about coping, 
individualised home 

exercise + 
manipulation/mobilisation  

 
Disability, global 

improvement, 
sick leave 

 
26 weeks 

 
Advice about coping, 
individualised home 

exercise  

 
= 

Advice about coping, 
individualised home 

exercise + shortwave 
diathermy 

= 

(Martinez-
Segura et al. 

2006) 

71 primary 
care referrals 
to PT/Osteo 

≥ 1 month Manipulation [PT/Osteo] Pain 5 minutes Mobilisation [PT/Osteo] + 

(Hurwitz et al. 
2002) 

336 chiro 
patients 

Any 
length 

Manipulation [Chiro] Pain, disability, 
harms 

26 weeks Mobilisation [Chiro] = [pain, 
disability] 
- [harms] 

 
(Wood et al. 

2001) 

30 Chiro 
patients, 
general 

population 

≥ 1 month Manipulation [Chiro] Pain, disability 8 weeks Instrumental 
manipulation [Chiro] 

= 

 
 

(Jordan et al. 
1998) 

119 patients 
referred to 

orthopaedic 
department 

> 3 
months  

Advice, home exercise, 
manipulation [Chiro] 

Pain, disability, 
perceived effect, 
physician global 

assessment 

52 weeks Advice, home exercise, 
intensive training of 

cervical muscles 

= 

Advice, home exercise, 
mobilisation and traction 

= 

(Bronfort et al. 
2001; Evans et 

al. 2002) 

191 general 
population 

≥ 12 
weeks 

Manipulation [Chiro] Pain, disability 104 
weeks 

Strengthening exercises - 

Strengthening exercises 
+ manipulation 

- 
 

(continued) 
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Trial Sample Episode 
duration 

Intervention Outcomes Last 
follow-up 

Comparator(s) Outcome of 
comparison 

 
(Skillgate et 

al. 2007) 

 
265 workers 

 
≥ 2 weeks 

Naprapathy (manipulation, 
mobilisation, massage, 
stretching) [Naprapath] 

 
Pain, disability, 

perceived 
recovery 

 
12 weeks 

 
Physician-provided 

advice and support to 
stay active 

 
= (3 weeks) 
+ (7 and 12 

weeks) 

(McReynolds 
and Sheridan 

2005) 

58 emergency 
department 

patients 

 
< 3 weeks 

 
Manipulation, muscle-
energy and soft tissue 

techniques [Osteo]  

 
Pain, patient 

perceived effect 

 
1 hour 

 
Intramuscular ketorolac 

tromethamine, 30mg 

 
+/= 

=, equal, a clinically relevant difference was not observed between intervention and comparator; +, better or - , worse, denotes clinically relevant 

differences between intervention and comparator; PT, physiotherapist; Osteo, osteopath; Chiro, chiropractor; HA, headache; CE, cost-effectiveness 

Table 1: Clinically relevant differences in pain or disability outcomes between manipulation intervention [equal (=), better (+), worse (-)] and 
comparator included in efficacy or effectiveness studies, or relative effectiveness studies, of non-specific neck pain or associated disorders reported 

by the Neck Pain Task Force. Table adapted from the Best Evidence Synthesis by Hurwitz et al. (2008) 
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Since the Neck Pain Task Force, seven systematic reviews on spinal 

manipulation/mobilisation have been published and summaries of these reviews’ 

conclusions are listed in Table 2. With the exception of the systematic review of 

systematic reviews (Posadzki and Ernst 2011), these conclusions further support those 

of the Neck Pain Task Force but they serve to highlight the continuing lack of high 

quality evidence and contradictory trial results. As concluded by the most recent 

review, the evidence suggests manipulation and/or mobilisation produce similar 

improvements compared to other “active” [sic] treatment, however, some trials also 

found no improvement in comparison to a control group (Clar et al. 2014). Three RCTs 

published more recently (Bronfort et al. 2012; Evans et al. 2012; Maiers et al. 2014), 

listed in Table 3, provide additional evidence for the efficacy of manipulation as part of 

a treatment package but the absence of control groups in these studies precludes the 

determination of whether manipulation had a specific treatment effect or not. These 

studies also failed to show clear superiority of SMT over exercise, rather, they add to 

the conclusion of one systematic review that SMT and exercise appear to be most 

efficacious when combined (Miller et al. 2010).  

Another systematic review (Cross et al. 2011) concluded that thoracic manipulation 

alone could be effective for neck pain (Table 2). The findings from another recent RCT 

(Saavedra-Hernandez et al. 2012), included in Table 3, are limited by only following-up 

participants at one week but suggest the combination of cervical and thoracic 

manipulation may be more effective than cervical alone; it is the case in most RCTs of 

spinal manipulation for neck pain for SMT to be restricted to the neck. What the 

research base into manipulation for neck pain has so far not been able to indicate is 

which neck pain patients might be expected to derive most benefit from manipulation 

and for whom an alternative management strategy is indicated. It is further unknown 

which exercises or soft tissue technique(s) are most effective, and the ideal dosage 

that is required to produce clinically meaningful benefit is unknown for any manual 

therapy intervention.5  

                                                
5
 Manual therapy dose-response studies are few. In an RCT evaluating SMT for cervicogenic 

headache, 8 versus 16 treatment sessions yielded small dose effects (Haas et al. 2010). In a 
study evaluating the dose-response of SMT for chronic LBP, 400 patients were randomised to 
receive 0 (light massage), 6, 12 or 18 sessions of spinal manipulation. At 12 weeks, the greatest 
differences from the control group were found for 12 sessions over 6 weeks; at 24 weeks 
differences were negligible, at 52 weeks the greatest group differences were seen for 18 visits 
(Haas et al. 2014); any dose effects were small.  In another study 228 individuals with chronic 
neck pain were randomised to one of four groups receiving various doses of massage over four 
weeks or to a waiting list control group (Sherman et al. 2014). It was concluded that participants 
who received 30-minute treatments, regardless of their frequency, did not do significantly better 
than controls, while 60-minute treatments two and three times/week significantly increased the 
chance of clinically significant improvement over controls at five weeks (relative risk = 2.30 and 
2.73; p = 0.007 and 0.001, respectively) (Sherman et al. 2014).  
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Summary conclusions of systematic reviews regarding the treatment of neck 

pain with spinal manipulation/mobilisation 

 

Manual therapy and exercise for neck pain: A systematic review (Miller et al. 2010) 

 

• High quality evidence (3 pooled trials, 320 participants) suggests greater short-term 

pain relief from manual therapy (manipulation or mobilisation)  (pooled standardised 

mean difference -0.50 (95% CI: -0.76 to -0.24) than exercise alone, but no longer-term 

differences for pain (pSMD -0.10 (95% CI: -0.42 to 0.21) or for any other outcomes 

(function, disability, quality of life, global perceived effect or patient satisfaction) are 

evident for any duration of neck pain 

• Moderate quality evidence (2 pooled trials, 178 participants) suggests manual therapy 

+ exercise is superior to manual therapy alone for the reduction of pain [pSMD – 0.48 

(95% cI: -0.78 to -0.18)] and improvement of quality of life for chronic neck pain 

• Low quality evidence (2 pooled trials, 111 participants) suggests manual therapy + 

exercise produces greater long-term pain reduction (absolute benefit 23-37/100mm, 

number needed to treat = 5, treatment advantage 27%) when compared to no 

treatment for chronic neck pain and subacute/chronic neck pain with cervicogenic 

headache 

 

Manual therapy with or without physical medicine modalities for neck pain: A 

systematic review (D'Sylva et al. 2010) 

 

• Moderate quality evidence (1 trial, 221 participants) suggests greater short and 

medium-term pain reduction and patient satisfaction from the combination of 

mobilisation + manipulation + soft tissue techniques versus short-wave diathermy for a 

new episode of neck pain. When different arms in the same trial were compared (209 

participants) mobilisation + manipulation + soft tissue techniques resulted in greater 

improvements in global perceived effect, patient satisfaction and quality of life, but 

similar changes in pain and function, when added to advice and exercise for a new 

episode of neck pain 

• Low to very low quality evidence from seven stand alone trials that a combination of 

mobilisation + manipulation + soft tissue techniques is no more effective than a variety 

of other treatments for pain, function, return-to-work, satisfaction at any time-point for 

subacute or chronic neck pain                                                                                                                                                                              

 

                                                                                                                        (continued)                                                                                                                                       
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Summary conclusions of systematic reviews regarding the treatment of neck 

pain with spinal manipulation/mobilisation 

 

• Low quality evidence suggests a statistically non-significant but clinically significant 

benefit favouring manipulation + mobilisation for pain relief (1 meta-analysis of 2 trials, 

112 participants),  

improved function and global perceived effect (1 trial, 94 participants) for chronic 

cervicogenic  

headache compared to a control at medium and long-term follow-up  

• Low quality evidence (1 trial, 25 participants) suggests no difference in pain relief and 

global perceived effect between manipulation + mobilisation versus detuned 

electrotherapy placebo for subacute/chronic neck pain in the short-term 

• Evidence for manipulation and mobilisation is conflicting (5 trials, 240 participants) 

when compared to physiotherapy, GP care or exercise for subacute/chronic neck pain 

+/- cervicogenic headache 

• Low quality evidence (6 stand alone trials) shows no difference in pain, function or 

global perceived effect when manipulation or mobilisation are added to various physical 

medicine modalities and compared to placebo, exercise and various other manual and 

modality treatment combinations 

• Cost – moderate quality evidence favoured reduced costs for manual therapy for 

acute/subacute/chronic neck pain with or without headache or radicular involvement 

 

Manipulation or mobilisation for neck pain: A Cochrane Review (Gross et al. 2010) 

 

• Moderate quality evidence (2 trials, 369 participants) suggests that cervical 

manipulation is not superior for pain, function or patient satisfaction when compared to 

mobilisation for subacute or chronic neck pain at short and medium-term follow-up                                                                                                                                                                                                                          

• Low quality evidence (3 trials, 130 participants) suggests that cervical manipulation 

may provide immediate and short-term relief of acute and chronic neck pain compared 

to control [pSMD -0.90 (95% CI: -1.78 to -0.02)]                                               

• Low quality evidence supportive of thoracic manipulation for reduction of pain (NNT = 

7) and improved function (NNT = 5) for acute neck pain and immediate pain reduction 

in chronic neck pain (NNT = 5)                                                                                                                    

• Very low quality evidence (3 trials, 88 participants) suggests one manipulation 

technique is not superior to another for short-term relief of subacute neck pain                                                                                                                                                                                                         

 

                                                                                                                        (continued) 
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Summary conclusions of systematic reviews regarding the treatment of neck 

pain with spinal manipulation/mobilisation 

 

• Very low quality evidence suggests cervical manipulation is equivalent to certain 

medications (2 trials, 69 participants), acupuncture (2 trials, 81 participants), soft-tissue 

treatments (1 trial, 53 participants) or certain combined treatments for subacute and 

chronic neck pain, but may be superior to TENS (1 trial, 64 participants) for chronic 

cervicogenic headache 

 

Effectiveness of manual therapies: the UK evidence report (Bronfort et al. 2010) 

 

• Moderate quality (positive) evidence for spinal manipulation/mobilisation + exercise 

for chronic neck pain 

• Moderate quality (positive) evidence for thoracic spinal manipulation/mobilisation for 

acute/subacute neck pain 

• Inconclusive (favourable) evidence for cervical spine manipulation/mobilisation alone 

for neck pain of any duration                                                                                                                                                                                                                          

 

Spinal manipulation: an update of a systematic review of systematic reviews (Posadzki 

and Ernst 2011) 

 

• Data from five systematic reviews (one positive, three negative, one neutral or 

unclear) fail to convincingly demonstrate that spinal manipulation is an effective 

intervention for the treatment of neck pain 

NB: One of the three ‘negative’ systematic reviews (Gross et al. 2004) was updated six 

years later (Gross et al. 2010). This time Posadzski and Ernst (2011) categorised its 

conclusions as ‘neutral or unclear’                                                                                                                                                                                    

 
Thoracic spine thrust manipulation improves pain, range of motion, and self-reported 

function in patients with mechanical neck pain: A systematic review (Cross et al. 2011) 

 

• A limited body of evidence of varying quality (6 trials, 358 participants) suggests that 

thoracic spinal manipulation for the treatment of neck pain reduces pain and improves 

function in the immediate and short-term, and in the medium-term (1 trial, 140 

participants)                                                                                                    

                                                                                                                        (continued) 
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Summary conclusions of systematic reviews regarding the treatment of neck 

pain with spinal manipulation/mobilisation 

 

Clinical effectiveness of manual therapy for the management of musculoskeletal and 

non-musculoskeletal conditions: systematic review and update of UK evidence report 

(Clar et al. 2014) 

 

• Inconclusive (favourable) evidence for cervical spine manipulation/mobilisation alone 

• Inconclusive (favourable) evidence for cervical spine manipulation and mobilisation 

+/- soft tissue treatment 

Table 2: Summary conclusions of systematic reviews of spinal 
manipulation/mobilisation for neck pain published since the reporting of the Neck Pain 

Task Force in 2008 
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Trial Sample 
characteristics 

Intervention and Outcomes Number of 
treatment 

visits 

Last 
follow-

up 

Comparator(s) Outcome of 
comparison 

(Saavedra-
Hernandez 
et al. 2012) 

82 chronic neck 
pain patients 
referred to 

private manual 
PT, 

50% female, 
aged 

45±9years 
(mean±SD) 

Cervical thrust manipulation 
[PT] 

 
 

Pain, disability, cervical ROM 

One 
One 
week 

Cervical and thoracic 
thrust manipulation 

Pain: decreased in both 
groups with no 

significant between-
group difference 
Disability: greater 
reduction in the 

cervical+thoracic 
manipulation group 

Cervical ROM: 
Increased similarly in 

both groups 

(Evans et 
al. 2012) 

270 chronic 
neck pain 

participants 
recruited from 

general 
population 
aged 18-65 

years 

 
High dose supervised 
strengthening exercise 

(predominantly neck and 
upper body strengthening 

with low-tech methods, 
partially individualised 
according to tolerance) 

[exercise therapist] + SMT 
[manipulation±light massage] 

[Chiro] 
 

 
Pain, disability, global 

improvement, medication 
use, satisfaction, general 

health status (SF-36 
subscales) 

High dose 
supervised 
exercise [+ 
SMT] – 20, 
one-hour 

sessions [+ 
15-20min 

SMT 
session]; 

Home 
exercise and 
advice – 2, 
one hour 
sessions 

 

52 
weeks 

High dose supervised 
strengthening 
exercise alone 

[exercise therapist] 

Pain: no significant 
differences; 

All other outcome 
measures: no 

significant differences 

Low dose home 
exercise and advice 

(simple self-
mobilisation of the 
neck and shoulder 

joints, partially 
individualised 
according to 
tolerance)  

[exercise therapist] 
 

Pain: significant 
difference in favour of 

+SMT group; 
All other outcome 

measures: no 
significant differences 

except for global 
perceived effect and 

satisfaction in favour of 
+SMT group 

 
(continued) 
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Trial Sample 
characteristics 

Intervention and Outcomes Number of 
treatment 

visits 

Last 
follow-

up 

Comparator(s) Outcome of 
comparison 

(Bronfort 
et al. 2012) 

272 acute neck 
and subacute 

neck pain 
participants 

recruited from 
general 

population 
aged 18-65 

years 

Cervical and thoracic SMT 
(manipulation±mobilisation± 
limited massage, stretching, 
hot and cold packs, advice 
regarding activity) [Chiro] 

 
Pain, disability, global 

improvement, medication 
use, satisfaction, general 

health status (SF-36 
subscales), cervical ROM 

Medication 
group -

Mean(range) 
4.8(1-8);   

SMT group - 
15.3(2-23)  
determined 
by treating 
practitioner 
over period 

of 12 weeks; 
Home 

Exercise 
group – 
2.0(1-2) 

fixed 
duration for 

study 

52 
weeks 

Medication group – 
brief history and 

examination; 1st line: 
NSAIDs±paracetamol; 

2nd line: narcotics, 
muscle relaxants 

Pain: statistically 
significantly reduced in 

short and long-term  
and greater proportion 

with clinically significant 
decrease at 26 weeks 

in favour of SMT group; 
All other outcome 
measures: SMT 

superior for except for 
SF-36 measured 
mental function 

 
 
 

Home exercise with 
advice group -  

primarily focused on 
simple self-

mobilisation exercise 
of the neck and 
shoulder joints, 

individualised to each 
participants’ abilities 

Pain: no significant 
differences; 

All other outcome 
measures: no 

significant differences 
for except patient 

satisfaction in favour of 
SMT in short and long-

term 
Cervical ROM: changes 

greatest in home 
exercise group 

 
(continued) 
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Trial Sample 
characteristics 

Intervention and Outcomes Number of 
treatment 

visits 

Last 
follow-

up 

Comparator(s) Outcome of 
comparison 

(Maiers et 
al. 2014) 

241 acute and 
subacute neck 

pain 
participants 

recruited from 
general 

population 
aged over 65 

years 

SMT (manipulation and 
mobilisation±light 

massage±stretching, hot and 
cold packs) [Chiro] + home 

exercise (Information on pain 
management, postural and 

movement instruction, advice 
to stay active, exercises to 

improve flexibility, 
coordination, balance and 
strength – individualised to 

tolerance) 
 

Pain, disability, global 
improvement, medication 
use, satisfaction, general 

health status (SF-36 
subscales 

SMT: up to 
20 visits at 
practitioner 
discretion; 
Supervised 

rehabilitative 
exercise – 

20, one hour 
sessions 

Home 
exercise -

Four, 45-60 
min sessions 
of instruction 

 

52 
weeks 

Home exercise alone 
 [Chiro or exercise 

therapist] 

Pain: significantly 
reduced pain in favour 
of SMT+home exercise 
in short and long-term; 

All other outcome 
measures: No 

significant differences 
except for global 
improvement and 

satisfaction in favour of 
SMT+home exercise in 

short and long-term 

Supervised 
rehabilitative exercise 

(similar to home 
exercise but included 

supplementary 
exercises individually 

tailored to each 
participant and 

encouragement) + 
home exercise 

Pain: significantly in 
favour of SMT+home 

exercise in short but not 
long-term; 

All other outcome 
measures: no 

significant differences 
except duration of 
medication use in 

favour of SMT+home 
exercise in long-term 

PT, physiotherapist; Chiro, chiropractor 

Table 3: Recent randomised clinical trials of spinal manipulation for the treatment of neck pain 
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In addition to the lack of knowledge regarding dose, the manipulation or mobilisation 

techniques that are most effective, and in whom, are equally unknown (Dunning et al. 

2012; Casanova-Mendez et al. 2014). The lack of an accurate diagnosis beyond the 

symptom of neck pain is precluding the identification of treatment effects in subgroups. 

In the systematic review of manipulation for neck pain in 2003 concern was expressed 

regarding the fact that neck pain was an ill-defined disorder (Ernst 2003); it continues 

to be.6    

Another important feature of the SMT evidence base is the difficulty in designing and 

conducting methodologically sound RCTs for manual therapies. RCTs are the accepted 

standard for determining treatment effects, making them necessary for the evaluation 

of the effectiveness of SMT; non-RCT evidence rarely provides data that are 

sufficiently robust from which to infer treatment causation (Howick et al. 2009). 

However, RCTs  are better suited to evaluating the likes of pharmaceutical 

(homogeneous) interventions rather than the more complex manual therapy 

(heterogeneous) encounter (Bolton 2001). While the delivery of a pharmaceutical can 

be closely controlled (the appearance of the drug e.g. colour and shape, the method of 

delivery e.g. oral versus intravenous) the delivery of SMT is difficult to control as there 

are differences in the level of skill and experience between practitioners (Cattrysse et 

al. 2009) and SMT may not be uniformly delivered by the same practitioner between 

treatment sessions (Dugailly et al. 2014).  

The major weakness when researching manual therapy is the difficulty of blinding. 

While it is possible to blind the assessor of the primary outcome measure, practitioners 

cannot be blinded to the therapy they deliver, although they may be blinded as to the 

clinical status of the recipient and thereby not be influenced by a participant’s 

symptomatic status. The blinding of participants as to whether they are receiving ‘real’ 

manipulation is not yet possible due to the lack of a suitable sham, although efforts are 

being made to develop one (Vernon et al. 2012). Therefore, when the evidence base 

for SMT is assessed the use of some scales such as the popular Jadad scale, 

developed to assess the quality of evidence of pain studies, are punishing due to the 

lack of blinding, despite studies being otherwise methodologically sound (Lundh and 

Gotzsche 2008).  

                                                
6
 For Bogduk (2003), that manipulation might differentially affect pain associated with 

osteoarthritis, spondylosis, increased muscular tone, trigger points or myofascial pain is a 
“spurious concern” based on the assertion that “no one in clinical practice makes the distinction” 
(Bogduk 2003). While a recent survey of manual therapy practictioners largely supports this 
assertion (Carlesso et al. 2014) the lack of diagnostic accuracy is likely to be driving such an 
apparently uniform therapeutic approach to the treatment of the neck pain symptom. However, 
the data from the survey support the notion that manipulation is rarely delivered on its own but 
rather as part of a package of care, the components of which might vary considerably (Carlesso 
et al. 2014).  
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Unfortunately, avoidable methodological flaws such as the lack of appropriate 

concealment of allocation to an intervention or control group also continue to beset the 

confident interpretation of many studies, and variation between study designs prevents 

meta-analysis (D'Sylva et al. 2010; Gross et al. 2010; Miller et al. 2010).  

Since the evidence base for the treatment of neck pain (with any intervention) remains 

equivocal (Walker and French 2012) it has been suggested that mobilisation be 

favoured over manipulation as an intervention for neck pain, at least as a first line 

manual therapy choice, since mobilisation appears to be equally effective (Miller et al. 

2010) and is considered to be associated with a milder side-effects profile (Hurwitz et 

al. 2002; Leaver et al. 2010; Leaver and Maher 2012). The lack of clear effectiveness 

superiority has even led some to call for the abandonment of cervical manipulation for 

neck pain on the grounds of unnecessary risk to the patient (Wand et al. 2012). This is 

due to the concerns raised regarding the [rare] occurrence of VBA stroke 

(vertebrobasilar artery dissection) after SMT (Ernst 2002; Gouveia et al. 2009; Ernst 

2010). The body of evidence on which these concerns are based (largely, case reports) 

has been criticized for a lack of adequate reporting (Wynd et al. 2013) which stymies 

the hypothesis that SMT causes VBA stroke.7 

Case-control studies are the best study design for examining rare events such as VBA 

stroke. One case-control study found an association between VBA stroke and the 

likelihood of having visited a chiropractor within one week, but only in patients under 45 

years (Rothwell et al. 2001). A second case-control study found VBA stroke to be 

independently associated with SMT received within 30 days (Smith et al. 2003). A third 

case-control (and case-crossover study), in the same population as the two preceding 

studies, found the incidence of VBA stroke to be the same irrespective of whether 

patients had consulted a chiropractor or a general practitioner for neck pain. This study 

concluded that VBA stroke is very rare, and that it was likely that patients were 

presenting to a healthcare provider with symptoms of an evolving VBA stroke i.e. neck 

pain (Cassidy et al. 2008). The highest quality prospective research studies have 

reported no occurrences of stroke in 4,891 treatments administered to 529 patients 

(Rubinstein et al. 2007) nor 28,109 treatment given to 19,722 patients (Thiel et al. 

2007).  

 

                                                
7
 A recent systematic review failed to find any epidemiological studies that measured the 

incidence of cervical SMT and internal carotid artery dissection nor any studies that suggested 
there was an association between the two (Chung et al. 2014).   
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Therefore, based on the best available evidence it would appear there is no strong 

foundation for a causal relationship between cervical manipulation and VBA stroke, 

rather, patients are seeking care from a chiropractor or other primary healthcare 

provider for relief of neck pain or headache that results from the VBA stroke (Murphy 

2010).  

Irrespective of this, while Thiel et al (2007) concluded the risk of serious adverse 

events from cervical manipulation to be ~0.01%, or low to very low, it is essential that 

practitioners remain vigilant in trying to identify those patients who are potentially at 

increased risk of stroke and manage them accordingly, but this is a challenge (Murphy 

2010; Rushton et al. 2014). A review of case reports concluded that many adverse 

events associated with cervical SMT could potentially have been prevented by a 

sufficiently thorough history-taking and examination, but it was also highlighted that 

even this may fail to identify a large proportion of patients at risk of an adverse event 

like VBA dissection (Puentedura et al. 2012b).  

While the balance of evidence is in favour of SMT for neck pain, its lack of superiority 

over alternative treatments and continuing controversy surrounding its safety provides 

fertile ground for trying to better understand the mechanisms behind its clinical effects. 

This could lead to better targeting of this therapy towards those expected to benefit, 

and away from those expected not to. 

In the past, the emphasis on the success or otherwise of therapeutic interventions has 

typically been based on clinician-based outcomes (McCormick et al. 2013). This 

approach is rooted in the reductionist belief that, for example, the correction of a 

physical impairment will bring about the improvements desired by the patient, such as 

pain relief. Such an approach has not always been successful in the treatment of the 

complex phenomenon of pain which is underscored by the move away from this to the 

more encompassing biopsychosocial approach (see pages 8-9) to patient management 

(Gatchel and Theodore 2008). In recognition of the importance of the patient’s 

perspective, patient-reported outcome measures now take prominence in clinical 

practice and trials. While objective measurable changes in a patient’s health status 

post-intervention might be clearly desirable, the importance given to these changes 

should ultimately be determined by the patient.  
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In the literature related to the treatment of neck pain can be found a plethora of 

outcome measures used with no obvious standardisation (Gross et al. 2009). However 

there is a core set of outcome measures recommended by international consensus for 

the evaluation of the treatment of spinal disorders covering the following domains: pain, 

back [neck] specific function, generic health status, work disability and patient 

satisfaction (Bombardier 2000). The specific outcome measures used in this thesis to 

address these domains are introduced and discussed in Chapter 8 (pages 164 - 166). 

The measurement of cervical spine range of motion, which manual practitioners 

commonly use to inform the decision to deliver SMT to a patient and evaluate its 

outcome, is the topic of the next section.  
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2.7 The measurement of cervical spine motion 

2.7.1 Manual examination of the cervical spine  
It is established practice in the manual therapy professions to perform a physical 

examination to assess motion of the spine, typically to identify segments that appear to 

be restricted. In the literature different labels have been given to such motion 

restrictions, notably vertebral subluxation complex or joint complex dysfunction 

(Seaman 1997), spinal ‘fixation’ (Breen et al. 2002), joint ‘hypo-mobility’ (Fritz et al. 

2007; Deitz et al. 2011) spinal ‘stiffness’ (Fritz et al. 2011) and “aberrant” motion (Howe 

1974; Teyhen 2007). Spinal fixation has also been equated with both joint hypo-

mobility (Peterson and Bergmann 2011) and joint immobility (Hooper 2005). While 

some definitions are not confined only to the motion of a vertebral pair but include 

reference to, for example, palpation findings of the surrounding soft tissues, these 

wider considerations are not required when it is the measurement of the vertebral 

movements that is of importance. Therefore, for the purposes of this thesis it is the 

term hypo-mobility that will be used throughout. It is reasonable to allow the term hypo-

mobility to encompass immobility since it is questionable whether the two can be 

distinguished, especially given that the United States Food and Drug Administration 

considers inter-vertebral motion of up to 5° as effectively immobile for the purpose of 

evaluating arthrodesis status following spinal fusion surgery, due to the measurement 

limitations of flexion-extension x-rays (Deitz et al. 2011). 

For clarity, spinal stiffness is best considered as distinct from these other entities. Joint 

hypo-mobility or immobility might be described as the lack of or no motion as perceived 

from motion palpation (where inter-vertebral motion is palpated while the examiner 

passively moves the patient) (Breen et al. 2002) or measured, for example, from a  

flexion-extension x-ray study (Fritz et al. 2005). In contrast stiffness refers more to the 

resistance to movement, for example as identified by applying downward palpatory 

pressure to the posterior aspect of a vertebra while a patient lies prone (static 

palpation) (Abbott et al. 2005; Fritz et al. 2011), or the resistance felt while applying 

extra pressure (“over-pressure”) at the end-range of motion during motion palpation. 

Motion palpation is used to assess the passive range of motion of an inter-vertebral 

motion segment, also classified as PPIVM (passive physiological inter-vertebral 

movement) while static palpation is said to assess accessory movement of the inter-

vertebral motion segment, also termed PAIVM (passive accessory inter-vertebral 

movements) (Maitland 2005). For the purposes of this thesis the terms hypo-mobility, 

accessory motion and passive range of motion will be used.  
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While terminology might vary between the manual therapy professions the literature 

supports the statement that, for the most part, spinal manipulation is used with the 

intention of restoring motion to spinal hypo-mobility and thereby reducing symptoms. 

However, current techniques used by most manual therapy practitioners to identify 

spinal segments to which SMT should be applied (i.e. palpation) are unreliable and 

insufficient (Nansel et al. 1989b; Hestbaeck and Leboeuf-Yde 2000; Leboeuf-Yde et al. 

2002; Haneline et al. 2008; Haneline and Young 2009). It is uncertain therefore 

whether this intention is translated into reality; an accurate (please see Glossary for 

definition, page 284) and reproducible method of measurement is required to 

determine this.   

2.7.2 Reproducibility – agreement and reliability 
When measurements are based on observations made by people they are prone to 

error; thus, reliability and agreement of a measurement method are important to know. 

The terms ‘reliability’ and ‘agreement’ are often used interchangeably but are 

technically two different concepts (de Vet 1998). Agreement parameters determine 

whether the same value is achieved if a measurement is performed twice and this 

estimates the measurement error (de Vet et al. 2006). Reliability coefficients are ratios 

of variances, and so express how well subjects can be differentiated from each other, 

despite measurement error. In this case the measurement error is related to the 

variability between subjects (de Vet et al. 2006).  

The term reproducibility is established within the spinal kinematics literature (Madson et 

al. 1999; Hoving et al. 2005; Cattrysse et al. 2009) and means the degree to which 

repeated measurements by the same observer or two or more observers produce 

similar results and can be considered to encompass the concepts of agreement and 

reliability (de Vet et al. 2006).   

2.7.3 Measurement of regional cervical spine motion 
The development of computerized motion analysis devices over the last two decades 

has made it possible to simultaneously quantify, in real-time, coupled (inter-vertebral) 

motions associated with the primary regional movement (e.g. flexion) (Strimpakos et al. 

2005). Most of the spinal research has focused on the lumbar spine. Early extensive 

work on surface motion in the lumbar spine involving more than 700 subjects by Marras 

et al. (1999) found that angular velocities in all 3 major planes of motion could 

distinguish with a high degree of sensitivity and specificity between individuals with 

LBP and those without (Marras et al. 1999). These authors also found that motion 

parameters (particularly velocity) could correctly predict patients according to the 

Quebec Task Force diagnostic classification system (Marras et al. 1995).  
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There has been a growing body of research on motion-related dysfunction of the 

cervical spine. Many investigators have concluded that abnormal cervical spine 

kinematics, measured non-invasively, provide important diagnostic information in the 

evaluation of patients with neck disorders. Reduced range of regional motion, slow 

movement, repositioning errors, reduced coordination of movement, and slower peak 

velocity have all been demonstrated in chronic neck pain patients compared to controls 

(Feipel et al. 1999; Herzog et al. 2001; Antonaci et al. 2002; Ohberg et al. 2003; 

Sjolander et al. 2008). Vogt et al. (2007) found that maximal cervical ROM was 

significantly lower and movement variability significantly higher in chronic neck pain 

patients compared to healthy age-matched controls (Vogt et al. 2007). More recently, 

Woodhouse and Vasseljen (2008) noted reductions in “conjunct” or coupled motions, 

motion contemporaneous in more than one plane that accompany the main (regional) 

motion in two groups of neck pain patients (Woodhouse and Vasseljen 2008). While 

these studies have identified what appear to be important motion differences in patients 

with spinal pain, the measurement methods used provide regional motion data, they do 

not reveal what is actually happening inside the neck (Bogduk and Mercer 2000).  

2.7.4 Regional measurement tools for cervical inter-vertebral motion 
There are a number of 3D regional measurement tools for inter-vertebral motion 

measurement. These include the CA6000 Spine Motion Analyzer, a device that 

registers motions using high-precision (please see Glossary for definition, page 284)  

potentiometers, and the Zebris CMS (ultrasonography) system which have both been 

shown to be reliable and valid and have high accuracy estimates (Mannion and Troke 

1999; Malmstrom et al. 2003; Strimpakos et al. 2005; Dvir et al. 2006; Demaille-

Wlodyka et al. 2007). Another class of non-invasive instrument is represented by 

electromagnetic devices such as the Fasttrack 3-Space (Woodhouse and Vasseljen 

2008) or Polhemus Liberty (Horodyski et al. 2009). While 3D regional motion systems 

show some promise as research tools on the group level, it is uncertain if they can be 

used at the individual patient level (Mieritz et al. 2012) and they cannot assess inter-

vertebral motion directly. 

2.7.5 Cadaveric studies  
The cervical spine has been researched used cadaveric spines, for example by 

applying external loads to observe where bending moments occur or the amounts of 

force required to cause tissue damage (Yoganandan et al. 2001). While such 

experiments have been useful for establishing what might be expected when individual 

vertebral segments come to be studied in-vivo and how it might best be measured, 

cadaveric studies are relatively artificial.  
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The movements of bone and soft tissue without muscles alas does not accurately 

reflect how intact living individuals move (Bogduk and Mercer 2000). Consequently, 

inter-vertebral motion needs to be visualised and measured within living subjects with 

medical imaging techniques.   

2.7.6 In vivo dynamic radiographic methods  
Direct assessment of inter-vertebral motion allows for a more full exploration of the 

mechanism of action of SMT, which is directed towards and attempts to affect inter-

vertebral function. Although disorders of the cervical spine can affect motion in different 

geometric planes, abnormalities in sagittal plane motion have been the focus of most 

research relating to the cervical spine using invasive techniques such as plain film 

imaging and video-fluoroscopy. This is largely because physiological inter-vertebral 

motion i.e. that occurring in a living person, does not occur exclusively in these planes. 

For example, transverse rotation (also called axial rotation) in the cervical spine is 

“coupled” (Figure 16) with coronal rotation (Bogduk and Mercer 2000).  

 

Figure 16: Coupled motion in the cervical spine (White and Panjabi 1990, p.112); 
Image reproduced with permission from Lippincott 

 

This makes analysis of this motion problematic due to radiographic superimposition of 

bony structures. Sagittal plane motion is however less susceptible to this problem and 

for this reason flexion-extension has been more studied in the cervical spine that any 

other motion (Bogduk and Mercer 2000). 

Flexion-extension radiography does not provide real-time dynamic information - such 

information needs to be extrapolated and calculated from the static images (Figure 7 

page 18). Kinetic MRI also suffers from not being able to image continuous motion 

(McGregor et al. 2001). Radiostereometric analysis (RSA) has been used to provide 

highly accurate measures of 3D lumbar (Anderst et al. 2008) and cervical (Anderst et 

al. 2011) inter-vertebral motion. However this technique requires the surgical 

implantation of tantalum beads into the vertebrae and a large radiation dose which 

limits the use of this technique to patients undergoing spinal surgery.   
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Quantitative fluoroscopy (QF), the use of x-rays to produce real-time video images, 

ameliorates the limitations of these previous methods (Breen et al. 2012). Although 

cineradiography (precursor to fluoroscopy) of real-time motion has been available for 

many decades (Fielding 1956; Woesner and Mitts 1972) the analysis of inter-vertebral 

motion has been mostly qualitative in nature. However, during the last decade progress 

has been made with quantification of motion variables using QF as higher quality digital 

imaging systems have become available (Breen et al. 2006; Wong et al. 2006). It is 

now possible to track lumbar motion variables not only at the end-range of inter-

vertebral motion, but continuously throughout a motion (Mellor et al. 2009).  Such 

analysis gives much more information about the quality and sequence of inter-vertebral 

motion. QF has been found to be accurate and have good repeatability for the lumbar 

spine (Breen et al. 2006) but has not yet been so studied for the cervical spine, for 

which it has only recently become available. It is QF that will be employed for the 

purposes of this thesis.   

2.7.7 Inter-vertebral motion kinematic variables from quantitative 

fluoroscopy 
Kinematics concerns the study of motion of rigid bodies, in this case, vertebrae, without 

regard to the forces involved (White and Panjabi 1990). Kinematic indices used in 

cadaveric studies have been adapted to the in vivo measurement conditions for 

analysis with QF. For a number of these indices graphical outputs can be produced as 

well as numerical data, which allows for visual inspection of the motion parameter as 

well as statistical analysis. These are further discussed in Part II of this thesis.  

Important kinematic indices identified from the literature pertaining to the mechanism of 

SMT that might be measured with QF include inter-vertebral rotation (hypo-mobility) 

(Abbott et al. 2006) and IAR (Amevo et al. 1992). While inter-vertebral motion includes 

both rotation and translation, translation in the cervical spine is very small (White and 

Panjabi 1990) so it could be difficult to detect changes in this. It is however 

encompassed by IAR as a parameter of change.  

Another parameter that may also be of interest, in terms of differences between people 

with and without neck pain, is laxity. Laxity is the term given to the increase in the 

neutral zone as observed in unstable cadaveric motion segments (Panjabi 1992b). The 

term ‘neutral zone’ refers to that part of the range of motion of a vertebra from the 

neutral position up to the beginning of some resistance being offered by the joint (White 

and Panjabi 1990), so measuring this requires flexion and extension to be measured 

separately from the neutral position (Mellor et al. 2009) (see page 81 for more details 

regarding the calculation of laxity).  
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Another parameter that might be explored is motion share, which relates to the 

contribution each segment makes throughout the motion of a region of the spine. A 

recent study using QF has identified differences in motion share (proportional inter-

vertebral motion pattern variance) between patients with chronic LBP and matched-

controls (Mellor et al. 2014). The clinical utility of this observation is uncertain but the 

findings do provide evidence of the ability to detect mechanical differences between 

patients and controls with QF.  

QF represents an advance over conventional flexion-extension radiography in that 

kinematic parameters are measured throughout the motion sequence and not just at 

end-range; thus the true inter-vertebral range of motion (IV-RoM) can be measured 

which does not necessarily occur segmentally at the end-range of regional spine 

motion (van Mameren et al. 1990). QF also makes possible the calculation of the 

average instantaneous axis of rotation (IAR) position across a number of motion-

frames, which appears to give more repeatable results than that from end-range 

radiography (van Mameren et al. 1992). Laxity (attainment rate) can only be measured 

from continuous motion. Being able to measure both ‘true’ IV-RoM, IAR and laxity 

creates the possibility of identifying variables that distinguish patients with neck pain 

from healthy volunteers, a distinction that has so far eluded previous research efforts.  

The approach to QF image acquisition and analysis has been rigorously developed and 

agreed internationally (Breen et al. 2012). This includes procedures and equipment to 

reduce the contamination of motion data by, for example, extraneous thoracic motion 

(see Chapter 3). Therefore it is considered that QF is more repeatable than other IV-

RoM measurement methods (An exception to this is RSA; the limitations of this method 

were discussed on page 54). QF is also associated with half the ionising radiation dose 

compared to end-range radiography in the cervical spine (0.01mSv versus 0.02mSv) 

(Hart et al. 2010), reducing participants’ exposure risk. The development of a QF image 

acquisition protocol for the cervical spine is described in Chapter 3.  

Once differences are found, in order to be able to detect changes in any given 

parameter in patients with neck pain receiving SMT, changes need to be larger than 

the MDC to provide confidence that changes are associated with treatment and not 

simply down to normal intra-subject variation. Finally, any changes will only be of 

clinical utility if there are correlated with symptomatic and/or functional improvement in 

patients.       
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2.8 Conclusion 
 

Neck pain is common and neck pain-related disability is on the increase globally, but 

identifying the optimum way to manage this problem has been hampered by the 

inability to accurately diagnose this condition in most cases. Further to that, the 

mechanisms of commonly applied therapies like spinal manipulative therapy are poorly 

understood. The availability of quantitative fluoroscopy allows for the first time the 

ability to measure continuous inter-vertebral motion and therefore test the theory that 

SMT changes this motion, and that such changes are related to patient-reported 

outcomes.  

To be confident that true changes have taken place in association with SMT requires 

QF measurements to be accurate and reproducible, and the minimum detectable 

change in the kinematic parameters of interest need to be known to determine that 

changes are greater than normal intra-subject variation. These concerns are reflected 

in the aims, objectives and research questions of this thesis that follow. 
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2.9 Aims 
 

1. To investigate the accuracy, observer repeatability and intra-subject 

reproducibility of quantitative fluoroscopy in the measurement of cervical inter-

vertebral motion 

 

2. To investigate if any changes in cervical spine inter-vertebral motion in patients 

with neck pain undergoing spinal manipulation, as measured by quantitative 

fluoroscopy, are associated with changes in patient-reported outcomes (pain, 

disability and quality of life) 

2.10  Objectives 
 

Primary objective: 

1. Determine the relationship between any cervical inter-vertebral kinematic 

changes as measured by quantitative fluoroscopy, at baseline and after four 

weeks in patients with neck pain undergoing spinal manipulation, and patient-

reported outcomes 

 

Subsidiary objectives: 

2. Determine the accuracy and repeatability of quantitative fluoroscopy as a tool 

for measuring cervical inter-vertebral kinematics 

3. Determine any changes in cervical inter-vertebral kinematics as measured by 

quantitative fluoroscopy in healthy volunteers (intra-subject reproducibility) with 

no neck pain not undergoing spinal manipulation over a four week period  

4. Determine any differences in cervical inter-vertebral kinematics as measured by 

quantitative fluoroscopy between healthy volunteers with no neck pain not 

undergoing spinal manipulation and patients with neck pain before they 

undergo spinal manipulation 

5. Determine any differences in cervical inter-vertebral kinematics as measured by 

quantitative fluoroscopy at baseline and after four weeks in patients with neck 

pain undergoing spinal manipulation 
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2.11  Research questions 
 

Q1. What is the accuracy and intra-/inter-observer repeatability of quantitative 

fluoroscopy in measuring cervical inter-vertebral motion in the sagittal plane 

during continuous motion? 

 

Q2. Are there differences in cervical inter-vertebral motion between healthy 

volunteers with no neck pain and patients with neck pain? 

 

Q3. What is the intra-subject variation/reproducibility of cervical inter-vertebral 

angular range of motion in healthy volunteers with no neck pain between 

measurement at baseline and four weeks? 

 

Q4. Are there changes in cervical inter-vertebral motion in patients with neck 

pain after four weeks of spinal manipulation? 

 

Q5. Are any changes in cervical inter-vertebral motion related to short-term 

patient-reported outcomes? 
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PART II: Validating the measurement of cervical inter-vertebral 

motion by quantitative fluoroscopy 
 

“The basis for distinguishing and classifying adjustive [manipulative] procedures should 

incorporate their measurable characteristics and should not be based solely on 

therapeutic intention” (Peterson and Bergmann 2011) 
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Chapter 3. Development of the quantitative fluoroscopy  

acquisition protocol for measuring cervical spine  

inter-vertebral motion 

 

3.1 Introduction 
 

Quantitative fluoroscopy (QF) combines fluoroscopy (motion x-rays), using a 

conventional fluoroscope to image the moving spine, with automated computer-based 

processing algorithms which track the vertebrae and calculate inter-vertebral kinematic 

parameters (Breen et al. 2012). QF represents an advance over conventional flexion-

extension radiography in that kinematic parameters are measured throughout the 

motion sequence and not just at end-range; thus the true inter-vertebral range of 

motion (IV-RoM) can be measured which does not necessarily occur segmentally at 

the end-range of regional spine motion (van Mameren et al. 1990). QF also makes 

possible the calculation of the average instantaneous axis of rotation (IAR) position 

across a number of motion-frames, which appears to give more repeatable results than 

that from end-range radiography (van Mameren et al. 1992). Finally, QF is associated 

with half the ionising radiation dose compared to end-range radiography in the cervical 

spine (0.01mSv versus 0.02mSv) (Hart et al. 2010), reducing participants’ exposure 

risk. 

QF has been developed independently for the measurement of lumbar spine motion in 

a number of research centres internationally (Wong et al. 2004; Teyhen et al. 2005; 

Breen et al. 2006) and a common approach to acquiring and analysing images has 

been agreed for the lumbar spine (Breen et al. 2012). The QF method developed at the 

Anglo-European College of Chiropractic (AECC) has been validated for use in the 

lumbar spine (Breen et al. 2006) and it is that technology that was adopted for the 

measurement of cervical IV-RoM in this thesis. A protocol did exist for cervical spine 

image acquisition but had not previously been validated. This study sought therefore to 

develop the existing QF cervical acquisition protocol for use in the study of patients 

receiving spinal manipulative therapy and matched healthy volunteers as described in 

part III of this thesis.     
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3.2 Methods 

3.2.1 Equipment  
The QF equipment for image acquisition consisted of a Siemens Arcadis Avantic 

VC10A digital fluoroscope (CE0123) and a computer-controlled stabilisation and 

motion-frame manufactured by Atlas Clinical Ltd (declared conformity under 

MDD93/42/EEC) as shown in Figure 17. 

 

Figure 17: Set-up for cervical spine quantitative fluoroscopy 

 

The motion-frame consisted of a face-rest mounted on a motorised rotating disc 

attached to a unit that could move vertically up and down (Figure 18). Also attached to 

the unit were stabilisation bars for limiting the movement of the chest. The computer-

controlled motion-frame allowed for the rate and range of the face-rest to be set and 

thus control the velocity of participants’ cervical spine motion. The rate was set at 3° 

per second8. As it moved the angular range of the face-rest was recorded by the 

computer in real time. As an addition to the existing equipment, measuring tape was 

positioned on various parts of the motion-frame in order to replicate equipment 

positioning for follow-up acquisitions.  

                                                
8
 The rate of motion was based on international consensus concerning the measurement of 

spine motion with QF (Breen et al. 2012). This is to avoid image blurring which would prevent 
accurate vertebral tracking and to promote patient comfort.   
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Figure 18: Stabilisation and motion-frame 

 

Participants’ cervical spine regional ROM was measured with the CROM (cervical 

range of motion instrument, Performance Attainment Associates), an instrument worn 

on the head consisting of three gravity inclinometers (Figure 19). This device was 

readily available and three systematic reviews of spinal measurement devices have 

concluded the CROM is a reliable and valid instrument (Jordan 2000; de Koning et al. 

2008; Williams et al. 2010). The purpose of this measurement was to avoid injury due 

to motion beyond the capable or comfortable range as the participant was guided by 

the face-rest (Hipp and Wharton 2008).   
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Figure 19: CROM goniometer (Performance Attainment Associates, Roseville, MN) 
(Reynolds et al. 2009); Image reproduced with permission from Springer Publishing 

Company 

 

3.2.2 Ethical considerations 
The study sample was a subgroup of four healthy participants recruited to the main 

study (Chapters 6 – 8) and the ethical considerations and approval for this are 

presented on page 131. In summary, ethical considerations are detailed in participant 

information sheets (Appendix 11 and Appendix 12) and ethical approval was granted 

by the National Research Ethics Service Committee South West – Cornwall & 

Plymouth (11/SW/0072 – Appendix 13). 

3.2.3 Procedure 
The QF image acquisition procedure was modified from a pre-existing protocol. Both of 

these are shown in Figure 20 (page 67), and the following describes the modified 

protocol in more detail. This modified protocol was developed with the kind assistance 

of four healthy volunteer participants.  

• Participant positioning 

Reproducible participant positioning is important for obtaining accurate and consistent 

kinematic data for reliable comparison within and between individuals. Participants 

were positioned such that they were sitting with the cervical spine in ‘neutral’ (the mid-

point between end-range flexion and extension).  
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This was achieved by sitting the participant with feet flat, hips and knees flexed at 

roughly 90°, lumbar spine in lordosis (concave), thoracic spine in kyphosis (convex) 

and cervical spine in lordosis (concave) in what appeared to be neutral to the observer, 

and what ‘felt’ neutral to the subject who was looking straight ahead with gaze parallel 

to the floor. Once seated a lead apron was placed over the participant’s lap for gonad 

protection from ionising radiation. 

The C-arm of the fluoroscope was positioned at 90° to participants with the image 

intensifier approximating a participant’s left shoulder (the one furthest from the motion-

frame) with the x-ray tube side of the C-arm behind the motion-frame. Positioning the 

image intensifier close to the patient reduced image magnification, helping to minimise 

the ionising radiation dose and achieved a sharper image for algorithm tracking of the 

vertebrae.  

Very low dose images (fluoro-grabs) were then acquired to line up the centre of the 

rotating disc of the motion-frame at the level of the C3/4 inter-vertebral disc. (This is 

achieved with use of a metal rod suspended behind the rotating disc, the end of which 

is at the centre of the disc. The rod is removed once correct positioning is 

achieved).Two bars attached to the motion-frame were then extended to approximate 

the participant, one against the chest and one against the back around the level of T2 

to help maintain correct body position and limit movements to that of the cervical spine 

only (Figure 18). Participants were instructed to relax their shoulders and position their 

arms behind their backs with hands together and fingers interlinked to help keep the 

shoulders drawn down and out of the radiographic field of view.  

• Cervical spine positioning 

In order to position the cervical spine in neutral, participants were instructed to protract 

then retract the chin as far as possible then to ‘feel’ for the middle position between 

these two extremes. A similar approach is used when teaching patients how to place 

their pelvis and lumbar spine in neutral (Liebenson 1998). The resting angle of the 

participant’s head relative to their chest (~0°), as determined using the CROM 

goniometer (Figure 19), is documented for reproducing this posture at follow-up. It is 

only once the cervical spine is positioned in neutral that the face-rest is positioned 

comfortably against a participant’s face.  

 

 

 



 
 

66 
 

To avoid facial soft tissues being deformed by the face-rest hence making the 

positioning more variable, bony contact was made. The face-rest was positioned by 

first positioning the rotating disc of the motion-frame half the distance of the 

participant’s range in the opposite direction e.g. if a participant could flex 50° the disc 

was rotated 25° superiorly from horizontal (for extension, it would be rotated 25° 

inferiorly). From this position the face-rest was comfortably positioned on the forehead 

(flexion) or maxillae (extension). Participants were instructed to remain still while the 

face-rest was re-positioned between flexion and extension motion sequences.  

• Measurement of regional cervical spine (neck) range of motion 

Prior to measurement participants were instructed to warm-up with five neck flexion-

extension repetitions (Tousignant et al. 2001).9 The participant’s cervical spine range of 

motion was measured with the CROM once their chest had been immobilised to reduce 

extraneous motion from the thoracic spine. Instructions were given to flex then extend 

the neck as far as possible, despite any pain.  

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                
9
 Warm-up before QF image acquisition has since been recommended by international 

consensus (Breen et al. 2012). 
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    Pre-existing protocol    Modified protocol  

 

Figure 20: QF image acquisition protocol before and after modification 
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• Standardised instructions 

Participants were instructed to follow the movement of the face-rest and not to tuck in 

the chin until the end of flexion, and not to lift the chin until the end of extension. This 

was practiced first during warm-up and with the measurement of regional cervical spine 

motion, then with practice following the motion of the face-rest. Participants were 

invited to follow the face-rest through half of the range they were capable of, then the 

full range. More practice was offered if required until the movements were performed 

correctly, prior to imaging. Data collection was achieved with the cervical motion-frame 

and fluoroscope operating simultaneously.  

• Replicating positioning at follow-up imaging 

To try and ensure that participant positioning was replicated at follow-up, 

measurements of the various parts of the positioning apparatus were recorded at 

baseline so that the configuration could be faithfully replicated. The measurements 

made are indicated in Figure 21. 

 

Figure 21: Stabilisation and motion-frame with aspects that are measured indicated  

       Key to figure: 

1. Height of motion frame 

2. Height of stool 

3. Position of stool base  

4. Position of stool base  

5. Horizontal distance of face-rest 

6. Distance from motion-frame to 

face-rest 

7. Position of participant’s face on 

face-rest 

8. Height of face-rest 



 
 

69 
 

3.2.4 Image analysis 
 

• Automated tracking of cervical vertebrae 

A QF investigation of the cervical spine produces around 300 images for each motion 

sequence of flexion and extension. The images are first processed using graphical user 

interfaces within Matlab (R2007b software, Mathworks Ltd) to enhance the edges of 

the vertebrae and improve automatic tracking by user-defined algorithmic templates. 

To analyse data from the fluoroscopic sequences tracking templates (Figure 22), and 

reference templates (Figure 23), were manually drawn around each individual vertebra 

in the first image in the sequence. Each template was individually placed five times and 

the results averaged to reduce operator error and increase repeatability. 

 

 

Figure 22: Tracking templates positioned on the first image from a fluoroscopic 
sequence 

 

The tracking templates were drawn on the cortical margins of each vertebra (Figure 

22). These are registered from frame-to-frame automatically throughout the sequence 

of images using cross-correlations and a rolling average over each two images to 

reduce noise (Breen et al. 2012). It is from the positions of the tracking templates that 

angular rotation data are obtained. 
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Figure 23: Reference templates positioned on the first image from a fluoroscopic 
sequence 

 

Reference templates are four point templates which mark the four corners of the 

vertebral bodies (C3 – 6). Modified shapes are required for the irregular C1 and C2 

(Figure 23). These templates are linked to the tracking templates as coordinates in 

order to verify tracking and to provide data for the calculation of translation, disc height 

and IAR (Breen et al. 2012). 

• Measurement of C1/2 through C5/6 motion 

The vertebrae of the upper cervical spine (C1 and C2) and the occipital bone of the 

skull (C0) are differently shaped from the more regular vertebrae of the middle and 

lower cervical spine (C2-T1). These differences present a challenge for automated 

tracking. The tracking algorithms incorporate distortion-compensated Roentgen 

analysis (Frobin et al. 2002) which is considered to be a precise protocol for registering 

vertebral positions (Leivseth et al. 2006) and is adopted in other fluoroscopy methods 

of inter-vertebral measurement (Teyhen et al. 2005; Wu et al. 2007). 



 
 

71 
 

 

Figure 24: Definition of angle and displacement for motion segments C3/4 – C6/7 
(Frobin et al. 2002); Image reproduced with permission from Elsevier 

  

From the four-point tracking templates (Figure 23) are calculated mid-plane lines, as 

depicted above in Figure 24. The change in angle between pairs of lines allows 

calculation of the angular range between two adjacent vertebrae, from C3 to C7.  

Because of the asymmetrical shape of the vertebral body of C2, it is not possible to 

consistently identify the same four corners on C2 for the drawing of a template 

meaning measurements between mid-lines are not repeatable in this case; instead the 

two inferior corners only, as shown in Figure 25 (corners 3 and 4 of C2) are registered. 

The remaining sides of the trapezoid reference template (Figure 23) for C2 are 

superfluous from the standpoint of C1/2 or C2/3 angular range but are useful when 

visually verifying faithful tracking. The C2/3 angular range is calculated as that between 

the mid-line of C3 and a line along the inferior border of C2 that joins the two inferior 

corners of the body of C2 (Frobin et al. 2002).  
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Figure 25: Definition of angle and displacement for segment C2/3 
(Frobin et al. 2002); Image reproduced with permission from Elsevier 

 

 

The mid-point line for C1 is that of a line bisecting the marrow cavities of the anterior 

and posterior arches (Figure 26). This line is calculated as the mid-line of a rectangular 

reference template whose four corners are formed at the superior and inferior aspects 

of the anterior and posterior tubercles (Figure 23). The angular range between C1 and 

C2 is then calculated as that range exhibited between the mid-point line of C1 and the 

line through the two inferior corners of C2 (Frobin et al. 2002).  
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Figure 26: Definition of angle and displacement for segment C1/2 
(Frobin et al. 2002); Image reproduced with permission from Elsevier 

 

For C0/1 the range is calculated as the angular displacement between the mid-point 

line of C1 and the McGregor radiographic line, which is the tangent from the posterior 

rim of the palatum durum to the contour of the occiput (Figure 27).   

 

 

Figure 27: Definition of the angle for the segment C0/1 
(Frobin et al. 2002); Image reproduced with permission from Elsevier 
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• Data quality assurance procedure 

The tracking codes include algorithms for frame-to-frame positional registration that 

automatically calculate the co-ordinates of each vertebral body in each subsequent 

image and produce a graphical output of vertebral rotation (Figure 28).  

 

Figure 28: QF graphical output showing individual vertebral (flexion) angular range of 
motion 

 

Subtracting adjacent vertebral graphs allows the visualisation of inter-vertebral rotation 

over time. Every possible combination of the five individual co-ordinates (from the five 

templates) results in 25 data points per frame, from which the mean is calculated. Both 

the mean and 25 data points (scatter) are depicted graphically to ascertain the degree 

of error in the measurement i.e. agreement between each template (Figure 29).  

 

Image number 

V
e

rt
e

b
ra

l 
a

n
g

u
la

r 
 

ra
n

g
e

 o
f 

m
o

ti
o

n
 (

°)
  



 
 

75 
 

 

Figure 29: A QF inter-vertebral motion graph for one inter-vertebral level showing 
maximum angular range limits and scatter 

 

The accuracy of these results is verified by visually checking video playback of the 

templates (algorithms) tracking the vertebrae through the sequence. If all five 

individually placed templates do not follow the vertebrae then data for that inter-

vertebral level are discarded. The kinematic data is obtained once the quality 

assurance procedures for checking the veracity of the results are completed. This 

ability to identify error in the analysis and correct it is considered one of the important 

advances brought about by computerised methods (Hipp and Wharton 2008).  
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3.3 Discussion 
 

It was necessary to make changes to the pre-existing QF imaging protocol for the 

purposes of this thesis and the differences between the two protocols were presented 

in Figure 20. The reasoning behind these changes, and alterations that were made 

based on feedback from early participants, are discussed below. 

• Positioning and warm-up 

Being a mobile structure the positioning of the cervical spine in ‘neutral’ is challenging 

but must be defined and standardised, since it is known that head position at ‘neutral’ 

influences subsequent cervical motion. If the chin is retracted this causes lower cervical 

extension and upper cervical flexion, while protraction causes lower cervical flexion and 

upper cervical extension (Ordway et al. 1999). This initial starting posture subsequently 

changes the kinematic behaviour of the cervical spine; for example, the extension 

angle of segmental sagittal rotation at C1-2 is significantly larger if the subject’s chin is 

initially protracted compared to being initially retracted or in a more neutral position 

(Takasaki et al. 2011). ‘Neutral’ cervical spine need not be absolutely identical between 

participants but must be as similar as possible between measuring sessions in the 

same participant. 

The orbitomeatal line (radiographic baseline as used in pre-existing protocol), which 

lines up the outer canthus of the eye and the centre of the external auditory meatus, 

was found to be inappropriate for positioning as this pre-flexed the cervical spine. The 

infraorbitomeatal line (a line that connects the infra-orbital margin and the external 

auditory meatus) was found to be a useful visual guide and setting 0° on the sagittal 

plane goniometer of the CROM as indicative of ‘neutral’ was found to be easily 

repeatable.  

Positioning the face-rest in one position over the forehead for flexion and extension 

was found to compress the neck in those who had a large (˃40°) extension range. To 

avoid this it was found optimal to position the face-rest on a participants’ forehead for 

flexion whereas extension comfort was best when the face-rest was positioned over the 

maxillae, as previously described. While this change was essential it did necessitate 

participants remaining still while the face-rest was repositioned thus introducing a 

potential source of variability regarding the start position between the two motion 

sequences. It is crucial that participants follow the instructions to avoid extraneous 

variability (Hipp and Wharton 2008). 
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Some, but not all, studies of cervical spinal motion ask participants to warm-up or 

practice the movement prior to measurement (Jordan 2000).A warm-up routine is 

intended to increase the compliance of the soft tissues in much the same as warm-up 

prior to exercise of any sort and was introduced into the acquisition protocol to reduce 

measurement variability. This was also an opportunity to start instructing patients on 

the movements and meant that guiding patients through 10° increments with the face-

rest as with the pre-existing protocol (Figure 20) was no longer required.  

• Timing of the CROM measurement 

 

One early participant reported that his neck motion felt reduced after the two 

stabilisation bars were positioned to limit chest motion, suggesting extraneous thoracic 

motion when freely bending his neck prior to this. As a result it became the protocol to 

do the CROM measurement after chest immobilisation and not before.  

 

• Follow-up positioning 

At follow-up it is essential that participants are positioned identically as they were for 

baseline imaging so that any changes in inter-vertebral motion are not simply 

attributable to changes in positioning (Takasaki et al. 2011). This is especially 

important for Part III of this thesis in order to be able to associate any changes of inter-

vertebral motion in patients to manipulation. For this purpose it is intra-subject variation 

(the stability of measurements within an individual) that is paramount rather than inter-

subject variation (measurements between individuals, expected and unavoidable) per 

se. To do this, measurements were made of the positioning apparatus and motion-

frame (Figure 21). However, the following two measurements were redundant and not 

recorded. It was found that the height of the stool, if kept in the lowest position, was 

adequate for all participants. Secondly, aligning a particular  landmark of a participant’s 

face on the face-rest was not precise and it was realised it was not necessary 

assuming all other measurements and positioning were faithfully repeated.   

• Standardising time of day for measurement 

Measurements taken in the morning in the same person might be different in the 

afternoon for reasons other than the measurement instrument (Jordan 2000), hence 

the standardisation of measurement timing. This is especially important for studies that 

include follow-up imaging as in Part III of this thesis. The mechanical behaviour of the 

spine is known to exhibit diurnal variation with regard to the fluid content of the inter-

vertebral discs (Adams et al. 1990).  
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During sleep the loading on the spine is reduced allowing the discs to swell as the 

water content increases and this absorbed fluid is then expelled during the day when 

the loading of the spine is increased (Adams et al. 1990). Consequently the height of 

the discs is greatest in the morning and least at night, which is largely responsible for 

the gradual loss of human stature observed over the course of a day (Botsford et al. 

1994). A change in form is likely to cause a change in function and indeed Adams et al 

(1987) found that lumbar spine motion measured in 21 asymptomatic subjects using 

electronic inclinometers increased by an average of 5° in the afternoon compared to 

the morning measurement (Adams et al. 1987). It is noted, however, that the paper 

makes no mention of measurement error or whether this was taken into account. 

Cervical spine inter-vertebral motion is considered to exhibit diurnal variation (Bogduk 

and Mercer 2000) although this was concluded from the results of the small sample 

study by Van Mameren et al (1990) which appears not to have standardised the time of 

day for repeated measurement (van Mameren et al. 1990). In a study using the CROM 

goniometer (Figure 19), healthy subjects’ regional cervical spine motion was measured 

twice 48 hours apart at the same ‘time period’; in the morning, afternoon or early 

evening (Audette et al. 2010). The findings from that study suggest that regional 

cervical spine motion measured during the same time period on different days with the 

CROM goniometer is reproducible. 

• Measurement of sagittal plane motion 

Sagittal plane motion is the motion of interest in this study. Flexion-extension motion is 

commonly studied as one continuous movement, from the extreme of flexion to the 

extreme of extension and vice-versa (van Mameren et al. 1990) as it was in the pre-

existing QF imaging protocol. For calculating overall angular range this approach is 

appropriate but it does not allow for analysis of flexion and extension motion separately 

as it is difficult to determine where flexion ends and extension starts (and vice-versa). 

For this study it was decided to measure flexion and extension separately. This is firstly 

because it is typical for health professionals who use manipulation to assess these 

movements separately; therefore ascribing changes in inter-vertebral motion in 

association with manipulation to either of these movements is therefore more 

practically relevant. Secondly, this allows for analysis of laxity/attainment rate which 

requires imaging to begin with the spine in neutral (Mellor et al. 2009; Breen et al. 

2012). Finally, this reduces the risk of out-of-plane motion or motion going outwith the 

radiographic field of view which would preclude tracking of the affected vertebrae. 

 



 
 

79 
 

• Range of voluntary motion 

The range of regional cervical spine motion required from participants is that which is 

maximally achievable at that time by that individual, and so is expected to vary 

between participants. This is in order to make it more likely that the vertebrae have all 

rotated through their maximum range which is important in order to more confidently 

identify inter-vertebral hypo-mobility. The range of flexion-extension allowed by the 

motion arc of the motion-frame is 120° which is considered sufficient to allow full range 

of movement for the majority of participants. In a cineradiography study the total 

sagittal cervical spine range of motion in young asymptomatic adults was on average 

118.1° (range 93.8-133.7°) when measured from end-range flexion to end-range 

extension, or 114.3° (range 97.3-133.0°) when measured from end-range extension to 

end-range flexion (van Mameren et al. 1990). This range decreases with age (Simpson 

et al. 2008). 

The influence of motor control, Panjabi’s neural subsystem of spinal stabilisation 

(Panjabi 1992a), is controlled for to some extent as the rate of cervical spine motion is 

itself standardised (by the speed of the face rest) between subjects and measurement 

sessions. Since the movement is ultimately voluntary however, the influence of the 

active subsystem of spinal stability (muscles), the passive subsystem (vertebrae, discs, 

ligaments) and, to a lesser extent, the neural subsystem (motor control) cannot be fully 

disaggregated (Panjabi 1992a). In other words, if hypo-mobile segments are present 

this could be as the result of derangement of any combination of these subsystems for 

example, muscle spasm (active), fibrous facet capsules (passive) or adaptation (motor 

control). Conceivably all three could be present, but this does not detract from the 

primary purpose of this research - to identify segmental hypo-mobility and any change 

in inter-vertebral motion post-manipulation, irrespective of the underlying derangement 

(see Part III).  

• Duration of procedure 

With two operators, one to operate the fluoroscope, the other to operate the motion-

frame, the process of obtaining images from one participant took on average 45 

minutes. At follow-up, since measurements had been made at baseline, this was 

reduced to around 30 minutes. This amount of time appeared to be acceptable to 

participants, as was the acquisition procedure in general.  
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• Streamlining the image analysis procedure 

In order to streamline the image analysis procedure, and to identify which components 

of the cervical morphology contributed the most information towards tracking, different 

shapes of tracking template were attempted. Templates were drawn to include either 

anterior (vertebral bodies) posterior (spinous processes) or middle (posterior vertebral 

body, pedicles and laminae) vertebral architecture. [For C1 templates either 

encompassed the anterior or posterior arches]. This approach is similar to that used in 

a different video-fluoroscopic method for tracking cervical vertebrae (Reinartz et al. 

2009). In general these templates did not track as consistently (and therefore not time-

saving) as templates that included all of the visible vertebral architecture (Figure 22). 

However such templates are potentially useful for tracking where motion is out-of-plane 

at some point in the motion sequence. This typically leads to tracking failure at that 

point when the greyscale contrast between the vertebra and the background changes, 

but might be remedied by templates drawn to include only components of the vertebrae 

that maintain their contrast through the remainder of the motion sequence.  

This early feasibility work revealed that due to radiographic superimposition of the 

shoulder complex, C7 was often not sufficiently visible for tracking throughout the 

motion sequence. So that the inter-vertebral levels from which data are collected is 

consistent between participants it was decided not to pursue tracking of C7 and 

therefore of C6/7 motion. Another research group has encountered similar difficulties 

visualising C7 and likewise did not pursue tracking it (Reinartz et al. 2009). Preparatory 

work with a computer programmer identified that accurate tracking of C0 was difficult 

due to poor adherence of the tracking templates. Correcting this would necessitate time 

and resources not available to the project, so it was no longer attempted to track C0/1.   

In the literature review a number of kinematic variables were identified as being of 

interest regarding the mechanism of SMT (section 2.7.7). The calculation of these by 

QF is discussed below.   
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• Angular range, hypo-mobility, paradoxical motion 

 

Figure 30: A QF graph of inter-vertebral (flexion) motion 

 

Above is an example of the graphical output for segments C1/2 through C5/6 for one 

motion sequence, in this case flexion, from one participant (Figure 30). This graph 

shows that paradoxical motion, as exhibited by C1/2 (dark blue), can be readily 

visualised. Hypo-mobility may be recognised visually if there is almost no motion at an 

inter-vertebral level. Alternatively hypo-mobility cut-offs may also be calculated as 

motion at or below the 2.5th percentile for a given inter-vertebral level as derived from 

normative cervical inter-vertebral kinematic information such as that obtained from 

healthy volunteers.  

 

An advantage of obtaining continuous rotational data from QF, as opposed to plain-film 

flexion-extension studies, is that measurement of inter-vertebral maximum range is 

possible wherever it is obtained during neck motion. Also, as shown in Figure 31, 

maximum rotation of a given segment is not always coincident with maximum neck 

bending nor with the maximum of other inter-vertebral levels.10 Thus true inter-vertebral 

range is measured and not that derived from vertebral positions at end-range of neck 

bending.  

 

 

                                                
10

 As observed in the cineradiography study by van Mameren and colleagues (van Mameren et 
al. 1990). 

In
te

r-
v
e

rt
e

b
ra

l 
a

n
g

u
la

r 
ra

n
g

e
 (

°)
 

Image number 



 
 

82 
 

 

Figure 31: C1/2 through C5/6 inter-vertebral (extension) motion for one participant 
shown with regional cervical motion (A) and expanded (B) to show maximum IV-RoM is 

not necessarily coincident with maximum regional motion (dotted line) 

 

 

 

 

(A) 

(B) 
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• Instantaneous axis of rotation 

IAR11 (see section 2.5.2) positional data can be calculated between any two template 

positions, but the smaller the inter-vertebral range of motion the greater the measuring 

error associated with the calculation; conversely the more a motion segment rotates 

and translates the more data are available for IAR calculation. 7° rotation was the 

minimum set by Van Mameren and colleagues to minimise error (van Mameren et al. 

1992). [Since many cervical segments do not rotate by this minimum amount in flexion 

or extension, so limiting data collection, ranges below 7° were explored in the observer 

repeatability studies (see Chapter 5)].  

 

For segments that rotate the minimum required, IAR positions are determined between 

the first frame of the imaging sequence and the image frame where angular rotation is 

at its maximum ±0.5°. The inclusion of 0.5° either side of the maximum angular range 

is included as this is the increment through which the tracking templates rotate when 

calculating vertebral body position within each image. The average IAR position found 

in all subsequent frame-pairs is then calculated. Averaging IAR position across a 

number of frames has been found to be more reproducible than IARs calculated only 

from the two frames from the extremes of neck flexion and extension bending (van 

Mameren et al. 1992). IARs locations are expressed as x, y co-ordinate distances 

(proportion of vertebral body depth) from the posterior inferior corner of the inferior 

vertebra of a motion segment (Figure 32).  

                                                
11 Translation in the cervical spine is very small (White and Panjabi 1990) therefore detecting 

changes above measurement error was expected to limit its utility as a kinematic parameter of 
change so translation was not measured in this study. However, IAR incorporates translation.  
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Figure 32: Block diagram illustrating the determination of IAR location 

 

They can be displayed on the fluoroscope imaging sequence (Figure 33), graphically 

(Figure 34), or numerically.  

 

 

Figure 33: IARs displayed on fluoroscopic image of cervical spine in flexion 

X 

Y 
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Figure 34: Graphical output of incremental X and Y IAR positions 

 

The units used are vertebral body units (VBU) based on Frobin’s method where one 

VBU is the equivalent of 15mm (Frobin et al. 2002). This helps to compensate for 

radiographic distortion and varying stature between individuals so that data can be 

compared between radiographs. To allow comparison of data VBU are multiplied by 15 

to give the distance of the IAR from the origin in equivalent millimetres. 

 

• Laxity by Attainment rate 

Two methods of quantifying laxity (see section 2.7.7) from QF have been described in 

the literature. In the first the neutral zone/inter-vertebral motion ratio, which was found 

to increase with the amount of disc degeneration in in vitro studies (Mimura et al. 

1994), was adapted to the in vivo environment as the proportion of inter-vertebral 

motion that a segment achieves in the first 10° of trunk bending (Mellor et al. 2009).  
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This approach was compared with that of the ratio between the slopes of inter-vertebral 

motion and trunk bending, a method described by Wong et al (2004, 2006) and 

adapted by Mellor et al (2009) to take account of the fact the ratio is not a linear one 

(Wong et al. 2004; Wong et al. 2006; Mellor et al. 2009). The ratio of the slopes over 

the first 10° of trunk bending was found to be the more responsive measure because it 

was less sensitive to variation caused by small rotational changes. This method was 

updated to the first 10° of trunk bending after the segment in question had begun to 

move (Breen et al. 2012) and is the method adopted here and further described in 

Figure 35. As the equation below describes, laxity is calculated as the ratio of the 

gradients of the two slopes displayed in Figure 35.  
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The inter-vertebral segment commences its motion at point A and has moved as far as point B 
after 10° of corresponding regional cervical motion (points C to D). Laxity is calculated as the 
ratio of the slopes of the ‘best fit’ (linear regression) lines that describe the motion of the motion 
segment (mAB) and neck (mCD) during this 10° of neck bending.

12
 

Figure 35: Laxity by attainment rate – C3/4 shown as example 

 

 

 

 

                                                
12

 m = gradient of (best fit) line. 
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3.4 Conclusion 
 

In this chapter a QF image acquisition protocol was described, as informed by the 

research literature, for the purposes of collecting kinematic data from patients with neck 

pain receiving SMT and matched healthy volunteers (Part III of this thesis). The new 

protocol was found to be comfortable and achievable within a reasonable time-frame 

based on testing with four participants. The best way to analyse the image sequences 

was identified as were the limits of image analysis meaning kinematic data would be 

collected from C1/2 to C5/6 only. Finally the kinematic data that may be collected with 

QF, and as informed by the literature regarding the mechanism of SMT, were 

presented. The next step was to validate QF in the analysis of cervical IV-RoM and that 

is the subject of the next chapter.   
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Chapter 4. Accuracy of QF in the measurement of cervical inter-

vertebral flexion and extension motion 

4.1 Introduction 
 

The accuracy (please see Glossary for definition, page 284) of a measurement system 

is determined by comparison with a reference standard (Bossuyt et al. 2003). The 

accuracy of QF at measuring spinal motion is dependent on operator-placement of 

templates around the vertebrae on the first in a series of fluoroscopic images and the 

adherence of these templates to the vertebrae throughout the motion sequence (as 

described on page 69). The purpose of this chapter is to determine the accuracy of QF 

in the measurement of cervical inter-vertebral flexion and extension motion, partially 

addressing Research Question 1 (page 59).  

For the determination of accuracy to be valid it is important that the reference standard 

is representative of the scenario in which the measurement method will be used. In a 

study assessing a QF method for measuring lumbar inter-vertebral motion a motor-

controlled model of a cadaveric L4 vertebra with a piece of fresh pork roll wrapped 

around to simulate soft tissue degradation was imaged while moving (Wong et al. 

2006). However, this was used to calculate the error in measuring the speed of the 

vertebra, not its’ range. The accuracy of inter-vertebral angular position of the L3/4 joint 

was investigated with the lumbar flexion-extension imaging of five normal subjects. The 

RMS error between the QF-tracked results and those of a radiologist were calculated 

(Wong et al. 2006). The RMS was considered to be less than 10% on average, after at 

least 30 image frames had passed (Wong et al. 2006). This might be useful in making 

comparisons with the current clinical standard where measurements from x-ray images 

are commonly made by physicians, but QF is not being compared to a criterion or 

reference standard here. 

Reitman and colleagues conducted a study to validate a fluoroscopic technique for the 

measurement of cervical inter-vertebral motion (Reitman et al. 2004a). This technique 

involved automated tracking of vertebral positions at end-range flexion and extension 

from operator-marked templates on the neutral image. To assess measurement error 

they imaged two complete human cervical spines that were frozen in ice to simulate the 

radiographic scatter associated with the soft tissues of the neck. They rotated and 

translated the spines to represent gross flexion-extension motion while the specimens 

were imaged in three separate motion trials. It was stated that any inter-vertebral 

motion reported by the tracking software during these experiments would represent 

measurement error as there was no actual inter-vertebral motion.  
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Measurement error was reported as averaging less than 0.5° for ‘inter-vertebral 

rotations’ (Reitman et al. 2004a) however, as acknowledged by the authors, out-of-

plane motion, which is liable to occur when measuring inter-vertebral motion in vivo, 

especially with continuous motion, was not represented in the validity study. Hence, the 

error in this technique is likely to be larger when applied to living people.  

In living people, dynamic radiostereometric analysis (RSA) can provide precise motion 

measurements (Selvik 1990). The accuracy of RSA for inter-vertebral motion has been 

investigated by test-retest examination of a phantom representative of the ‘typical 

marker configuration’ used in the RSA assessment of the cervical spine post-fusion 

surgery (Ryd et al. 2000). The authors did not describe the methods or statistical 

analysis of this sub-study in any detail, but reported an upper 95% confidence limit of 

0.36° for rotation (Ryd et al. 2000). However, RSA is invasive and unsuitable for 

patients not receiving surgery; alternatively, it has been used as a “gold standard” 

against which to compare results from non-invasive radiographic methods of inter-

vertebral motion measurement.  

In one such study, to validate a biplane x-ray technique for measuring 3D in vivo 

cervical inter-vertebral motion, an ovine cadaveric spine (C0 – C5) was imaged while 

the neck of the specimen was manually manoeuvred into extension and axial rotation 

(McDonald et al. 2010).  Three trials of these motions and three static trials were 

conducted. The vertebral positions were measured using a mathematical model-based 

tracking technique which necessitated CT imaging of the specimen. The CT image was 

reconstructed to generate a 3D bone model, and combined with positional information 

provided by the biplane x-rays. The results of this technique were compared with that 

from dynamic RSA tracking of tantalum beads implanted in levels C3 and C4 of the 

specimen (McDonald et al. 2010). Dynamic accuracy, defined as the RMS error 

between the two measurement techniques, was 0.61±0.44° for sagittal rotation. While 

this technique might provide accurate and detailed data, on all planes of motion, it 

appears to be time and resource intensive. When used in vivo a participant receives 

biplanar radiography as well as a CT exposure which means this technique has a large 

associated ionising radiation dose (dose not stated) (McDonald et al. 2010). 

Additionally, gross head/neck motion needs to be measured with a video-based motion 

capture system. However, some of the findings from the application of this technique to 

a participant are noteworthy.  
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When the participant was imaged while moving from a fully flexed position into full neck 

extension there was associated lateral bending and axial rotation at the three segments 

they measured (C4/5 to C6/7) that were significantly greater than zero (McDonald et al. 

2010). This is relevant to the out-of-plane errors associated with radiography of the 

spine in living people, which the authors did not take into account in the validation 

cadaveric study. The authors did not state why the participant’s inter-vertebral motion 

was not measured above C4/5. It is possible that either the model-based tracking 

system does not work with the varying morphology of the upper cervical spine, or 

perhaps this area was out-with the radiographic field of view and would therefore 

require additional imaging, increasing the ionising radiation dose.  

As suggested by the findings from McDonald et al (2010) and contended by Anderst et 

al (2011), it is probably the case that a more reliable indication of measurement 

accuracy would be obtained under ‘real world’ in vivo (includes biological variability of 

participant behaviour and characteristics such as muscle and ligaments and body 

habitus) testing rather than from the more controlled but ultimately simulated in vitro 

(no biological variability) cadaveric model-based experiments (Anderst et al. 2011). 

In a study seeking to validate a similar biplane x-ray/CT/mathematical model-based 

technique for assessing cervical inter-vertebral motion, dynamic RSA was also used as 

a reference standard, but this time using an in vivo methodology. Three subjects had 

tantalum beads implanted during cervical discectomy and fusion surgery and motion 

was measured only at the fused and two adjacent levels (Anderst et al. 2011). Biplane 

x-ray and CT images were collected after surgery and the tantalum beads were tracked 

in the biplane x-rays images by dynamic RSA. The results were compared with those 

calculated from a model-based tracking algorithm over seven trials of each method. 

Precision, defined as the standard deviation of measurement differences across these 

trials, was 1.3 ± 0.6° or lower in flexion-extension (Anderst et al. 2011). This in vivo 

derived precision is expectedly larger than the in vitro precision reported by McDonald 

et al (2010) of less than ± 0.26° [McDonald et al (2010) calculated precision from static, 

not dynamic, imaging].  

Both the methods of McDonald et al (2010) and Anderst et al (2011), while apparently 

very accurate, suffer from a high ionising radiation dose. The effective radiation dose 

for each dynamic flexion-extension motion trial was estimated at 0.16mSv (Anderst et 

al. 2014), while the dose from a cervical CT scan is reported as 3.0 – 4.36mSv 

(Anderst et al. 2014).  
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These previous studies are instructive however in that any in vitro study needs to as 

closely replicate that of the in vivo situation as possible as measurement error will 

almost certainly be larger in vivo. Secondly, measurement error needs to take account 

of the possibility of out-of-plane motion.  

Other studies have utilised calibration models to determine the accuracy of spinal 

motion measurement in the lumbar spine from plain film radiography (Triano 1984), bi-

planar radiography (Pearcy and Whittle 1982) and QF (Breen et al. 1988; Breen et al. 

2006) but these models have allowed only for the accurate determination from fixed 

angles, not continuous angular range. No previous studies appear to have assessed 

the accuracy of IAR measurement.  

For this present study it was decided to construct a model consisting of a pair of dry 

human cervical vertebrae (C4-5) joined at the centre of the inter-vertebral disc space 

by a uni-directional plastic joint mounted on a testing platform and which allowed for 

continuous sagittal rotation of the superior vertebra (Figure 36). The model did not 

allow for translation (translation equals zero) but this was not a measurement of 

interest (see page 78).  

 

 

Figure 36: Cervical C4-5 joint model 

 

 

 

 



 
 

93 
 

So as to minimise any influence on image tracking it was important that the universal 

joint was as radiolucent as possible, hence the choice of acetal which is much less 

radiopaque than metal [the more radiopaque or radio-dense a material, the more 

clearly it appears on the image]. While acetal at 1.5g/cm3 is around 5-6 times denser 

than typical human cervical vertebra (Weishaupt et al. 2001; Yoganandan et al. 2006a; 

Yoganandan et al. 2006b) it is nine times less dense than that of the minimum density 

recommended for visualisation under fluoroscopy (Wang and Weber 2005). In order to 

observe the instantaneous axis of rotation (the centre of the joint) on the image a small 

lead ball-bearing was inserted within the joint. A Perspex mount was fixed to the 

superior vertebra which allowed for the attachment of a digital inclinometer (Penny & 

Giles STT 280; resolution ± 0.07°) to continuously record angular range reference data 

during motion. 
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4.2 Methods 

4.2.1 Data collection 

 

Figure 37: Image acquisition set-up for accuracy study 

 

The model was linked to the rotating disc of the motorised motion frame via a 

connecting rod and the digital inclinometer was screwed tight to a fixing atop the 

superior vertebra (Figure 37). The fluoroscope (not shown in image) was aligned at 90° 

to the model and centred on the universal joint. The computer-controlled rotating disc 

rotated the superior vertebra, C4, continuously through 20° flexion then 20° extension 

as a separate sequence while simultaneously being imaged at 15 frames per second. 

This range is an approximation of the mean in-vivo range of this segment based on 

existing data (Dvorak et al. 1988; Lind et al. 1989; van Mameren et al. 1990; Frobin et 

al. 2002). Each sequence was repeated with the fluoroscope axially rotated 10° from 

the orthogonal alignment to simulate poor positioning of a participant. To replicate the 

image degrading effects of tissue (for example, muscle) that occur when imaging 

people, images were taken through a block of animal soft tissue (minced beef). 
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Figure 38: Model as imaged while being rotated by the motorised motion frame via the 
connecting rod 

 

In Figure 38 can be seen C4 rotating over C5 while being imaged by the fluoroscope. 

The reference x, y co-ordinates for the instantaneous axis of rotation (lead shot within 

the universal joint of the calibration model) were identified using Image J (a public 

domain, Java-based image processing program developed at the National Institute of 

Health, USA). In order to convert the results of IAR co-ordinates from proportion of 

vertebral body depth (VBU, the units used in the computer-generated output of results) 

to equivalent millimetres the anterior-posterior depth of the superior end-plate of the 

inferior vertebra was measured ten times with electronic callipers (Axminster 

Instruments Ltd; spatial resolution ± 0.02mm) and averaged to give a mean vertebral 

body depth of 14.23mm (Figure 39). This measurement is the equivalent of one VBU 

for this calibration study.  
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Figure 39: Lateral view of calibration model showing measurement of vertebral body 
depth (14.23mm = one VBU) 

 

4.2.2 Data analysis 
On the first image of each of the four motion sequences (flexion in-plane, flexion 10° 

out-of-plane, extension in-plane, extension 10° out-of-plane) tracking templates were 

applied to the two vertebrae of the calibration model, a process previously described 

(page 69). This process was repeated ten times for each motion sequence giving forty 

data points for angular range and x, y co-ordinates for IAR locations.  

The standard deviation of the differences is representative of accuracy if the true value 

is known i.e. results are compared to that from a reference standard13; if this is not 

known, it represents the ‘precision’ of the system (Ryd et al. 2000). Root-mean-square 

(RMS) differences (standard deviation of the differences) between measured and 

reference data were calculated for each motion sequence (Bland and Altman 1986). 

RMS errors were calculated to take account of the errors including both positive and 

negative values.  

 

 

 

 

                                                
13

 This is termed the “trueness” (ISO5725-1 1994) or the “bias” (ASTM 1996) of the 
measurement method. 
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4.3 Results 

 
RMS errors for maximum angular rotation and averaged IAR location for both in- and 

out-of-plane imaging conditions are presented in Table 4. The largest error for angular 

rotation was 0.50° (out of plane flexion) while for IAR location it was 1.16mm (for X co-

ordinate in out of plane flexion).  

 Flexion Extension 

 In plane Out of plane In plane Out of plane 

Rotation RMS 

error (°) 
0.21 0.50 0.34 0.40 

X, Y co-ordinates X Y X Y X Y X Y 

IAR RMS error 

(mm) 
1.06 0.79 1.16 0.63 0.73 0.98 0.48 0.55 

IAR RMS error 

(VBU) 
0.07 0.06 0.08 0.04 0.05 0.07 0.03 0.04 

In plane: x-ray beam centred on universal joint, horizontal and orthogonal to model; Out of plane: x-ray 

beam axially rotated by 10° from centre of universal joint; IAR, instantaneous axis of rotation location; 

VBU, Vertebral Body Unit (14.23mm) 

Table 4: Root-mean-squares of difference between reference and computed inter-

vertebral angular ranges and instantaneous axis of rotation locations 

 

 

4.4 Discussion 

 
• Inter-vertebral angular range 

This study combined continuous sagittal motion of a cervical vertebral model with 

simultaneous measurement with a reference standard (digital inclinometer). Angular 

range of flexion or extension, in- or out-of-plane, was accurate to less than one degree. 

The error in this during extension measurement was only marginally increased with 

out-of-plane imaging, but the doubling of error with out-of-plane flexion emphasises the 

importance of the correct positioning of participants. 
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These findings echo those of a model-based study conducted to assess the accuracy 

of QF in the measurement of lumbar inter-vertebral motion14. In this lumbar IV-RoM 

accuracy study two ‘calibration’ studies were conducted. In the first the calibration 

model (L3 and L4 human vertebrae linked together by a universal joint) was positioned 

orthogonally to the image intensifier and imaged with the joint in seven different 

positions. The seven different joint position angles, from -10° to +20°, were measured 

by way of protractors fitted to the model and these angles were then compared to those 

calculated from the images by QF. Imaging was repeated with the model axially rotated 

10° out-of-plane to simulate poor positioning. The RMS difference between reference 

(fitted protractors) and computed (QF) inter-vertebral angles was 0.52° for the 

orthogonal configuration. As was found in this cervical accuracy study, error doubled 

(to 1.03°) under the out-of-plane condition (Breen et al. 2006).  

For the second calibration study, the two vertebrae of the lumbar model were rigidly 

fixed, and images were acquired as the model was moved through 80° on a motor-

driven motion-table. Any motion measured by QF in this instance was considered error 

since the true range of motion was zero degrees. A one-way ANOVA was calculated 

based on five repeat imaging sequences and error ranged from 1-4.5° in flexion-

extension (Breen et al. 2006).15 It was not feasible to do such an experiment with the 

cervical accuracy model and the upright motion-frame, but it is noted that the true error 

could be larger than 0.5° (the largest error found in this present study). Nevertheless 

this represents an improvement on the accuracy of < 1.5° reported from a model-based 

validation study of biplane radiography (Pearcy and Whittle 1982).  

• Instantaneous axis of rotation 

In this current study, measurement of IAR location was accurate to around 1mm or 

less, in the x and y directions, in- or out-of-plane, and the error appears to be 

marginally affected by out-of-plane imaging although intriguingly, the extension out-of-

plane error is less than that of in-plane. It is noted that measurements were made 

based on 20° flexion and 20° extension motion, both similar to the average total 

flexion-extension range of the C4/5 segment in vivo.  

                                                
14

 The QF method of lumbar inter-vertebral motion measurement (Breen et al. 2006) from which 

the QF methodology for cervical inter-vertebral motion described in this thesis was developed.  

15
 In both calibration studies animal soft tissue (sausages) were placed around the model to 

simulate soft tissue image degradation (Breen et al. 2006).  
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Since measurement error for IAR location calculations is known to be reduced with 

larger rotations, when these are calculated from separate flexion and extension 

sequences, which divides the overall range, it is expected that measurement error will 

be larger (Pearcy and Bogduk 1988; van Mameren et al. 1992). 

In contrast to the number of studies seeking to validate techniques for measuring 

cervical IV-RoM there is an absence of such studies assessing the accuracy of IAR 

location measurement. There is no ‘known’ in vivo IAR or centre of rotation to serve as 

a reference standard, necessitating either an in vitro experiment or a computational 

mathematical approach using data acquired in vivo. It is believed that at this current 

time this present study is the only that has sought to calculate accuracy data from an in 

vitro model.  

For the investigation of ICR path measurement (centrode), Baillargeon and Anderst 

(2013) conducted a simulation experiment to replicate in vivo cervical motion 

(Baillargeon and Anderst 2013). Using data from biplane x-rays and CT reconstruction, 

simulated bone motion data was created and differentially filtered until an analysis 

configuration was arrived at that could apparently identify the ICR motion path to 

±0.8mm in the superior-inferior direction (analogous to y-co-ordinates) and ±1.0mm in 

the anterior-posterior direction (x-co-ordinates) (Baillargeon and Anderst 2013). These 

results appear concordant with those of this present study.   

 

4.5 Conclusion 

 
The results of this model-based study suggest QF is sufficiently accurate for use in the 

main study, for the determination of inter-vertebral angular ranges and IAR locations 

from cervical spine motion measurement in the sagittal plane. However, true 

measurement error in vivo is expected to be larger than that indicated by this model-

based study. While it is not possible to directly assess accuracy in vivo (in people not 

already receiving cervical spine surgery), assessing repeatability, which is 

straightforward to do in vivo, is an important component relating to the validity of a 

measurement method, and this is the topic of the next chapter.  
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Chapter 5. Intra-observer and inter-observer QF repeatability 

studies 

5.1 Introduction 

 
The repeatability of a measurement method informs the extent to which results are 

subject to variations in the measurement process, biological variation of subjects, or 

both (Bland and Altman 1996a). Important sources of error (factors that cause 

differences between repeat measurements that are not true differences) in the 

measurement of cervical IV-RoM with a radiographic technique like QF include: the 

measurement protocol (the extent to which motion variability is minimised), the 

behaviour of the participants (how faithfully standardised instructions are followed) 

(Hipp and Wharton 2008), time of day, timing between repeat measurements (Jordan 

2000) and the characteristics of the observer(s) (number, background, experience) 

(Kottner et al. 2011). A number of these potential sources of error are acknowledged in 

the QF acquisition methodology previously described (Chapter 3).   

There is confusion in the literature over the terminology relevant to repeatability studies 

such as repeatability, reproducibility, reliability, agreement (please see Glossary for 

definitions of these terms, page 284) (Bartlett and Frost 2008), and further confusion 

over which statistics to use (Weir 2005) and how to correctly interpret them (Costa-

Santos et al. 2011). There has even been discussion in the statistics literature over 

whether a particular statistic (the intra-class correlation coefficient, ICC) is 

representative of reliability or agreement (Costa Santos et al. 2011; Kottner and 

Streiner 2011).  

In repeatability studies it is necessary to calculate both agreement and reliability 

statistics (Weir 2005; de Vet et al. 2006; Bartlett and Frost 2008). If only ICCs 

(reliability) are calculated, they can be subject to misinterpretation. A large ICC can 

mask poor trial-trial consistency when between-subject variability is high. Conversely, a 

low ICC can be found even when trial-trial variability is low if the between-subjects 

variability is low (Weir 2005). In this case, the homogeneity of the subjects means it will 

be difficult to differentiate between subjects even though the absolute measurement 

error might be small. It is necessary therefore to examine measurement error (SEM) in 

conjunction with the ICC (Weir 2005; de Vet et al. 2006). Unfortunately, repeatability 

studies in the published literature have not always followed this guidance (de Koning et 

al. 2008). 

Incorrect use of statistics has included the use of the Pearson (or Spearman) 

correlation coefficient – this is flawed as an indicator of reliability because it cannot 
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account for systematic observer bias, unlike the ICC which can (Jordan 2000). In other 

words, where two or more observers have consist differences in their results, perfect 

correlation (r = 1) might exist in the absence of agreement. Likewise the paired-Student 

t test is an inappropriate indicator of reliability (Jordan 2000). The null hypothesis, that 

the mean of the difference in each pair of measurements is zero, may not be rejected 

despite large discrepancies between measurements when there is a fixed bias i.e. the 

first and second measurements on each pair are equally likely to be the larger, so 

incorrectly indicating high reliability. Additionally, although a large standard deviation of 

the measurement differences is indicative of disagreement, the larger this becomes for 

a given sample size, the smaller the t statistic becomes, leading to less likelihood of a 

significant result (Jordan 2000). 

Some repeatability studies have used 95% limits of agreement (often referred to as the 

Bland-Altman method) to demonstrate the level of agreement between repeated 

measures with one measurement tool (van Loon et al. 2012; Williams et al. 2012). 

However, as pointed out by Myles (2007), the original Bland-Altman method (Bland and 

Altman 1986) was developed for method-comparison; two sets of measurements from 

two different methods on one occasion. These data are independent, so this approach 

is not suitable for repeated-measures (dependent) data (Myles 2007). It was suggested 

that for repeated measures this approach only be used as a ‘naïve analysis’ because of 

the simplicity of the method (Myles 2007). It was perhaps for this reason that Williams 

et al (2012) had little comment about the width of the limits of agreement (LOA) they 

calculated in their study on regional cervical spine motion measurement. They reported 

95% LOA  of -42.1 to 59.3° for active ROM, and -50.7 to 56.4° for passive ROM, which 

imply poor agreement, yet they discussed only the ICCs and the ‘substantial’ reliability 

that they represented (Williams et al. 2012).  

Even with the use of the correct statistical analysis, a sample size that is too small 

leads to wide confidence intervals for the chosen statistic (Jordan 2000). Sample size 

calculations for ‘reliability’ studies have been suggested which are based on a null 

hypothesis assumption of the population ICC (Walter et al. 1998). For example, based 

on a population ICC = 0.8, with an assumed real value of ICC = 0.9, a sample size of 

46 or more is required to give a power of > 80% for two repetitions or observers (Walter 

et al. 1998). This might be a useful guide but is ultimately based on a speculative 

guess at the population ICC.  

Calculating sample size in order to narrow the confidence intervals around a reported 

ICC is perhaps more worthwhile (Jordan 2000) however, as is often the case, this 

study sought to do what was achievable over a given time-frame.  
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Having a small sample size makes it even more important to report confidence 

intervals so that the reliability implied by the ICCs is properly interpreted. For example, 

where the lower limit is larger than a previously chosen acceptable limit, or it is within 

the range of ‘substantial’ reliability (Shrout 1998), more confidence can be placed in the 

reliability of the tool (Jordan 2000). In this present study agreement and reliability 

statistics are calculated to inform the reasonable interpretation of data collected in the 

main study (Part III), and not necessarily intended to be representative of the 

repeatability of this QF method in the more general sense; a greater sample size would 

be required to inform that determination. 

An important facet of the repeatable measurement of inter-vertebral motion with QF is 

correct placement of tracking templates by the operator, as well as identification and 

correction of errors when motion sequences are reviewed prior to determining the final 

results. Estimating the measurement error is necessary for the appropriate 

interpretation of data collected in the main study, with respect particularly to 

determining changes in kinematic variables. Therefore repeatability studies of the 

image processing and analysis stage of QF were conducted, addressing Research 

Question 1 (page 59). [For intra-subject reproducibility, which encompasses all sources 

of measurement error, see chapter Chapter 7, page 153]. The reporting of these 

follows published guidelines for the reporting of reliability and agreement studies 

(Kottner et al. 2011). 

5.2 Methods 

5.2.1 Data collection 
To obtain sufficient data for analysis it was determined that ten participants would be 

sufficient to provide at least thirty data points for each of the flexion and extension 

sequences (Chinn 1990). Tracking templates were placed around the vertebral 

contours of C1 through C6 (page 69) on the first image of each motion sequence by 

two independent observers, blinded to each other’s results, for inter-observer 

repeatability. Imaging sequences then underwent the quality assurance procedure 

(page 74) prior to extraction of results for statistical analysis; the process was repeated 

by one observer six weeks later for intra-observer repeatability. 
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Both observers, one a chiropractor with one year’s clinical experience, the other a 3rd 

year chiropractic student, received the same image analysis training (this involved 

instruction from a medical physicist with five years’ experience developing the image 

analysis software, and practice analysing six existing cervical spine imaging 

sequences). The kinematic parameters included in the repeatability studies were 

angular range, IAR location and attainment rate/laxity. 

While intra-observer repeatability was required for the appropriate interpretation of IV-

RoM measurements made in the main study (Part III) - since the same observer was 

doing all the measurements in the main study - inter-observer repeatability was also 

conducted for completeness and to further validate the repeatability of QF in the 

cervical spine. [IAR inter-observer repeatability was calculated from inter-vertebral 

levels that rotated at least 5°. Since errors were large, and were expected to increase 

with 3° as the minimum rotation, the study was not repeated at the smaller rotation 

value. Inter-observer repeatability for attainment rate was not calculated]. 

5.2.2 Data analysis 
The repeatability of a measurement method needs to be quantified in terms of the 

agreement and reliability of the measurements (Bartlett and Frost 2008). The standard 

error of measurement (SEM) is considered a suitable expression of agreement and an 

appropriate formula is:  

SEMconsistency = SDDIFF/√2 

where SDDIFF is the standard deviation of the mean differences between two 

measurements (de Vet et al. 2006). This parameter is useful as it gives the error in the 

units of measurement. This was calculated using Excel (Microsoft Windows Version 7, 

2010). For repeated measurements on a continuous scale the intra-class correlation 

coefficient (ICC) is the most suitable reliability parameter (de Vet et al. 2006). This 

parameter relates the measurement error to the variability between persons.   

                
  
 

  
           

  
  

  
  – represents the variability between persons;          

  – represents measurement 

error and is the interaction between persons and observers (de Vet et al. 2006). 
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The type of ICC calculated was ICC (3C,1) for intra-observer reliability, as each target 

or object of measurement is rated by each of the same k observers, where k = 1, and it 

is assumed that this is the only observer of interest (Shrout and Fleiss 1979; McGraw 

and Wong 1996). For inter-observer reliability ICC (2C, 1) was used, as it was 

assumed a change in the observers would not meaningfully alter the results. In each 

case single measures is reported as opposed to average measures as, while there was 

averaging of template positions (page 69), this was an inherent part of the process of 

the QF method. The results subsequently produced by each observer were not 

averaged.   

Generally ICCabsolute agreement is the better option over ICCconsistency as the first is sensitive 

to proportional and fixed bias, the later only to proportional bias (Weir 2005). However, 

both ICCs were calculated in this present study for comparison and they hardly varied 

numerically, and did not vary in their interpretation, suggesting the absence of a fixed 

bias; so ICCconsistency was reported along with SEMconsistency. These were calculated using 

SPSS (version 18). Inter-observer repeatability results are presented in appendices 

and where relevant are referred to in the following text. Inter-observer data are 

reproduced with permission from an undergraduate project sub-study (Jasperse 2013).       

There is controversy on how best to interpret ICC values (Weir 2005) with 

disagreement evident in their interpretation within and between clinicians and 

biostatisticians (Costa-Santos et al. 2011). It has even been suggested that proposed 

categories for ICCs are ultimately arbitrary (Jordan 2000). However, in order to make 

some determination over the clinical usefulness of a tool a judgement on the ICCs 

needs to be made; Shrout (1998) provides a useful guide for this purpose and was 

used to interpret the ICCs in this study (Shrout 1998).    

5.2.3 Ethical considerations 
Imaging sequences from a subgroup of participants recruited to the main study 

(Chapters 6 – 8) were utilised in this observer repeatability study and the ethical 

considerations and approval for this are presented on page 131. In summary, ethical 

considerations are detailed in participant information sheets (Appendix 11 and 

Appendix 12) and ethical approval was granted by the National Research Ethics 

Service Committee South West – Cornwall & Plymouth (11/SW/0072 – Appendix 13). 
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5.3 Results 
 

5.3.1 Participant demographics 
A convenience sample of ten adult participants (the first ten participants recruited for 

the main study) aged 23 – 50 years, (mean, SD = 38, 9.1), five female, took part in the 

observer repeatability studies. All participants received a QF assessment of cervical 

inter-vertebral motion during neck flexion and extension, separately. Five participants 

were healthy volunteers (no neck pain) and the remaining five were patients with neck 

pain.  

5.3.2 Inter-vertebral tracking failures 
Most (97%) inter-vertebral levels (100% in flexion, 94% in extension) were successfully 

tracked. As Table 5 shows only three levels did not track, one each of C2/3, C3/4 and 

C5/6, all in extension. 55% (58% flexion, 52% extension) of levels rotated at least 5°, 

the initial minimum rotation set as a cut-off from which to calculate IAR locations. Since 

the 5° cut-off would mean IAR calculations not possible for around half the inter-

vertebral levels this would limit the use of IAR location as a kinematic parameter of 

change. Decreasing the cut-off to 3° increased the proportion of levels available for IAR 

calculation to a more acceptable yield of 72% (78% flexion, 66% extension). Similar 

proportions were seen in the inter-observer study (Appendix 2).   
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 No. of inter-vertebral 

levels  

successfully tracked 

twice by one observer 

No. of inter-vertebral 

levels  

≥ 5° sagittal rotation 

No. of inter-vertebral 

levels  

≥ 3° sagittal rotation 

Inter-vertebral 

level 

Flexion Extension Flexion Extension Flexion Extension 

C1/2 10 10 8 2 9 3 

C2/3 10 9 3 4 6 5 

C3/4 10 9 8 6 9 6 

C4/5 10 10 5 9 8 10 

C5/6 10 9 5 5 7 9 

Total 50 47 29 26 39 33 

Percentage of 

total possible 

levels  

100% 94% 58% 52% 78% 66% 

50 (5 levels per participant, 10 participants) is the maximum number of possible inter-vertebral rotations 

measured in each of flexion and extension 

Table 5: Number of inter-vertebral levels successfully tracked twice and those 

measured at equal to or greater than 5° and 3° sagittal rotation (necessary for IAR 

calculations) 

 

5.3.3 Intra-observer repeatability: inter-vertebral angular range 
The standard error of measurement (SEM) and intra-class correlation coefficients (ICC) 

for inter-vertebral angular range were calculated for each inter-vertebral level and for all 

levels pooled as shown in Table 6. Disagreement (SEM) varied by level and while 

consistently larger in extension, overall disagreement was small; the largest 

disagreement was 1.1° (C1/2 and C5/6 in extension). The lowest ICC was 0.90 (C1/2 

extension) indicating substantial reliability for all levels (Shrout 1998). Taking the lower 

95% confidence intervals into account reliability remains substantial for all levels save 

for C1/2 in extension (0.635) and C3/4 in extension (0.711) which would now be 

considered in the ‘moderate’ reliability category (Shrout 1998). In summary, these data 

indicate excellent repeatability (agreement and reliability) of QF measurement of inter-

vertebral angular range. Inter-observer repeatability was equally excellent (Appendix 

3). 
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Inter-vertebral 

level 

Standard error of 

measurement (°) 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension Flexion Extension 

C1/2 0.8 1.1 
0.97  

(0.885 to 0.993) 

0.90  

(0.635 to 0.973) 

C2/3 0.3 0.8 
0.97  

(0.900 to 0.993) 

0.95 

(0.806 to 0.988) 

C3/4 0.5 1.0 
0.99 

(0.978 to 0.999) 

0.92 

(0.711 to 0.981) 

C4/5 0.6 0.8 
0.97 

(0.891 to 0.993) 

0.97 

(0.886 to 0.992) 

C5/6 0.5 1.1 
0.99 

(0.974 to 0.999) 

0.97  

(0.854 to  0.992) 

All levels 

pooled 
0.6 1.0 

0.99  

(0.973 to 0.993) 

0.96  

(0.926 to 0.980) 

Intra-class correlation coefficient: ICC(3C,1), two-way single measure mixed effects model (consistency) 

Table 6: Standard error of measurement and intra-class correlation coefficients for 

intra-observer repeatability: angular range 

 

5.3.4 Intra-observer repeatability: IAR locations (3° minimum sagittal 

rotation) 
In Table 7 are presented the SEMs for each inter-vertebral level except for C1/2 in 

extension due to migration of tracking templates making the results unreliable for this 

level. Setting the minimum sagittal rotation to 3° did not adversely affect the size of the 

measurement error compared with the SEMs calculated from a 5° minimum (Appendix 

4). The highest disagreement in the x direction was 2.7mm (C3/4 in extension), in the y 

direction 2.7mm (C2/3 in flexion), and the level of agreement varied by level and 

direction; generally, disagreement was greater in extension. With a vertebral body 

depth of 15mm these data represent substantial measurement errors. Inter-observer 

disagreement was higher, in flexion, but less in extension (Appendix 5).  
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Inter-vertebral 

level 

No. of inter-vertebral 

levels  

≥ 3° sagittal rotation 

Standard error of measurement (mm) 

   Flexion Extension 

 
Flexion Extension X Y X Y 

C1/2 9 3 1.7 1.6 - - 

C2/3 6 5 1.5 2.7 1.5 1.1 

C3/4 9 6 0.9 1.3 2.7 2.2 

C4/5 8 10 1.2 1.6 0.8 2.4 

C5/6 7 9 1.1 1.5 1.5 2.4 

All levels pooled 39 33 1.3 1.8 1.9 2.2 

mm, equivalent millimetres (1 VBU = 15mm) 

Table 7: Standard error of measurement for intra-observer repeatability: IAR x, y co-

ordinate locations (distance in mm from posterior-inferior corner of inferior vertebra) 

 

Table 8 (next page) shows the ICCs calculated for IAR locations by level and pooled. 

While some of the ICCs might be considered to indicate ‘moderate’ to ‘substantial’ 

reliability (Shrout 1998), the 95% confidence intervals are wide with the lower limits 

almost exclusively in the ‘virtually none [sic]’ reliability category (Shrout 1998).  

Therefore these data indicate generally poor reliability for measuring IAR location. 

Similar conclusions may be drawn regarding intra-observer (Appendix 6) and inter-

observer (Appendix 7) reliability for IAR locations calculated from a 5° minimum 

rotation. 
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Inter-vertebral 

level 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension 

 X Y X Y 

C1/2 
0.71  

(0.018 to 0.952) 

0.72  

(0.042 to 0.953) 

- - 

C2/3 
0.23 

(-1.484 to 0.933) 

-0.03  

(-0.674 to 0.851) 

0.78  

(-0.233 to 0.975) 

0.80  

(-0.073 to 0.978) 

C3/4 
0.61  

(-0.008 to 0.904) 

0.58  

(-0.156 to 0.899) 

0.04  

(-0.687 to 0.764) 

0.82  

(0.183 to 0.972) 

C4/5 
0.58  

(-0.112 to 0.901) 

0.87  

(0.449 to 0.974) 

0.82  

(0.072 to 0.974) 

0.25  

(-0.837 to 0.856) 

C5/6 
0.70  

(-0.174 to 0.953) 

0.77  

(0.134 to 0.962) 

0.66  

(0.065 to 0.919) 

0.90  

(0.615 to 0.980) 

All levels pooled 
0.82  

(0.599 to 0.916) 

0.95  

(0.891 to 0.974) 

0.52  

(0.162 to 0.757) 

0.84  

(0.672 to 0.926) 

Intra-class correlation coefficient: ICC(3C,1), two-way single measure mixed effects model (consistency) 

Table 8: Intra-class correlation coefficients for intra-observer repeatability: IAR x, y co-

ordinate locations (distance in mm from posterior-inferior corner of inferior vertebra) 

calculated from levels that rotated at least three degrees 
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5.3.5 Intra-observer repeatability: laxity/attainment rate  
 

As indicated by the ICCs in Table 9, there was moderate-substantial reliability of the 

QF measurement of attainment rate. It is noted, however, that some of the 95% 

confidence intervals are wide with lower limits in the ‘fair’ or ‘slight’ reliability category 

(Shrout 1998). The SEMs appear to indicate acceptable agreement.    

Inter-vertebral 

level 

Standard error of 

measurement 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension Flexion Extension 

C1/2 0.029 0.014 0.78 (0.327 to 0.939) 0.97 (0.884 to 0.992) 

C2/3 0.009 0.022 0.97 (0.900 to 0.994) 0.96 (0.815 to 0.990) 

C3/4 0.025 0.027 0.94 (0.786 to 0.985) 0.96 (0.846 to 0.992) 

C4/5 0.017 0.036 0.97 (0.865 to 0.991) 0.87 (0.563 to 0.966) 

C5/6 0.043 0.026 0.70 (0.161 to 0.915) 0.84 (0.435 to 0.961) 

All levels 

pooled 
0.028 0.024 0.89 (0.810 to 0.935) 0.94 (0.890 to 0.964) 

Intra-class correlation coefficient: ICC(3C,1), two-way single measure mixed effects model (consistency) 

Table 9: Standard error of measurement and intra-class correlation coefficients for 

intra-observer repeatability: laxity/attainment rate 

 

5.4 Discussion 
 

The term ‘repeatability’ was used in these observer studies as repeat measurements 

were made on the same subjects under identical conditions (Bartlett and Frost 2008); 

subjects were imaged once and the imaging sequences analysed twice. From this 

study design, therefore, variability in measurements can be ascribed only to errors due 

to the measurement process itself.  

• Angular range 

For angular range the largest measurement error (SEM) in this study was 1.1° (intra-

observer) which compares favourably with previous studies and represents an advance 

on the current standard of care using plain-film flexion-extension (Deitz et al. 2011). It 

also compares favourably with other studies measuring inter-vertebral motion.  
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In assessing the repeatability of a QF method for the measurement of lumbar inter-

vertebral motion Teyhen et al (2005) reported SEMs ranging from 0.4 to 0.7°, and ICCs 

were all above 0.9 (Teyhen et al. 2005). However the methodology used in that study 

assessed the repeatability of vertebral location between neutral and end-range flexion 

images, not continuous tracking of the motion between these two extremes, therefore 

these values are likely to under-represent the repeatability of this QF method in 

practice. In a QF study that did assess repeatability based on continuous lumbar 

motion imaging, sequences from four subjects were repeat-analysed. This gave an 

RMS error of 1.94°, slightly larger than that calculated in this present study (Breen et al. 

2006).  

Regarding the cervical spine, in a cineradiography study the maximum difference 

between five repeat measurements (SEM not reported) on the same x-ray film was 2.6° 

(van Mameren et al. 1990). In calculating the measurement error of a protocol for 

measuring inter-vertebral motion from plain-film end-range flexion-extension 

radiographs, Frobin et al (2002) reported intra-observer and inter-observer errors 

(standard deviations) as 1.90° and 1.98° respectively. For assessing the repeatability of 

a video-fluoroscopy method in the cervical spine Wu et al (2007) calculated ICCs and 

the mean absolute difference of measurements repeated two weeks apart in six 

subjects (Wu et al. 2007). They reported measurement error as 1.6° (intra-observer) 

and 1.9° (inter-observer). For a bi-plane radiography/CT method of 3D cervical inter-

vertebral motion measurement, repeatability of the semi-automated tracking process 

was assessed by tracking the movement of one spinal segment (C6/7) from one 

flexion-extension sequence three times (Anderst et al. 2011). Repeatability was 

calculated as the within-frame standard deviation for each of the six degrees of 

freedom from the three sets of tracking results and reported as 0.06° (Anderst et al. 

2011). This would suggest this method is highly repeatable although it would have 

been preferable to know the repeatability for each inter-vertebral level and from a 

number of different subjects since these vary, as found in this present study and others 

(van Mameren et al. 1990; Amevo et al. 1991b; Teyhen et al. 2005). In any case this 

method is associated with a high radiation dose, so not suitable for routine use 

(Anderst et al. 2014). 

As reported in other studies (Frobin et al. 2002; Wu et al. 2007) inter-observer error is 

typically larger than intra-observer (Deitz et al. 2011). Inter-observer errors for angular 

range in this present study (Appendix 3) were highly comparable or smaller than that of 

intra-observer error.   
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This perhaps evidences a practice effect: the two observers were considered to be at a 

similar level of training whereas the images may have been analysed more 

competently when done a second time by the first observer. In any case, the 

disagreement in both scenarios was small and the ICCs were high, suggesting that 

measurement error of QF for angular range is low and subjects may be distinguished. It 

is concluded that acceptable intra- and inter-observer repeatability can be achieved for 

the determination of maximum IV-RoM, both for the follow-ups of participants and 

comparisons between them (in Part III).  

 

• IAR location 

In contrast to the repeatability for angular range, IAR location did not exhibit as good 

agreement or reliability. The SEMs ranged from 0.84 – 2.67mm (5.6%-17.8% of 

vertebral body depth) in the X direction and 1.06-2.73mm (7.1%-18.2% of vertebral 

body depth) in the Y direction which is too large an error from which to detect changes. 

ICCs ranged from 0.04 (virtually no reliability) to 0.90 (substantial reliability). But even 

where ICCs were indicative of substantial reliability, the confidence intervals were 

mostly very wide and included the value of zero, indicating the possibility of no 

reliability. It has been previously reported, from a plain-film flexion-extension study of 

the lumbar spine, that errors for IAR location are too large from rotations less than five 

degrees (Pearcy and Bogduk 1988). In a cineradiography study the smallest 

acceptable error for IAR location was considered to be that when measured from a 

minimum rotation of seven degrees (van Mameren et al. 1992). It was hoped that 

measurement error with this QF method would improve on that of previous methods; 

however, the findings from this present study are in agreement with these judgements.  

 

Measuring flexion and extension as one continuous sequence would have increased 

the number of segments that exceeded the minimum range and thus reduced the error 

for IAR location. However, for the purposes of this present thesis flexion and extension 

were measured separately in order to also measure laxity/attainment rate, which can 

only be done from neutral (Mellor et al. 2009). Also, with combined flexion-extension, 

the risk of out-of-plane motion or even out-of-frame motion is increased, which makes it 

more difficult for the vertebral movements to be accurately tracked (Hipp and Wharton 

2008). Additionally, if combined movement gives a smaller range than what is 

considered normal, the composite figure will not record which, or whether both, of the 

two separate movements caused the limitation (Jordan 2000).  
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It might be that the error could be significantly decreased by calculating it from the 

stitching together of the flexion-extension sequences; this is possible, but was not 

considered feasible during the time-frame of this study. Improvements in the image 

tracking codes may also be possible but is beyond the scope of this thesis.  

 

In a study evaluating the error for calculating IAR location from end-range flexion-

extension plain films, errors varied by level and are shown in Table 10 (Amevo et al. 

1991b).  

  X co-ordinate Y co-ordinate 

 Inter-vertebral 

level 

Mean(SD) Range Mean(SD) Range 

 

Intra-observer  

differences 

(mm) 

C2/3 -0.07 (0.47) -1.0 to 0.5 0.05 (0.42) -0.6 to 0.5 

C3/4 -0.09 (0.36) -0.7 to 0.3 -0.01 (0.43) -0.7 to 0.9 

C4/5 0.03 (0.32) -0.4 to 0.6 0.22 (0.40) -0.4 to 0.9 

C5/6 0.05 (0.37) -1.0 to 0.7 0.20 (0.42) -0.4 to 0.7 

C6/7 -0.12 (0.40) -1.1 to 0.3 0.20 (0.42) -0.6 to 0.6 

      

 

Inter-observer 

differences 

(mm) 

C2/3 -0.05 (0.52) -1.0 to 0.6 0.28 (0.56) -0.5 to 0.7 

C3/4 -0.06 (0.47) -0.8 to 0.3 0.38 (0.48) -1.2 to 1.0 

C4/5 0.05 (0.36) -0.4 to 0.6 0.44 (0.42) -0.2 to 1.1 

C5/6 0.05 (0.47) -1.0 to 0.7 0.39 (0.45) -0.4 to 1.0 

C6/7 0.08 (0.47) -0.9 to 0.5 0.40 (0.47) -0.5 to 1.4 

Table 10: Mean (SD) and range of intra- and inter-observer differences in IAR location 
(X, Y) (Amevo et al. 1991b) 

 

Intra-observer absolute mean differences ranged from 0.03 to 0.12mm (X co-ordinate) 

and 0.01 to 0.22mm (Y-co-ordinate) but standard deviations were large and much 

larger than the corresponding mean difference. Ranges were also reported (Table 10) 

(Amevo et al. 1991b). These data represented an improvement on the errors 

associated with other plain-film techniques of measuring IAR location (Amevo et al. 

1991a). SEM and ICCs were not reported, making comparisons with this present study 

difficult, but some of the absolute mean differences in this present study were 

substantially larger than that reported by Amevo et al (1991b). 

To determine repeatability in a cineradiography study, one film was marked each day 

for six days (van Mameren et al. 1992). Like Amevo et al (1991b), this study did not 

report SEM or ICCs.  
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Rather they determined the combination of the number of image frames (20 frames) 

and the minimum angle (7°) between a pair of frames which produced the closest 

clustering (precision) of the six IARs calculated for each level (van Mameren et al. 

1992). They then reported the average distance between each IAR for each level and 

compared these data to those obtained from the repeat marking of one 

cineradiographic film over six consecutive days for the calculation of static IARs. From 

C1/2 through C5/6 precision was improved with the averaged method (static IAR 

precision was better for C0/1 and equal at C6/7). Considering only C1/2 to C5/6, the 

mean (SD) distance between each of the six averaged IARs ranged from 0.5mm (0.2) 

(C4/5) to 1.4mm (0.2) (C1/2). Mean distances were not reported for x-distance and y-

distance making comparisons more difficult. A more recent study sought to determine 

the ‘reliability’ of a biplane radiography/CT method of measuring ICR location using 

simulated data; again, no agreement or reliability statistics were reported to make 

comparisons or judgements (Baillargeon and Anderst 2013). 

In a review of the cervical kinematics literature it was concluded from the findings of 

van Mameren et al (1992) (and Amevo et al 1991b) that IARs can be reliably and 

consistently calculated within a small margin of technical error, and that it is a stable 

parameter over time in healthy individuals (Bogduk and Mercer 2000). Despite this 

being the case, it has apparently not been adopted in routine clinical practice (Hipp and 

Wharton 2008) suggesting the lack of an obvious utility clinically. Due to the lack of 

agreement and low reliability found using the methodology in this present study, and it 

being anticipated that this will make it difficult to detect any changes in IAR location 

within-subjects, it was decided not to include this kinematic parameter in the main 

study (Part III). For future studies improved tracking codes and/or stitching of flexion 

and extension sequences to increase the size of the range from which IARs are 

calculated might make such calculations possible.  

• Attainment rate 

Laxity/attainment rate, as defined in this thesis (the ratio between the two gradients of 

inter-vertebral motion and corresponding first 10° of regional motion – see Figure 35), 

is a relatively new concept (Breen et al. 2012) and no study has reported the 

repeatability of such a proxy measurement of the neutral zone in vivo. Some 

comparison might be made, however, with the results from a recent PhD thesis which 

sought to determine the repeatability of this parameter using the same QF method (that 

was adapted for use in the cervical spine for this study) in the lumbar spine (Mellor 

2014).  
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In Mellor’s (2014) thesis the observer repeatability of attainment rate was calculated for 

flexion and extension of L2/3, L3/4 and L4/5. The mean intra-observer agreement 

(SEM) for flexion was 0.008, for extension it was 0.013. The measurement errors in this 

present study (Table 6) are larger with the mean SEM for flexion, 0.028, for extension, 

0.024; they are of an order of magnitude akin to the inter-observer agreement reported 

by Mellor (mean SEM flexion: 0.028; extension: 0.034). In both studies the number of 

participants was the same (n=10) but with more segments available for analysis in this 

study (maximum of 50 in each direction versus 30 in the lumbar study) it is not 

immediately obvious why the measurement errors should be so different.  

There is greater similarity when the reliability statistics are compared between the two 

studies with both reporting ICCs consistently greater than 0.9, indicating ‘substantial’ 

reliability (Shrout 1998). Exceptions to this are the ICCs for C1/2 in flexion (0.78) and 

C5/6 in flexion (0.70) and extension (0.84), more indicative of ‘moderate’ reliability 

(Shrout 1998). The importance of attainment rate is in distinguishing patients from 

healthy volunteers hence this will be a useful kinematic parameter in the main study.  

 

5.5 Conclusion 
 

The kinematic parameter, IAR location, was not found to be sufficiently repeatable to 

be of use in the main study. Angular range and attainment rate in contrast were found 

to be highly repeatable and will be included. Additionally the parameters of hypo-

mobility and paradoxical motion, both functions of angular range, could be included. In 

the following, final part of this thesis, the prevalence of these parameters will be 

explored in patients with neck pain and matched healthy volunteers.  
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PART III: Clinical studies 
 

“It doesn’t surprise me a bit. Neck pain is a mechanical problem, and it makes sense 

that mechanical treatment works better than a chemical one” – Dr Lee Green, 

Professor of Family Medicine at the University of Michigan, responding to the results of 

an RCT comparing spinal manipulation, medication and home exercise for the 

treatment of neck pain (Chapman-Smith 2012)   
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General Introduction 
 

Investigation of the effects of spinal manipulative therapy on inter-vertebral function has 

been hampered by the lack of an objective, reproducible method of inter-vertebral 

motion measurement. In part II of this thesis, quantitative fluoroscopy was found to be 

accurate and repeatable for a number of inter-vertebral motion parameters. These 

parameters were then explored in patients with neck pain and healthy volunteers in 

three studies (Chapters 6-8) in this third and final part of the thesis. 

Part III begins first with an overview of the main study design (three inter-related 

studies) followed by a description of the recruitment process and ethical approval 

common to all three studies.   

Methods 

Main study design 
This was a prospective cohort study of patients undergoing spinal manipulative therapy 

for neck pain, with a parallel cohort of age and sex-matched healthy volunteers. Please 

see the flowchart (Figure 40) for an overview. 
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Figure 40: Flowchart of main study 
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The main study was conceptually divided into three separate but interrelated studies, 

as outlined below: 

(i) Cervical inter-vertebral motion in patients with neck pain and healthy 

volunteers – a cross sectional study (Chapter 6 pages 132 - 152) 

 

Figure 41: Flowchart of main study with cross sectional study highlighted by red box 

 

The cross-sectional study aimed to identify any inter-vertebral motion differences 

between groups at baseline thereby indicating potentially important variables regarding 

inter-vertebral motion changes in patients. 
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(ii) Intra-subject reproducibility study: Estimating the minimum detectable 

change of inter-vertebral angular motion from healthy participants 

(Chapter 7 pages 153 - 161) 

 

Figure 42: Flowchart of main study with intra-subject reproducibility study highlighted 
by red box 

 

The intra-subject reproducibility study aimed to identify the magnitude of inter-vertebral 

angular motion change in healthy volunteers during the four-week study period 

(minimum detectable change).  
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(iii) Spinal manipulative therapy for the treatment of neck pain: A prospective 

cohort study (Chapter 8 pages 162 - 191) 

 

Figure 43: Flowchart of main study with prospective cohort study highlighted by red 
box 

 

This final study was a prospective cohort of patients with neck pain receiving spinal 

manipulative therapy. This study aimed firstly, to identify changes in inter-vertebral 

motion, which were defined as increases in IV-RoM exceeding the minimum detectable 

change, as identified in sub-study (ii). The second aim of this study was to find out if 

inter-vertebral motion changes were correlated with changes in patient-reported 

outcomes.  
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Participants 
A number of sources of bias were anticipated prior to recruitment such as the influence 

of osteoarthritic changes with age (Simpson et al. 2008), possible gender effects on 

disability (Cote et al. 2004) and complaint duration on both clinical and biomechanical 

outcomes. In an attempt to minimise these, the aim was to recruit 36 patients with 

mechanical neck pain and match them by age and gender to 36 healthy volunteers 

without neck pain. Anticipating a 20% loss to follow-up this would provide 30 

participants in each group. The recruitment of 30 participants to each group was 

considered feasible considering time and resource constraints. This would also allow 

adequate opportunity for normal distributions of interval data if present and therefore 

use of parametric statistical tests which are more sensitive to detecting differences 

between groups (Field 2009). Based on being able to detect a 3.5° (SD 6.5°) increase 

in range in patients (the highest threshold for hypo-mobility based on a review of plain-

film studies of cervical inter-vertebral motion (Deitz et al. 2011) using the lower 2.5th 

percentile of rotational range at the 95% significance level) 30 participants would also 

give an 80% power to detect change in IV-RoM.  

 

While the use of convenience samples is fairly typical in medical research for reasons 

of practicality, this does limit confidence in generalising findings to the population 

(Bland 1996). It might also be suggested that if kinematic differences such as in the 

prevalence of inter-vertebral hypo-mobile segments are not detected in a sample this 

size then either the sampling procedure is wrong, or it may be that differences are not 

large enough to be clinically meaningful. 
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Recruitment  
Over an 18 month period (August 2011 – April 2013)16 participants were recruited 

based on the eligibility criteria set out in Table 11 (inclusion) and Table 12 (exclusion).  

 

Inclusion criteria 

 

 

All 

participants 

Male and female 

Age 18 – 70 years* 

Able and willing to participate 

No large (effective dose greater than 10mSv) radiological 

investigations or treatments in the past two years 

Capable of giving informed consent 

Not pregnant or likely to be pregnant 

Willing for GP to be informed about participation 

 

 

Patients 

Mechanical neck pain (reproducible by neck movement/provocation 

tests) and no identifiable aetiology e.g. infection, inflammatory 

disease (Neck Pain Task Force† Grade I or II)  

Pain located within the area defined by the Neck Pain Task Force†  

Self-reported pain rating 3 or more on 11-point numerical rating scale       

Pain of at least 2 weeks duration** 

No contraindications to spinal manipulative therapy 

Healthy 

volunteers 

No activity-limiting neck pain lasting more than 24 hours in the last 12 

months                                     

No current neck pain, dizziness or vertigo (unsteadiness) 

† Neck Pain Task Force, The Bone and Joint Decade 2000-2010 Task Force on Neck Pain and Its 

Associated Disorders (Guzman et al. 2008b) 
*Initially 18-60 years; **initially pain of at least 4 weeks duration (See Exclusions and subsequent 

amendment to inclusion criteria, page 126) 

Table 11: Inclusion criteria for patients and healthy volunteers 

 

 

 

 

 

 

                                                
16

 Recruitment was suspended for three months during this time period to focus on the MPhil 
transfer. 
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Exclusion criteria 

All participants History of cervical spine surgery                                                                                            

Poor understanding of English 

Current involvement as a subject in another research study 

Patients Non-mechanical neck pain                                                                                                       

Depression 

Litigation/compensation pending                                                                                                         

Manual therapy already received for this episode of neck pain                                       

Primary complaint of arm pain                                                                                               

Traumatic onset of this neck pain episode 

Central sensitisation as assessed by pressure algometry 

Healthy 

volunteers 

Cervical/thoracic spine manipulation in week prior to baseline 

imaging 

Table 12: Exclusion criteria for patients and healthy volunteers 

 

Healthy volunteers were recruited from staff and students from AECC and 

Bournemouth University (School of Health & Social Care). Healthy volunteer 

participants were identified from a database of interested volunteers collated by the 

researcher and eligibility was assessed by completion of the healthy volunteer pre-

study form (Appendix 8). Participation of one healthy volunteer was delayed by one 

week due to having recently received spinal manipulation to the cervical spine 

(practising chiropractic student). Patients with neck pain attending the AECC out-

patient teaching clinic were identified at their first visit, and visited by the researcher to 

discuss their participation in the study; eligibility was confirmed after patients’ 

completion of the patient pre-study form (Appendix 9). Both patients and healthy 

volunteers had at least 24 hours to make a decision regarding their participation.  

Baseline clinical evaluation of patients 
The AECC out-patient teaching clinic is predominantly staffed by chiropractic interns in 

their clinical training year prior to becoming qualified as chiropractors, and the 

registered chiropractors who supervise them. Patients who participated in this study 

underwent a standard clinical evaluation by interns used for all new patients.  
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This included, but was not limited to: a clinical history to establish the nature of the 

patient’s complaint and general health status, and a comprehensive physical 

examination17 to evaluate the patient’s health status and determine if their neck pain 

was mechanical in nature.  

In primary care, when neck pain is the only symptom, a non-mechanical cause is 

extremely rare (NHMRC. 2003; Murphy and Hurwitz 2011). Nevertheless, neck pain 

from a vascular origin, with or without headache, may mimic that of musculoskeletal 

pain (Taylor and Kerry 2010) and this needs to be ruled out as part of the diagnostic 

process. Likewise the appropriateness of various treatments that might be offered to 

the patient (e.g. spinal manipulation) is also an important focus for the diagnostic work-

up. It is routine for potential risk factors for VBA stroke to be considered in neck pain 

patients, including female, age under 45, migraine, genetic predisposition e.g. 

connective tissue disorder, oral contraceptive use and risk factors associated with 

atherosclerosis e.g. hypertension and smoking (Rubinstein et al. 2005). It was not part 

of the routine to perform pre-manipulation testing as such tests are of limited diagnostic 

utility (Thiel and Rix 2005; Taylor and Kerry 2010; Hutting et al. 2013). Consideration is 

also given to the unlikely possibility of evolving internal carotid arterial dissection 

(Taylor and Kerry 2010); in addition to establishing a patient’s past medical history, vital 

signs (pulse and respiratory rate, blood pressure, and temperature), and a neurological 

examination (cerebellar function and cranial nerve testing) are part of the evaluation 

carried out on every new patient. A recently proposed International Framework for 

evaluating risk prior to a manual therapy intervention on the cervical spine emphasised 

the importance of the history-taking process in detecting those who might be at risk of a 

vascular event (Rushton et al. 2014).     

The clinical evaluation had already been carried out and discussed with the researcher 

before the researcher approached the patient to discuss their participation in the study. 

There was the opportunity for the researcher to ask any additional pertinent questions 

and perform any physical examinations, including pressure algometry (see Central 

Sensitisation, page 128) to confirm eligibility for the study. All patients were also 

examined by the chiropractor who was supervising the chiropractic intern; in addition to 

this, the intern determined the working diagnosis after discussing the case with a senior 

chiropractor. All stakeholders had the opportunity to make known their opinions 

regarding the appropriateness of a patient’s participation in the study.  

 

                                                
17

 In their clinical training year interns are required to perform respiratory, cardiovascular, 
abdominal and neurological examinations in addition to any orthopaedic and neurological 
testing focused on the patient’s primary complaint. 
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It was standard practice for treatment not to be initiated until the patient returned for 

their second visit unless earlier treatment was clinically indicated, therefore treatment 

was not delayed for study patients needing to return for their first QF assessment prior 

to treatment commencing. On two occasions otherwise eligible patients were not 

entered into the study owing to their desire for earlier treatment.  

 

Rationale for inclusion and exclusion criteria 
 

Age-range 

The age range was initially restricted to 18 – 60 years due to the prospective healthy 

volunteer cohort being composed of working-age adults, and spinal manipulation for 

neck pain has only been adequately studied in the adult population (Gross et al. 2010).  

Neck pain – location, category and duration 

The location of neck pain was that defined by the Neck Pain Task Force, as shown in 

Figure 44. 

 

Figure 44: Location of neck pain as defined by the Neck Pain Task Force; image from 
(Guzman et al. 2008b) with permission from Lippincott Williams & Wilkins 
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Patients were eligible if they met the Neck Pain Task Force criteria for grade I or II neck 

pain (Table 13). 

 

Category Descriptor 

Grade I Neck pain and associated disorders with no signs or symptoms suggestive 

of major structural pathology* and no or minor interference with activities 

of daily living.  

Grade II No signs or symptoms of major structural pathology, but major interference 

with activities of daily living. 

Grade III No signs or symptoms of major structural pathology, but presence of 

neurologic signs such as decreased deep tendon reflexes, weakness, or 

sensory deficits.  

Grade IV Signs or symptoms of major structural pathology 

*Major structural pathologies include (but are not limited to) fracture, vertebral dislocation, injury to the 
spinal cord, infection, neoplasm, or systemic disease including the inflammatory arthropathies. 

Table 13: Categories of neck pain proposed by the Neck Pain Task Force (Guzman et 
al. 2008b) 

 

These categories of neck pain include the possibility of radiation of pain to the head, 

trunk or arms (Guzman et al. 2008b) but patients with arm pain as the main complaint, 

more likely to be categorised as Grade III, were excluded as this is indicative of cervical 

radiculopathy (pain from cervical spine nerve roots); it is strongly argued that this has a 

defined patho-anatomical basis therefore should be regarded as a condition distinct 

from mechanical/non-specific neck pain (Bogduk 2011). Traumatic neck pain was 

excluded as spinal manipulative therapy is typically contraindicated, particularly in 

cases of fracture or dislocation (Peterson and Bergmann 2011). A history of whiplash 

however, was only exclusionary if this was the reason for the current episode of neck 

pain.  

At least four weeks of neck pain (sub-acute or chronic) was initially designated the 

minimum duration, as the longer symptoms have been present the more ‘stable’ the 

condition, (Vernon et al. 2006) so changes in symptoms might be more confidently 

associated with spinal manipulation rather than only with spontaneous recovery.  

An eligible episode of neck pain was defined as an episode which was preceded by 

one month free of neck pain. This designation was derived from international 

consensus recommendations regarding the definition of the duration and 

commencement of an episode of back pain (de Vet et al. 2002; Stanton et al. 2009).  
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Pain severity 

The minimum level of pain was a score of ≥ 3 on an 11-point numerical-rating scale. 

This is the minimum level of pain from which a 30% change from baseline can be 

detected and the minimum score change considered clinically meaningful according to 

international consensus recommendations for LBP research (Ostelo et al. 2008). 

Central Sensitisation 

Patients who have had pain for a long time may develop central sensitisation, a 

physiological phenomenon where the central nervous system has become overly 

sensitive to stimuli and therefore the threshold of stimulus required to evoke pain is 

reduced (Latremoliere and Woolf 2009). Patients with central sensitisation are best 

managed with an approach that is beyond the therapy being offered in this study (Nijs 

and Van Houdenhove 2009). In order therefore to exclude ‘central sensitisers’ an 

algometer was used to measure patients’ sensitivity to pressure which is a common 

way of assessing if someone is centrally sensitised in research (Neziri et al. 2011). This 

was performed by applying pressure to the pulp of the second toe (Figure 45) (or to the 

low back if patients had problems with their toes) following the methods set out by 

Neziri et al. (2011) who have published reference values based on age, gender and the 

location of pressure application. The threshold for ineligibility was pressure-pain 

provocation at or below the lower reference level (2.5th percentile) for hypersensitivity.     

 

 

Figure 45: Pressure algometer; image courtesy of Dr A.Y. Neziri 

 

 

The centre of 
the pulp 

(centre of the 
nail) at distal 

phalanx 
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Depression 

Poor psychological health is associated with a negative prognosis for recovery from 

neck pain (Carroll et al. 2008b) and depression is more than twice as likely to be 

reported by neck and back pain sufferers than those without such pain (Demyttenaere 

et al. 2007). This represents a risk that patients will report no improvement in pain and 

disability due to depression and independent of any cervical spine kinematic changes. 

Therefore patients with a history of diagnosed depression (by a medical doctor) within 

the previous 12 months (this is the time frame employed by the World Health 

Organisation World Mental Health Survey Initiative as constituting “major depression”) 

(Demyttenaere et al. 2007) were excluded. For related reasons patients who had on-

going litigation/compensation related to their neck pain were also excluded (Cote et al. 

2001; Carroll et al. 2008c). 

Disability 

Patients typically present to the AECC clinic with neck pain that anecdotally causes 

mild disability. Therefore a minimum level of neck pain-disability as an inclusion 

criterion, recommended when disability measures are used (Stanton et al. 2009), was 

considered a potential hindrance to recruitment and therefore not implemented. 

Healthy volunteers were recruited on the basis of reporting having not had an episode 

of neck pain lasting 24 hours or more in the previous 12 months (de Vet et al. 2002) 

and no current dizziness or vertigo, which can be indicative of a cervical spine disorder 

(Holm et al. 2008). 

 

Exclusions and subsequent amendment to inclusion criteria 

In all, 161 patients were considered ineligible for participation (Figure 46). Major 

reasons for exclusion were: arm pain of a greater intensity than neck pain, a traumatic 

aetiology, having already received some form of manual therapy for the current 

episode of neck pain, duration of symptoms, ‘missed’ (patients not visited at their first 

clinic attendance due to the researcher’s other commitments), depression and age.   
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Figure 46: Reasons for patient ineligibility (n=161) 

 

When reviewed at six months the eligible age range and the minimum duration of 

symptoms were identified as barriers to recruitment that could be modified. As 

suggested in Figure 46, the exclusion of those over 60 years was identified as a major 

barrier to recruitment so the upper age-limit was increased to 70 years. It is typical for 

randomised clinical trials of spinal manipulation for neck pain to include participants 

aged over 60 (Hoving et al. 2002; Bronfort et al. 2012; Evans et al. 2012; Maiers et al. 

2014). While age remained an important reason for excluding patients (Figure 46) this 

change did allow for the recruitment of three patients over 60. It proved possible to 

identify suitably aged healthy volunteers for matching despite this increase. 

 

Duration of symptoms was eventually reduced to two weeks to enhance recruitment. 

This was justified on the basis of evidence that most cases of mechanical neck pain will 

resolve within two weeks, and for those who have neck pain beyond this time, manual 

therapy is a rationale treatment choice (Koes 2012). Additionally, two weeks duration is 

often the minimum eligibility for recruitment into randomised clinical trials (Hoving et al. 

2002; Bronfort et al. 2012). While duration continued to be an important reason for 

excluding patients (Figure 46) this reduction did allow for the recruitment of an 

additional two patients. Both changes were approved by NRES Cornwall & Plymouth in 

an amendment to the original study protocol (Notice of Substantial Amendment 

2:29/6/12).   
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Ethical considerations 

All participants were informed of study risks and benefits, given the time required to 

make a decision regarding participation, and informed of their rights to refuse or 

withdraw at any time without prejudice. Written informed consent (Appendix 10) was 

obtained from all participants as directed by the Department of Health (DOH 2009) and 

the General Medical Council (GMC 2008). Ethical considerations and information about 

the study were included in participant information sheets (Appendix 11 and Appendix 

12). 

Ethical approval 

The RD6 Initial Review of the protocol for this study was approved by the Postgraduate 

Committee of the School of Health & Social Care, Bournemouth University, and ethical 

approval was granted by the National Research Ethics Service Committee South West 

– Cornwall & Plymouth (11/SW/0072 – Appendix 13).   
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Chapter 6. Cervical inter-vertebral motion in patients with neck 

pain and healthy volunteers – a cross sectional study 

6.1 Introduction 
 

Most cases of neck pain are considered to be ‘mechanical’ in nature (Binder 2008), 

based on the clinical finding that pain is made worse by neck movement and/or by 

provocative orthopaedic testing (Guzman et al. 2008b). It is thus inferred that the 

source of pain is one or more of the innervated, and therefore potentially pain-

producing, structures of the cervical spine (Bogduk 2011). The cause of the pain is 

another matter (Bogduk 2011). Based on the common finding of reduced regional 

cervical ROM in patients with neck pain (Hagen et al. 1997; Rudolfsson et al. 2012) it 

could reasonably be expected to find inter-vertebral motion differences between 

patients with neck pain, and those without neck pain (Amevo et al. 1992). This study 

sought to find out if there were differences in cervical IV-RoM (angular range, hypo-

mobility, attainment rate, paradoxical motion) between healthy volunteers with no neck 

pain and patients with neck pain (Research Question 2 page 59).    

6.2 Methods 

6.2.1 Study design 
This was a cross-sectional study of cervical flexion and extension inter-vertebral motion 

in 30 patients with neck pain and 30 age and sex-matched healthy volunteers to serve 

as a control group (Figure 41). Details regarding recruitment have been presented 

previously (see pages 122 - 124).  

6.2.2 Data collection 

 
Inter-vertebral motion 

Patients and healthy volunteers had QF acquisitions and measurement of cervical 

inter-vertebral motion following the protocol and procedures detailed previously 

(Chapter 3). The following inter-vertebral motion data were collected: angular range, 

hypo-mobility, paradoxical motion (page 81) and attainment rate (page 85). The cut-off 

for inter-vertebral hypo-mobility was set at the 2.5th percentile from the distribution of 

healthy volunteer angular range data for each inter-vertebral level (Deitz et al. 2011). In 

order to avoid differences in IV-RoM being detected simply because of patients not 

moving through their full range due to pain, they were instructed to move as far as 

possible, through the pain if necessary, until a physical barrier was felt. 
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Cervical spine sagittal alignment 

To confirm that participants’ cervical spines were being correctly positioned in neutral 

prior to imaging and minimise between-subject variation (see section 3.2.2) the sagittal 

alignment (lordosis) of the cervical spine was measured using the posterior tangent 

method (Gore 2001) on the first ‘neutral’ image of each participant’s imaging sequence 

(Figure 47).  

 

Figure 47: Posterior tangent method of measuring cervical sagittal alignment 

 

This is a simplified version of the method of drawing posterior tangents at each 

vertebra between C2 and C7, and summing the angles from each of these to give an 

overall lordosis angle, a method considered more precise than the commonly used 

Cobb method (Harrison et al. 2000). Since C7 was not fully visualised in eight 

participants (six patients, two healthy volunteers) measurements were made from C2 to 

C6 for consistency across all participants.  

The measurements were achieved by importing the first image from each participant’s 

motion sequence into’ Image J’ digital geometric software (a public domain, Java-

based image processing program developed at the National Institute of Health, USA - 

http://imagej.nih.gov/ij/download.html).The image was magnified (75%) to aid precision 

of line placement and lines were drawn tangentially to the posterior vertebral bodies of 

C2 and C6 (Figure 47). The Image J protractor tool was used to measure the angle 

formed by the intersecting lines.         
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Radiographic anomalies 

Images were visually inspected by the researcher to identify any radiographic 

anomalies, which could act as confounders for IV-RoM differences between groups.   

 

6.2.3 Data analysis 
Two observers (the researcher and the first PhD supervisor) independently inspected 

both groups’ motion graphs to visually identify paradoxical rotational motion. 

Disagreements were resolved by consensus. Discrete data (number of hypo-mobile 

and paradoxical segments) were analysed for differences in proportions between 

patients and healthy volunteers with the Fisher’s exact test. For continuous data 

(sagittal alignment, angular range, laxity/attainment rate) normality of the distributions 

were assessed with the Shapiro-Wilk test. Means for each of the continuous variables 

from patient and healthy volunteer groups were analysed for differences using the 

unpaired Student’s t test. Medians from non-normal distributions were analysed for 

differences with the Mann-Whitney U test. Due to common usage in the literature, data 

are presented as means and standard deviations. Where data distributions were not 

normally distributed but Student’s t test was significant, these were checked with the 

Mann-Whitney U test and results were altered accordingly.  

 

6.3 Results 

6.3.1 Baseline characteristics 
The baseline characteristics of each group are shown in Table 14 (page 135). One 

patient’s imaging sequence was not available due to a technical error, reducing the 

patient sample to 29. This patient’s data were removed from all analyses, as were the 

inter-vertebral data from the healthy volunteer matched to this patient. There were no 

significant differences in age, sex or number of radiographic anomalies between 

groups at baseline. Sagittal alignment data were normally distributed in each group; the 

large standard deviations were due to the inclusion of negative (signifying cervical 

kyphosis) numbers. While sagittal alignment of the cervical spine was on average 4.4° 

more lordotic in patients, this difference was not statistically significant. Regional 

cervical spine motion (as measured with the CROM device) was significantly reduced 

in flexion and extension in patients compared to healthy volunteers’. 
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Characteristics 

 
Patients 

(n = 29) 

Healthy 

volunteers 

(n = 30) 

Difference 

(95% CI) 

Significance  

(p) 

Female, n (%)  21 (70.0) 21 (72.4) - ˃0.99‡ 

Age, years, mean (SD)  39.7 (13.1) 40.9 (13.1) 1 (-5.6 to 8.1) 0.72†
 

*Cervical radiographic  

sagittal alignment, degrees,  

mean (SD) 

 

9.5 (13.3) 5.1 (13.7) 4.4 (-2.8 to 11.5) 0.23† 

Radiographic skeletal 

variants/congenital 

anomalies, n (%) 

 

9 (31) 5 (17) - 0.23‡ 

Regional cervical spine 

ROM, degrees, mean (SD) 

Flex 49 (6.7) 53 (7.2) 4 (0.1 to 7.5) 0.04† 

Ext 51 (7.2) 56 (6.6) 5 (0.5 to 8.7) 0.03† 

SD, standard deviation; ‡, Fisher’s exact test; †, (unpaired) t test  

*Cervical radiographic sagittal alignment data reproduced with permission from a undergraduate        

project sub-study (Shilton 2014) 

Table 14: Baseline characteristics of patients with neck pain and healthy 
volunteers 

 

The following radiographic anomalies and anatomical variants were observed in five 

healthy volunteers: posterior ponticle (n=2), congenital block (n=2, one at C3/4, one at 

C5/6) and calcification of the anterior longitudinal ligament (n=1).The anomalies in nine 

patients were: posterior ponticle (n=4), calcification (n =2, one of the nuchal ligament, 

one of the atlanto-occipital membrane), claw spurs (n=2, one C4-6, the other C5/6) and 

generalised osteopaenia (n=1). 

6.3.2 Inter-vertebral tracking failures 
Of the 290 inter-vertebral levels in each group (five levels C1/2 to C5/6 in each of 

flexion and extension) there were seven tracking failures in the healthy volunteer group 

and four in the patient group, yielding 283 and 286 inter-vertebral levels respectively for 

analysis. The levels not tracked in three healthy volunteers were: C1/2 in flexion (n=1 

participant), C1/2, C2/3 and C3/4 in flexion (n=1 participant) and C3/4, C4/5 and C5/6 

in extension (n=1 participant). Levels not tracked in three patients were: C5/6 in flexion 

(n=1 patient), C5/6 in extension (n=1 patient), and C5/6 in flexion and extension (n=1 

patient).  
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6.3.3 Angular range 
Angular range data were not normally distributed for all inter-vertebral levels. However, 

for ease of interpretation and comparison with data published in the literature (Bogduk 

and Mercer 2000; Deitz et al. 2011), the mean (SD) ranges for both groups are shown 

in Figure 48. Range data from the healthy volunteer group were concordant18 with data 

from previous radiographic studies of healthy participants where flexion-extension was 

measured as one full sequence (Appendix 14) and measured as separate sequences 

(Appendix 15). 

 

NB: No statistically significant differences 

Figure 48: Inter-vertebral flexion and extension angular ranges of patients and 
healthy volunteers 

 

There were no significant differences in range between groups at any inter-vertebral 

level in either direction.  

 

                                                
18

 With the exception of the mean (SD) of C5/6 which was smaller in this study compared to 
previously published data. This might be explained by this sample being older, on average.  
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When ranges were summed from C1/2 through C5/6, the patient group exhibited less 

overall flexion (mean difference -1.5° (95% CI: -3.9 to 6.9) p = 0.58, unpaired Student’s 

t test) and extension (-5.7° (-1.9 to 13.2) p = 0.14, unpaired Student’s t test), but these 

differences were not significant.  

Angular range data are presented numerically, along with mean differences (95% CI) 

and p-values, in Appendix 16 (flexion), while medians (IQR) and their differences (95% 

CI) and p-values (Mann-Whitney U test) are presented in Appendix 17 (flexion). These 

data are presented likewise for extension in Appendix 18 (means) and Appendix 19 

(medians). When medians were analysed there were likewise no significant 

differences.  

6.3.4 Proportional range 
 

While most participants in each group exhibited at least 21° summed IV-RoM from 

C1/2 to C5/6 in each direction, across healthy volunteers this ranged from 14.4° to 

55.4° in flexion and 13.0° to 67.9° in extension. In patients summed C1/2 to C5/6 IV-

RoM ranged from 12.1° to 49.1° (flexion) and 7.9° to 59.3° (extension). In order to 

reduce this variability, the within-subject proportional contributions of each inter-

vertebral level to the overall segmental motion between C1/2-C5/6 in flexion and 

extension were calculated. The proportional contribution of each inter-vertebral level in 

each participant was expressed as follows, in the case of five segments contributing to 

the overall motion: 

                  (
   

∑       
)      

Imaging sequences that did not include data on all five motion segments were 

excluded, so sample size varied slightly as shown in Table 15 which also shows 

percentage contributions for each level by group. 



 
 

138 
 

Inter-

vertebral 

level 

Flexion Extension 

 

Healthy 

volunteers 

n=28 

Patients 

n=28 

Difference 

(95%CI) 

Sig. 

(p) † 

Healthy 

volunteers 

n=29 

Patients 

n=27 

Difference 

(95% CI) 

Sig. 

(p) † 

C1/2 
23% 

(10.7%) 

24% 

(11.8%) 

-1% (-7.0 

to 5.2%) 
0.77 

10% 

(8.2%)* 

10% 

(8.3%)* 

0% (-5.0 

to 3.9%) 
0.80 

C2/3 
19% 

(7.0%)* 

18% 

(7.6%) 

1% (-3.4 

to 4.5%) 
0.78 

13% 

(6.8%) 

13% 

(7.7%)* 

0% (-3.4 

to 4.3%) 
0.80 

C3/4 
22% 

(7.9%) 

22% 

(8.8%)* 

0% (-4.3 

to 4.8%) 
0.91 

22% 

(10.1%) 

21% 

(9.0%) 

1% (-4.0 

to 6.3%) 
0.66 

C4/5 
19% 

(6.2%) 

19% 

(7.0%) 

0% (-3.3 

to 3.9%) 
0.88 

31% 

(8.4%) 

27% 

(8.5%) 

4% (-1.1 

to 8.0%) 
0.13 

C5/6 
17% 

(9.4%) 

18% 

(10.6%)* 

-1% (-5.6 

to 5.3%) 
0.95 

25% 

(10.2%) 

30% 

(15.1%) 

-5%  

(-11.4 to 

2.5%) 

0.21 

C1/2 - 

C5/6 
100% 100% - - 100% 100% - - 

95% CI, 95% Confidence Interval; p-values are 2-sided; † (unpaired) t test;  

* data from a non-normal distribution 

Table 15: Mean (SD) percentage contributions of inter-vertebral angular flexion and 
extension ranges in patients and healthy volunteers 

 

While C4/5 contributed on average proportionally more motion in extension in healthy 

volunteers (31% in healthy volunteers versus 27% patients) with the converse true of 

C5/6 (25% in healthy volunteers versus 30% in patients), differences were not however 

significant at any level. 

6.3.5 Hypo-mobility 
 

The segmental IV-RoM distributions were not normally distributed for all levels and 

were not all amenable to normalisation by data transformation. It would therefore have 

been inappropriate to use this data to produce hypo-mobility cut-offs defined as equal 

to, or less than, the 2.5th percentile. Instead, hypo-mobility thresholds were calculated 

using existing published cervical segmental rotation data from the four flexion-

extension plain-film x-ray studies (Aho et al. 1955; Dvorak et al. 1988; Lind et al. 1989; 

Frobin et al. 2002) that were found by Deitz et al (2011) to have the most sound 

methodology and reporting (Deitz et al. 2011). This data is presented in Table 16.    
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Inter-

vertebral 

level 

Aho et 

al (1955) 

n=15 

Dvorak et 

al (1988) 

n = 28 

Lind et 

al (1989) 

n = 70 

Frobin et 

al (2002) 

n = 128 

Aggregated 

across 

sites by 

Deitz et al 

(2011) 

n = 241 

Hypo-

mobile 

threshold 

(Mean – 

2*SD) 

C1/2 - - - 11.3 (4.7) - 1.9 

C2/3 
12.0 

(5.0) 
10.0 (3.0) 

10.0 

(4.0) 
8.2 (3.3) 9.3 (3.8) 1.7 

C3/4 
15.0 

(7.0) 
15.0 (3.0) 

14.0 

(6.0) 
14.2 (4.7) 14.3 (5.1) 4.1 

C4/5 
22.0 

(4.0) 
19.0 (4.0) 

16.0 

(6.0) 
16.3 (5.3) 16.9 (5.5) 5.8 

C5/6 
28.0 

(4.0) 
20.0 (4.0) 

15.0 

(8.0) 
16.6 (6.7) 17.3 (7.4) 2.4 

Table 16: Mean (SD) combined flexion-extension ranges and hypo-mobility thresholds 
from plain-film studies of healthy participants 

 

In these plain-film studies motion was measured as one full motion from end-range 

flexion to end-range extension while, in this present study, flexion and extension were 

measured separately from a neutral starting position. Therefore it was necessary to 

separate the hypo-mobility thresholds into flexion and extension components. The ratio 

of flexion to extension was calculated for each level from healthy volunteers’ IV-RoM 

data in this present study. These ratios, except for the C1/2 ratios, were averaged with 

flexion-extension ratios calculated from the data from another fluoroscopy study that 

similarly measured these motions separately in healthy participants (Wu et al. 2010). 

The resulting flexion-extension ratios are shown in Table 17.  
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Level 

This study 

n = 30 

Wu et al (2010) 

n = 48  

Aggregate* of the two 

studies 

n = 78 

 Number of 

levels 

Flexion : 

extension 

ratio 

Number 

of levels 

Flexion : 

extension 

ratio 

Combined 

number of 

levels 

Mean Flexion : 

extension ratio 

C1/2 28 0.72 : 0.28 - - - - 

C2/3 29 0.56 : 0.44  48 0.42 : 0.60 77 0.49 : 0.51 

C3/4 28 0.45 : 0.55 48 0.44 : 0.60 76 0.44 : 0.56 

C4/5 29 0.36 : 0.64 48 0.45 : 0.60 77 0.40 : 0.60 

C5/6 29 0.41 : 0.59 48 0.51 : 0.50 77 0.46 : 0.54 

NB. C1/2 not measured by Wu et al (2010). In the absence of reporting the contrary it is assumed that all 

levels C2/3 to C5/6 were successfully measured by Wu et al (2010). *Ratios of two studies averaged. 

Table 17: Cervical inter-vertebral sagittal rotation ratio of flexion to extension   

 

Hypo-mobility thresholds were then calculated for each level and direction by 

multiplying the hypo-mobility thresholds reported by Dietz et al (2011) by the respective 

flexion-extension ratios. The hypo-mobility threshold for C1/2 was calculated using data 

from the only study that measured this level (Frobin et al. 2002). The hypo-mobility 

threshold calculated for C1/2 in extension was 0.5°, which was below the intra-observer 

measurement precision of 1.1° previously calculated for that level (Table 6 page 107), 

so, in this case only, the measurement error was adopted as the hypo-mobility 

threshold. All hypo-mobility thresholds are shown below in Table 18. 

   

Inter-vertebral level Hypo-mobility thresholds (°) 

(Mean – 2*SD) 

 Flexion  Extension 

C1/2 1.3 1.1* 

C2/3 0.8 0.9 

C3/4 1.8 2.3 

C4/5 2.3 3.5 

C5/6 1.1 1.3 

                         *Equivalent to measurement error for C1/2 in extension 

Table 18: Inter-vertebral hypo-mobility thresholds for cervical flexion and extension 
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Based on these hypo-mobility thresholds, there was no significant difference in the 

number of participants in each group who exhibited hypo-mobility at one or more inter-

vertebral level and in either direction (16 (55%) healthy volunteers versus 14 (48%) 

patients, two-sided p = 0.80, Fisher’s exact test). In both groups hypo-mobility was 

more common in extension (Appendix 20). Considering inter-vertebral levels, there was 

no significant difference in the number of levels exhibiting hypo-mobility between the 

groups, as shown in Table 19.  

 

Inter-

vertebral 

level 

Number 

of levels* 

Hypo-mobile 

levels 

(Mean – 2*SD) 

Sig. 

(p) ‡ 

 HV Pt HV Pt  

C1/2 56 58 9 7 - 

C2/3 57 58 2 3 - 

C3/4 56 58 4 6 - 

C4/5 57 58 4 7 - 

C5/6 57 54 3 2 - 

Totals 283 287 
22/283 

(7.8%) 

25/287 

(8.7%) 
0.76 

HV, healthy volunteer group (n=29); Pt, patient group (n=29); Sig., significance; p-value, two-sided; ‡, 

Fisher’s exact test; * see section 6.3.2 ‘Inter-vertebral tracking failures’ 

Table 19: The prevalence of inter-vertebral hypo-mobility in patients and healthy 
volunteers 
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6.3.6 Laxity/Attainment rate 
As Table 20 shows there were no significant between-group differences in attainment 

rate19 at any inter-vertebral level or direction except for C1/2 in flexion, which had a 

larger laxity index in the healthy volunteer group.  

Inter-

vertebral 

level 

Flexion laxity indices Extension laxity indices 

 HV Pt Difference 

(95% CI) 

Sig. 

(p) 

HV Pt Difference 

(95% CI) 

Sig. 

(p) 

C1/2 
0.160 

(0.1361) 

0.092 

(0.0933) 

0.068 

(0.0066 to 

0.1300) 

0.03* 
0.061 

(0.0631) 

0.082 

(0.0908) 

-0.021  

(-0.0615 

to 0.0198) 

0.31 

C2/3 
0.129 

(0.0586) 

0.118 

(0.0762) 

0.011  

(-0.0253 

to 0.0462) 

0.56 
0.122 

(0.0887) 

0.100 

(0.0793) 

0.022 

(-0.0221 

to 0.0657) 

0.32 

C3/4 
0.164 

(0.1120) 

0.137 

(0.0788) 

0.027  

(-0.0246 

to 0.0773) 

0.30 
0.209 

(0.1740) 

0.155 

(0.1466) 

0.054 

(-0.0306  

to 0.1387) 

0.21 

C4/5 
0.140 

(0.0714) 

0.127 

(0.0894) 

0.013 

(-0.0292 

to 0.0550) 

0.54 
0.161 

(0.0898) 

0.127 

(0.1549) 

0.034 

(-0.0320 

to 0.1012) 

0.30 

C5/6 
0.106 

(0.0876) 

0.092 

(0.0828) 

0.014  

(-0.0307 

to 0.0578) 

0.54 
0.117 

(0.0977) 

0.091 

(0.1198) 

0.026 

(-0.0320 

to 0.0849) 

0.37 

HV, healthy volunteer group (n=29); Pt, patient group (n=29); Sig., significance; p-value, two-sided, 

Fisher’s exact test 

Key to interpretation of laxity indices: ˃ 1 = the segment is moving faster than the 

face-rest; 1 = the segment and face-rest are moving at the same speed in the same 

direction; < 1 = the segment is moving more slowly than the face-rest; 0 = the segment 

is not moving while the face-rest moves; between 0 and -1 = the segment is moving 

more slowly and in the opposite direction to the face-rest; -1 = the segment is moving 

at the same speed and in the opposite direction to the face-rest; < -1 = the segment is 

moving faster and in the opposite direction to the face-rest 

Table 20: Mean (SD) inter-vertebral laxity/attainment rate in patients and healthy 
volunteers 

 

                                                
19

 Attainment rate is the ratio of the two gradients of inter-vertebral motion and corresponding 

first 10° of cervical regional motion (measured from the movement of the face-rest) – see Figure 

35.  
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Inter-
vertebral 

level 

Upper reference limit 
for laxity 

Number of levels above upper reference 
limit 

  Healthy volunteers Patients 

 Flexion Extension Flexion Extension Flexion Extension 

C1/2 0.249 0.112 7 8 3 10 

C2/3 0.185 0.182 7 8 4 3 

C3/4 0.220 0.236 8 7 5 3 

C4/5 0.183 0.189 8 7 6 6 

C5/6 0.150 0.182 8 8 6 5 

Total - - 38 38 24 27 

Upper reference limit = the upper quartile of the data distribution for that segment in the healthy volunteer 

group  

Table 21: Upper reference limits (URL) and the number of inter-vertebral levels in each 
group that exceeded the URL for laxity/attainment rate 

 

Since not all laxity data were normally distributed, upper reference limits (URL) were 

calculated as the upper quartile and the URLs for each level are shown in Table 21. 

Also in Table 21 are the number of inter-vertebral levels in each group that exceeded 

the URL, revealing there were less lax segments by this criterion in the patient group 

than in healthy volunteers.  

 

6.3.7 Paradoxical motion 
There was no significant difference in the number of participants in each group who 

exhibited paradoxical motion (16 healthy volunteers versus 13 patients, two-sided p = 

0.60, Fisher’s Exact test) at one or more inter-vertebral level. Similarly, there were no 

significant differences when considered in terms of inter-vertebral levels (Table 22). 

Paradoxical motion was most common at C1/2 in both groups and occurred in both 

flexion and/or extension at all levels (Appendix 20). 

 

 

 

 

 



 
 

144 
 

Inter-vertebral level Paradoxical levels Significance 

  HV Pt  

C1/2 11 6 - 

C2/3 2 1 - 

C3/4 5 2 - 

C4/5 3 5 - 

C5/6 4 3 - 

Total 25/283 (8.8%) 17/287 (6.0%) p = 0.20 

Table 22: The prevalence of inter-vertebral paradoxical rotation in patients and healthy 
volunteers 

 

6.4 Discussion 
 

• Regional versus inter-vertebral motion 

Most studies investigating cervical ROM have used external measurement methods 

which measure movement of the head, not inter-vertebral motion (Bogduk and Mercer 

2000). Few studies have investigated inter-vertebral motion in neck pain patients and 

made comparisons with asymptomatic volunteers. In a small study lateral cervical 

radiographs were taken in five positions from full flexion to full extension (Dimnet et al. 

1982). The sample size was too small (six neck pain patients and six unmatched 

asymptomatic subjects) to draw any definitive conclusions however the two cases of 

neck pain with no radiographic morphological findings to aid diagnosis had changes in 

inter-vertebral function compared to the six normal cases (Dimnet et al. 1982). This 

suggests that inter-vertebral motion changes may have been important in those two 

cases while not in the remaining neck pain cases.  

In a larger study, flexion-extension radiographs (two views) were obtained of 109 

consecutive patients of mean age 33.8yrs (SD 8.6yrs) with chronic (≥ 6 months) 

disabling neck pain (Amevo et al. 1992). The only kinematic parameter reported was 

IAR location. In that study 46% of patients had at least one abnormally located IAR, or 

72% if IARs that were measured outside the normal biological distribution but within the 

margins for technical error were included (Amevo et al. 1992). However, these findings 

need to be interpreted with some caution since the asymptomatic group was smaller 

(n=46), from a separately reported study (Amevo et al. 1991c) and was not matched to 

the symptomatic group which could give rise to important confounders for inter-

vertebral motion differences.  
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If the neck pain group were older a higher prevalence of age-related degenerative 

findings would be expected which are associated with decreased IV-RoM (Simpson et 

al. 2008). IV-RoM in the cervical spine is, on average, larger in females (Frobin et al. 

2002); therefore a gender imbalance could also account for IV-RoM differences 

independent of symptoms. In addition, nine of the 109 patients had previously received 

anterior cervical fusion surgery to one or more inter-vertebral levels and were not 

excluded from the study.  

While Amevo et al (1992) did not calculate IARs for the fused levels, it could be 

expected that fused levels were causing adjacent levels to move differently (Anderst et 

al. 2014) and possibly accelerate adjacent degenerative changes (Lee et al. 2012), 

thereby introducing another potential confounder for IAR differences between the 

groups. The authors did posit an interesting speculation - that the reduced regional 

cervical ROM often seen in patients with neck pain might be correlated with the 

presence of abnormal IARs, for example, due to muscle spasm (Amevo et al. 1992); it 

could also be due to pain-related behaviour.  

This present study did find that regional cervical ROM was significantly less in the 

patient group. However, although inter-vertebral motion was also typically reduced in 

the patient group, particularly in extension, these differences were not significant. This 

may have been a result of the sample size being too small. Other possible reasons for 

this discrepancy are that C0/1, C6/7 and C7/T1 levels were not measured and it is 

possible that undetected but significant differences existed at these levels. Additionally, 

while stabilisation was utilised to minimise movement of the thorax, it was not possible 

to completely eliminate the contribution of the thoracic spine to neck bending. In the 

absence of thorax stabilisation the thoracic spine, as measured with an externally 

placed electromagnetic device, has been shown to contribute as much as 30% towards 

overall neck flexion and extension motion (Tsang et al. 2013). Therefore it is possible 

that important differences in unmeasured thoracic spine motion could have existed 

between groups.  

Between-group differences may have existed in the ratio of upper cervical to lower 

cervical spine motion. Using a skin-mounted electromagnetic device, Rudolfsson et al. 

(2012) found that patients with neck pain had less extension in the upper cervical spine 

and generally less flexion in the lower cervical spine compared to healthy controls.  
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The ratio of upper to lower cervical spine motion was also altered in the neck pain 

group such that the lower cervical spine contributed less to overall sagittal motion 

compared to controls20 (Rudolfsson et al. 2012). Finally, only sagittal plane motion was 

measured in this present study and differences might have existed in other planes.   

• Whiplash-associated disorders versus mechanical neck pain 

It might be that inter-vertebral motion differences are more marked with whiplash-

associated neck disorder (WAD) than mechanical neck pain. In a study on cervical 

rotational and translational IV-RoM (from C3/4 to C5/6 only) measured from flexion-

extension radiographs, results were compared between two groups of women: one 

group with chronic WAD (n=34) and one with grade I-II mechanical neck pain (n=35) 

(Kristjansson et al. 2003). The results of the chronic WAD group were also compared 

to a normative database (Frobin et al. 2002).  

Significantly more women in the chronic WAD group were observed to have increased 

motion at C3/4 and C4/5 than in the mechanical neck pain group and all three levels 

were increased compared to the normal database (Kristjansson et al. 2003). The 

authors surmised that the lower cervical hyper-mobility might have been the result of 

the whiplash injury.          

• Absolute and proportional range analysis 

Detecting differences in angular range between groups is confounded by between-

subject variability (van Mameren et al. 1990). Despite the detailed and controlled 

acquisition procedure employed in this present study, considerable angular range 

variability between-subjects remained. Attempts were made to statistically control for 

this by calculating within-subject proportional IV-RoM.  

Differences in proportional IV-RoM between the neck pain and healthy volunteer 

groups were similarly not significant at any inter-vertebral level or in any direction. It 

was not possible to compare healthy volunteer percentage contribution data with 

previous studies as percentage contributions published in the cervical kinematics 

literature were calculated from C2/3 to C6/7, so were not directly comparable (Puglisi et 

al. 2004; Puglisi et al. 2007; Wu et al. 2010); no such data has been published for 

patients with mechanical neck pain.  

 

                                                
20

 In a case study of a patient with neck pain reported by Dimnet and colleagues, reduced inter-
vertebral motion was observed in the lower cervical spine (C3/4 – C6/7) compared to the upper 
spine (Dimnet et al. 1982). 
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• The relevance of adjacent segment studies 

In a study utilising bi-planar radiography with CT reconstruction, six patients with single 

level anterior arthrodesis and 18 asymptomatic controls had their cervical IV-RoM 

compared (Anderst et al. 2013). While total C2-C7 IV-RoM was significantly less in the 

patient group this was primarily due to the arthrodesis level (p<0.001) and no 

differences were found in C2-C7 flexion-extension end-range percentage contribution 

between patients and controls (Anderst et al. 2013). These findings are similar to those 

of Kolstad et al (2007) who found no differences in the rotation and translation ranges 

of segments adjacent to fused cervical levels as measured from end-range flexion-

extension plain x-ray films in 46 patients, in comparison to normal reference data 

(Kolstad et al. 2007).  

However, Anderst (2013a) proceeded to interpolate C2 flexion-extension motion 

relative to C7 to obtain C2-C7 motion at 1% increments of the total cervical IV-RoM for 

each participant. Segmental flexion-extension rotation was then interpolated to obtain 

relative flexion-extension at each inter-vertebral level for every 1% increment of C2-C7 

motion. Using this approach to interpreting the motion data, the contributions from the 

two levels adjacent to the C5/6 arthrodesis level (C4/5 and C6/7) were found to be 

significantly increased compared to controls (Anderst et al. 2013). The contribution for 

C4/5 was significantly increased from 30-95% of the total C2-C7 range while C6/7 was 

significantly increased over the whole flexion-extension range. While this patient 

population is not comparable to the non-specific neck pain cohort of this present study, 

the findings from Anderst et al (2013a) and Kolstad et al (2007) further suggest that 

differences are unlikely to be found comparing only end-range measurements.  

• Muscle activity and loading as confounders 

The findings of Anderst et al (2013a) accord with those from a QF study of continuous 

recumbent passive IV-RoM in the lumbar spine, where proportional motion patterns in 

the coronal and sagittal planes were found to be more varied across the full motion 

sequence in patients with chronic LBP than in healthy controls (Mellor et al. 2014).  

While the data from Anderst et al (2013a) could have been contaminated by muscle 

activity during active cervical motion, the findings of Mellor et al (2014), using passive 

and unloaded motion with minimal muscle activity (Mellor et al. 2009), lend further 

support to the advantages of analysing IV-RoM patterns continuously.  
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• Hypo-mobility cut-offs 

The definition of hypo-mobility, at or below the 2.5th percentile, includes zero 

movement. For illustrative purposes, the hypo-mobility thresholds used in this study are 

displayed below in Figure 48 with three cut-offs (for C2/3 through C5/6) at which a 

surgically fused spinal segment might be considered immobile, as proposed in the 

literature.21 The black dotted line indicates the minimum rotation (0.5°) of the tracking 

templates, therefore no movement can be measured below this.  

 

Key to figure:  Minimum rotation of tracking templates (± 0.5°)  

Hypo-mobility thresholds (+ve denotes flexion, -ve denotes extension) 

 Pseudarthrosis cut off (1°);  Pseudarthrosis cut off (4°); Pseudarthrosis cut off (5°) 

Figure 49: Flexion (+ve) and extension (-ve) hypo-mobility thresholds displayed with 
pseudarthrosis cut-offs 

 

It can be seen from Figure 48 that the pseudarthrosis cut-offs of 5° (blue diamonds) or 

4° (green diamonds) are larger than all the calculated hypo-mobility thresholds (black 

squares).  

                                                
21 The pseudarthrosis cut-off of 5° is used by the Food & Drug Administration to evaluate the 

success of spinal fusion surgery due to the measurement error of plain-film flexion-extension x-

rays (Deitz et al. 2011). It has been proposed that this cut-off be reduced to 4° or even 1° due to 

the measurement error being reportedly reduced when using a computer-aided technique of 

measurement from plain-film flexion-extension x-rays (Hipp et al. 2005).  
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Therefore, these cut-offs are susceptible to false-positives i.e. are likely to classify a 

proportion of normally moving segments as hypo-mobile. The pseudarthrosis cut-off of 

1° (red diamonds) is less than the majority of calculated hypo-mobility thresholds 

therefore is susceptible to false-negatives i.e. is likely to result in a proportion of hypo-

mobile segments being classed as within normal range.  

Lending additional validity to the hypo-mobile thresholds derived in this study, the two 

congenitally fused inter-vertebral levels present in two healthy volunteers were 

correctly identified as hypo-mobile in both flexion and extension. These immobile levels 

were subsequently excluded when the prevalence of hypo-mobility between groups 

was analysed. Motion segments adjacent to congenital block vertebrae have been 

shown to have rotational and translational motion within normal limits (Leivseth et al. 

2005). The two healthy volunteers with congenital block vertebrae both exhibited 

normal regional and summed C1/2 to C5/6 IV-RoM ranges, and were therefore 

included in the other IV-RoM analyses.  

In this present study there were no significant differences in the number of participants 

who had at least one hypo-mobile level or in the number of hypo-mobile levels between 

groups. Using a similar statistical approach to classifying IV-RoM as hypo-mobile or 

not, Abbott et al (2006) calculated reference levels for hypo-mobility22 (mean – 2SD) for 

lumbar IV-RoM measured from flexion-extension radiographs taken of 30 

asymptomatic volunteers (Abbott et al. 2006). When applied to lumbar IV-RoM data 

from the flexion-extension radiographs of 123 consecutive patients with recurrent or 

chronic LBP, 27/468 lumbar segments (5.8%), present in 19.6% of the patients, were 

classed as rotationally hypo-mobile. 

The clinical importance of this is uncertain, as while the authors state that ‘segmental 

mobility disorders [sic]’ were found in ‘significantly greater numbers in patients’, data on 

the prevalence of hypo- (or hyper-) mobility in the asymptomatic sample were not 

published for comparison. While this present study classed 25/287 (8.7%) of cervical 

segments present in 48% of neck pain patients as hypo-mobile, this was not 

significantly different to the 7.8% prevalence of hypo-mobile segments (55% of healthy 

volunteers) in the age and gender-matched healthy volunteer group. In addition, as 

acknowledged by the authors, Abbott et al.’s asymptomatic group was small and had a 

higher proportion of females than the LBP group, lending a risk of bias to the study’s 

findings (Abbott et al. 2006).  

                                                
22

 The terminology used by Abbott et al (2006) was ‘lumbar segmental rigidity’ (mean-2SD) and 
‘lumbar segmental instability’ (mean+2SD), which are analogous to the terms hypo-mobility and 
hyper-mobility respectively, as adopted in this thesis.   
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When hypo-mobility was calculated based on the proportional contribution of each 

segment to total lumbar motion, in an attempt to reduce between-subject variability, the 

proportion of hypo-mobile segments was increased to 28% (Abbott et al. 2006). 

It was not possible to calculate hypo-mobility cut-offs based on proportional within-

subject IV-RoM and replicate the approach of Abbott et al (2006) as the within-subject 

data were not all normally distributed. It is possible that these proportional hypo-

mobility cut-offs would be more discriminating between patients and healthy controls. 

However, this present study’s findings still bring into question the importance of 

segmental hypo-mobility as a cause or contributory factor in neck pain, at least in the 

sagittal plane.  

Attainment rate, calculated in the first 10° of regional spinal motion as a surrogate for 

the measurement of laxity in the neutral zone, was developed from a passive 

recumbent acquisition QF protocol for measuring lumbar IV-RoM (Breen et al. 2012). In 

the passive lumbar protocol, QF is performed with the participant lying on a motorised 

passive motion table and during movement of the table participants’ paraspinal muscle 

activity as measured by surface electromyography (sEMG) is minimal (Mellor et al. 

2009), thereby reducing an important confounder. During active weight-bearing motion 

however, paraspinal muscle activity would be expected to be different between 

subjects and even within-subjects if measurements are repeated, and must therefore 

be considered a confounder when measuring attainment rate. 

In this present study, participants were seated upright and the motion-frame (Figure 18) 

served only as a reference for participants to actively follow, therefore the influence of 

paraspinal muscle activity was present. Despite this limitation, the only significant 

difference in attainment rate was for C1/2 in flexion where patients exhibited on 

average, lower attainment rates. It is not immediately clear why this should be so. C1/2 

hypo-mobility, which could accompany reduced attainment rate, was not more 

prevalent in patients (Appendix 20) and there was no significant difference in angular 

range between groups at this level (Appendix 16). This difference in attainment rate 

could perhaps be due to the possibility of differences in resting cervical extensor 

activity, in which higher resting muscle tone might inhibit the initial segmental 

movement. 

In a different study investigating the flexion-relaxation phenomenon in patients with 

chronic neck pain and controls, surface EMG activity of the cervical erector spinae was 

measured while participants remained still for four seconds (Maroufi et al. 2013). 

Resting activity was found to be significantly greater in the patient group, and remained 

higher throughout the flexion-extension motion (Maroufi et al. 2013).  
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Therefore, it may not be that a true difference in the size of the C1/2 neutral zone was 

detected in this present study, but rather perhaps an indication of altered upper cervical 

muscle activity in the patients.  

Based on upper reference levels for attainment rate calculated from the healthy 

volunteer group, the patient group exhibited less lax segments than the healthy 

volunteers, suggesting more segmental stiffness in the neutral zone in patients. This 

again could have been related to higher resting cervical muscle tone, but this was not 

measured.  

• Paradoxical motion 

Paradoxical (reversed) motion is known to commonly occur as part of the normal 

motion of the atlas flexing or extending over the axis (Bogduk and Mercer 2000). C1/2 

is where paradoxical motion was most commonly measured in this present study 

(Table 22). While reversal of motion has also been previously detected by 

cineradiography at C5/6 during flexion (van Mameren et al. 1990), this present study 

found, in addition to C1/2, at least one of each inter-vertebral level in each direction 

from C2/3 to C5/6 that exhibited paradoxical motion (Appendix 20). QF is possibly 

more sensitive at identifying such motion due to its ability to measure continuous 

flexion-extension sequences. Paradoxical motion in the mid-lower cervical spine is 

probably related to the influence of sagittal alignment or cervical lordosis on segmental 

loading (Anderst et al. 2014). While there were no significant differences in neutral 

position between groups, there was considerable variability of this within each group 

(Table 14). The probable correlation between neutral cervical spine sagittal alignment 

and paradoxical motion was not explored and is fertile ground for future work. 

• Limitations 

The researcher was not blinded as to whether an individual’s data was from a patient 

with neck pain or a healthy volunteer which could have biased the interpretation of 

inter-vertebral motion graphs. However, the lack of differences between the groups 

suggests this was not a confounding factor. Secondly, the inputting of data into the 

database was not checked by a second observer, so there was the possibility of data 

entry errors. 
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6.5 Conclusion 
 

There were no significant differences found in the kinematics of cervical spine sagittal 

motion between patients with neck pain and healthy controls in terms of angular range, 

hypo-mobility or paradoxical motion. The implication of these findings is that, at least in 

the sagittal plane, these kinematic variables may not be important regarding the 

presence of neck pain. Since lax segments were less prevalent in the patient group, 

suggesting more segmental stiffness in the neutral zone, the effects of SMT on this 

would be worth exploring. However, change in laxity/attainment rate was not 

considered a primary outcome of interest and pursuing this was not feasible within the 

time constraints of this thesis.   

According to the literature it might be that IAR location measurement is more 

discriminating of patients and healthy controls, but repeatability studies of the QF 

method used in this present study suggested it was not possible to measure this 

reliably; therefore, IAR location was not measured. For future work to maximise the 

chances of detecting kinematic differences between groups, should they exist, all 

possible steps need to be taken to reduce the biological variability of inter-vertebral 

motion and improve the reliability of IAR measurement. This includes following a 

standardised acquisition protocol to reduce between-subject and within-subject (for 

repeated measures) variability such as that used in this study. Inter-subject variability 

can be further reduced by analysing data in terms of proportional motion. Finally, 

continuous motion data as acquired by QF appears to be more promising for 

discriminating between patients and controls than the use of end-range flexion-

extension data which, up until now, has dominated most of the work in the cervical 

kinematics field.  
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Chapter 7. Intra-subject reproducibility study: Estimating the 

minimum detectable change of inter-vertebral angular 

motion from healthy participants 

 

7.1 Introduction 
 

Reproducibility refers to the variation in repeat measurements made on the same 

subject under changing conditions (ISO5725-1 1994); cervical IV-RoM is known to 

exhibit variation between measurement sessions in healthy subjects (van Mameren et 

al. 1990). Intra-subject reproducibility in this study encompasses those sources of 

variation (error) as detailed in the observer repeatability chapter (Chapter 5) pertaining 

to the QF measurement method. Of particular importance is the potential for error that 

exists during the acquisition procedure, for example, through the positioning and 

behaviour of participants, and the flexibility of a participant’s neck at baseline versus 

four weeks later. This study sought to determine how much IV-RoM varied between 

measurement sessions in the healthy volunteer group, and to determine the minimum 

detectable change (MDC) in segmental angular range over the four-week study period 

(Research Question 3, page 59). In addition, the prevalence of hypo-mobile and 

paradoxical segments was quantified.   

7.2 Methods 

7.2.1 Study design 
This was an intra-subject reproducibility study of cervical flexion and extension inter-

vertebral motion in healthy participants measured twice over four weeks with QF 

(Figure 42). 

7.2.2 Participants and data collection 
Thirty healthy volunteers, recruited as previously described (see page 122), received 

QF measurements of their cervical flexion and extension IV-RoM from C1/2 to C5/6 at 

baseline and four-week follow-up using standardised image acquisition and analysis 

protocols (see Chapter 3). Cervical sagittal alignment (lordosis) was measured also 

(see section 6.2.2 page 127). Inter-vertebral angular range data were extracted from 

the analysed motion sequences in order to calculate the MDC in this measurement 

over the four-week study period. The presence of hypo-mobile segments was detected 

using previously derived hypo-mobility cut-offs (section 6.3.5) while paradoxical motion 

was identified visually from the motion graphs (Figure 30).   
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7.2.3 Data analysis 
The data were analysed using StatsDirect (StatsDirect Ltd. StatsDirect statistical 

software. http://www.statsdirect.com. England: StatsDirect Ltd. 2008). The distributions 

of the differences between repeated-measures were checked for normality using the 

Shapiro Wilk test. The paired Student’s t test was used to confirm if mean differences 

between baseline and follow-up were significantly different. In each case Kendall’s tau 

rank correlation coefficient was used to check that the standard deviation was 

unrelated to the size of the measurement in order to allow parametric comparison 

(Bland and Altman 1996a). Repeatability coefficients were then calculated for each 

inter-vertebral level using the following formula (Bland and Altman 1996a): 

Repeatability coefficient (MDC) = 2.77sw 

where sw is the within-subject standard deviation. The repeatability coefficient 

estimates the magnitude of within-subject motion change that can be expected 95% of 

the time (Bland and Altman 1996a); this is the minimum detectable change (MDC).  

7.3 Results 
 

7.3.1 Participant characteristics 
Thirty healthy volunteers, of whom 21 were female, aged 19 – 67 years (mean 40.9, 

SD 13.1), participated in the intra-subject reproducibility study. As shown in Table 23, 

while cervical sagittal alignment was on average 2.4° more lordotic at follow-up, 

differences were almost, but not quite, significant. There was also no significant 

difference in regional flexion or extension cervical spine ROM at follow-up. 

 

Measurement 
 

Baseline Follow-up 
Difference 

(95% CI) 

Significance  

(p) † 

*Cervical radiographic  

sagittal alignment, degrees,  

mean (SD) 

 

5.1 (13.7) 7.6 (12.8) +2.4 (-0.1 to 5.0) 0.06 

Regional cervical spine ROM, 

degrees, mean (SD) 

Flex 53 (7.2) 54 (6.6) -0.1 (-1.3 to 1.1) 0.91 

Ext 56 (6.6) 56 (7.1) 0.3 (-0.4 to 0.9) 0.42 

†, (paired) Student’s t test; *Cervical radiographic sagittal alignment data reproduced with permission 

from an undergraduate project sub-study  (Shilton 2014) 

Table 23: Mean (SD) cervical radiographic sagittal alignment and regional ROM at 
baseline and follow-up in healthy participants 
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7.3.2 Angular range differences 
Eight of 300 inter-vertebral levels (2.7%) were not successfully tracked at baseline 

and/or follow-up. Levels not tracked in three participants were: C1/2 in flexion (n=1), 

C1/2, C2/3 and C3/4 in flexion (n=1) and C2/3, C3/4, C4/5 and C5/6 in extension (n=1). 

The mean difference in angular range measurements between baseline and follow-up 

was not significantly different for any motion segment in either flexion or extension 

(Appendix 21 and Appendix 22). However, as indicated by Figure 50 (flexion) and 

Figure 51 (extension), while most of the data points are grouped close to zero a degree 

of intra-subject variation was present.  

 

Figure 50: Difference against mean flexion angular range of each motion segment in 
healthy volunteer group (n = 146 segments) 
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Figure 51: Difference against mean extension angular range of each motion segment 
in healthy volunteer group (n = 146 segments) 

 

The repeat-measurement differences were normally distributed except for C1/2, C2/3 

and C3/4 in flexion. Exploration of the data with Bland-Altman plots (not shown) (Bland 

and Altman 1986) revealed a number of measurement differences which were out-with 

the 95% limits of agreement (eight segments in four participants). The distributions 

became normal once these ‘outliers’ were removed.23   

On two occasions Kendall’s tau was statistically significant (C1/2 and C2/3 in 

extension), indicating that the within-subject standard deviation was not independent of 

the size of the measurement (Bland and Altman 1996b), albeit the correlations were 

modest (for C1/2: τ = 0.34, p = 0.008; for C2/3: τ = 0.48, p = 0.0003; see Appendix 23). 

Transformation of the data did not alter the dependence, so the untransformed data 

were used in the MDC calculations. The MDCs for each motion segment are displayed 

in Table 24; they were consistently larger in extension, and range from 3.03° (C2/3 in 

flexion) to 6.35° (C3/4 in extension).  

 

                                                
23

 All data from one participant were removed since all measurement differences were much 
larger than zero, suggesting either the set-up was incorrect and/or the participant chose to flex 
differently at follow-up. C1/2 and C2/3 data were removed for one participant, and C1/2 data 
were removed for two further participants.  
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Inter-vertebral 

level 

No. of intervertebral levels 

available for calculation † 
MDC (°) 

 Flexion Extension Flexion Extension 

C1/2 25 30 3.82 4.36* 

C2/3 28 29 3.03 4.5* 

C3/4 27 29 3.90 6.35 

C4/5 29 29 3.38 4.71 

C5/6 29 29 3.41 4.95 

Total 138 146 - - 

*Kendall’s tau, p < 0.05; †, segments available for calculation in flexion reduced by the removal of ‘outliers’ 

– see previous page for details 

Table 24: MDC for each inter-vertebral level and direction 

 

7.3.3 Differences in the prevalence of hypo-mobility and paradoxical 

motion 
 

Table 25 shows the number of hypo-mobile and paradoxical segments at baseline and 

follow-up.  

Inter-

vertebral 

level 

Number 

of levels 

Hypo-mobile 

 

Sig. 

(p) † 
Paradoxical 

Sig. 

(p) † 

  Baseline 
Follow-

up 
 Baseline 

Follow-

up 
 

C1/2 56 9 2 - 11 11 - 

C2/3 57 2 2 - 2 0 - 

C3/4 56 4 3 - 5 1 - 

C4/5 57 4 4 - 3 0 - 

C5/6 57 3 1 - 4 0 - 

Totals 283 
22/283 

(7.8%) 

12/283 

(4.2%) 
0.08 

25/283 

(8.8%) 

12/283 

(4.2%) 
0.03 

Sig, significance; p, two-sided p-value; †, Fisher’s Exact test 

Table 25: The difference in prevalence of hypo-mobile and paradoxical segments at 
follow-up in healthy participants 
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While the number of hypo-mobile segments was nearly halved at follow-up, this 

difference did not reach statistical significance. Of the 12 hypo-mobile segments at 

follow-up, only four had remained hypo-mobile from baseline, and eight levels were 

classed as hypo-mobile at follow-up which had been normal at baseline. Conversely, 

the halving of paradoxical segments was statistically significant. However, of the 12 

paradoxical levels at follow-up while eight remained from baseline, four were new. The 

prevalence of hypo-mobile and paradoxical motion segments in flexion and extension 

is shown in Appendix 24.  

 

7.4 Discussion 
 

The MDCs calculated in this study estimate the magnitude of IV-RoM change expected 

95% of the time when measured twice, four weeks apart, in healthy participants. They 

incorporate the measurement error associated with QF as well as normal biological 

variation in cervical sagittal IV-RoM. In order to confidently identify IV-RoM changes in 

patients receiving treatment, any changes need to be in excess of this normal 

biological variation. 

• Comparison with previous work 

This is possibly the first study to have calculated the MDC for cervical flexion and 

extension IV-RoM as no studies of the MDC for cervical IV-RoM measurement from 

plain film flexion-extension x-rays or kinetic MRI could be found in the published 

literature. Radiographic studies evaluating IV-RoM after an intervention (Kolstad et al. 

2007), or looking for changes due to spinal anomalies (Leivseth et al. 2005), have 

compared motion against previously derived normative values rather than assessing 

the magnitude of intra-subject change from baseline.  

In a cadaveric study 12 cervical spine specimens were subjected to increasingly severe 

soft tissue damage and IV-RoM was measured with a computer-based plain-film 

technique in four different flexion-extension positions (Hwang et al. 2008). Even at the 

most severe level of damage to ligaments and disc, segmental rotation and translation 

were found to remain within normal limits, based on normative data from a previous 

study of healthy participants (Reitman et al. 2004b). The centre of rotation, also 

measured, was apparently more abnormally located in response to the anatomical 

changes, although measurements were only made at one motion segment (Hwang et 

al. 2008).   
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A number of studies have calculated the MDC for regional cervical motion using 

various types of external measurement devices (Appendix 1), and consistently the 

MDC is large. Even when measurements are repeated immediately (with the CROM), 

differences can be 25% (flexion) and 16% (extension) of the respective mean 

measurements (Dunleavy and Goldberg 2013).  

 

The MDC is lower, however, when repeat-measurements are made by the same 

observer versus two or more observers (Appendix 1). For example, the MDC 

calculated from inter-observer repeat-measurements using the Cybex Electronic Digital 

Inclinometer-320 was deemed so large (greater than 10%) by the authors of one study 

they did not report it (Hoving et al. 2005). The MDC also appears to be lower in healthy 

volunteers than in patients with neck pain, suggesting that neck movements may be 

more consistent in the absence of pain (Fletcher and Bandy 2008). However, in 

another study where measurements were repeated up to 14 days later, important 

confounders such as changes in pain levels and treatments received by the patient 

group between measurements were not accounted for (Shahidi et al. 2012).   

 

• Importance of participant positioning 

While such external devices do not measure cervical IV-RoM, it is instructive to note 

that in one study the MDC was lowered by instructing the participants to sit in an 

upright ‘correct’ posture instead of them choosing how to sit (Dunleavy and Goldberg 

2013). This reinforces the importance of standardised participant positioning.  

 

An important aspect of positioning is to ensure that the sagittal alignment (lordosis) of 

participants’ cervical spines is identical at each measurement session. When 

measuring cervical IV-RoM Anderst et al (2014) found in a cross-sectional study that a 

significant proportion of inter-subject variability in cervical kinematics could be 

explained by the disc height and static orientation of each motion segment at neutral 

(Anderst et al. 2014). This would also be a confounder for intra-subject variability in a 

repeat-measures study. In the present study the cervical sagittal alignment was on 

average 2.4° more lordotic at follow-up, a difference that approached statistical 

significance (Table 23). Therefore, in at least in some of the participants, sagittal 

alignment might have been sufficiently different to have contributed to the intra-subject 

variation (MDC) in IV-RoM (Table 24).  
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• Clinical usefulness 

The MDC was highest for C3/4 and, in extension, was more than 1° greater than the 

next largest segmental MDC. No data entry errors or ‘outliers’ were found that would 

readily explain this, and the measurement error found in the repeatability study was not 

larger for this segment (Table 6). The size of the MDCs in this study indicate that the 

detection of true angular inter-vertebral motion change is challenging, especially in 

extension, and risks being too large to be clinically meaningful for the evaluation of 

patients with neck pain. Ultimately, the usefulness of these MDCs will not be known 

until they are applied in a patient population.  

 

The prevalence of both hypo-mobile and paradoxical segments was also subject to 

considerable intra-subject variation. Only four out of 22 hypo-mobile segments 

remained so at follow-up, with eight new hypo-mobile segments detected. Only eight 

out of 25 paradoxical segments remained so at follow-up, with four new paradoxical 

levels detected. Hypo-mobility is commonly considered to be an indication for spinal 

manipulation (Evans 2002); paradoxical motion has also been considered an indication 

for the therapy (Schafer and Faye 1989). However, due to the changing nature of these 

motion features in healthy participants receiving no treatment, assessing patients for 

changes in hypo-mobility or paradoxical motion in response to manipulation may not be 

possible or even clinically meaningful.  

• Future work 

There is scope for future work with a larger sample size. Data from this study may be 

used to estimate this and so provide normally distributed repeat-measurement 

differences for all inter-vertebral levels. It is important, however, that modifiable sources 

of measurement error be kept to a minimum and the present acquisition protocol could 

be further refined to achieve this. Close attention is required to the set-up of 

participants prior to image acquisition and observation of their movement behaviour, to 

identify and if possible prevent any avoidable confounders of measurement differences. 

Kinematic parameters other than those explored in this study should also be 

considered; for example, IAR location or phase-lag (the order in which segments move) 

for their relevance to segmental loading and their MDCs determined.  

Some caution is warranted regarding the interpretation of the MDC values in this study. 

For the purposes of calculation it was assumed that the distribution of the 

measurement differences was normal. This condition was not met in the case of the 

three most superior motion segments in flexion and eight ‘outliers’ were removed to 

normalise the distributions.  
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This will have reduced the within-subject standard deviation and hence, the ‘true’ MDC 

for C1/2, C2/3 and C3/4 in flexion could be larger than those presented in Table 24. 

Despite this, the MDCs for these levels are of a very similar order of magnitude to C4/5 

and C5/6 in flexion.  

A second condition that was not met in two cases (C1/2 and C2/3 in extension) was 

that the within-subject standard deviation was not independent of the mean. 

Logarithmic transformation is recommended to achieve this independence (Bland and 

Altman 1996b) however neither this nor any other commonly used transformation 

(Bland and Altman 1996c) was successful. These were necessary compromises in 

order to calculate the MDC. Without an estimate of the MDC a study to detect changes 

in patients receiving treatment would not be possible.  

 

7.5 Conclusion 
 

This chapter showed that IV-RoM, while reliably measureable with QF, is subject to a 

high degree of intra-subject variability over four weeks. Furthermore, hypo-mobile and 

paradoxically moving segments occur, resolve, and reoccur elsewhere over this 

interval. This means that IV-RoM is not a stable measure of cervical kinematics across 

time, making the detection of differences in response to therapy difficult unless this 

variability can be reduced by improved acquisition protocols or by identifying and 

controlling for covariants. Sagittal alignment appears to be important in this. Other 

kinematic parameters, as discussed, may be of greater importance in future work with 

this technology.  
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Chapter 8. Spinal manipulative therapy for the treatment of 

neck pain: A prospective cohort study 

 

8.1 Introduction 
 

Spinal manipulative therapy is predicated on the idea that inter-vertebral motion can be 

changed, and that such changes can produce clinical improvement. However, 

investigation of this proposed mechanism has been hampered by the lack of an 

objective, reproducible method of inter-vertebral motion measurement (Dimnet et al. 

1982). Having established the MDC in cervical IV-RoM in the intra-subject 

reproducibility study (Chapter 7), this study sought to observe if inter-vertebral motion, 

as measured by QF, changes in patients after spinal manipulative therapy (Research 

Question 4, page 59), and if changes are linked to patient-reported improvement 

(Research Question 5, page 59). In addition, the level of agreement between hypo-

mobility identified by palpation and measured by QF was explored.  

8.2 Methods 

8.2.1 Study design 
This was a prospective cohort study of 30 patients with neck pain attending a 

chiropractic out-patient teaching clinic for spinal manipulative therapy (Figure 43). The 

participants (page 122), inclusion and exclusion criteria (Table 11 and Table 12), and 

recruitment strategy (page 124), have been previously described. In summary, patients 

had mechanical neck pain of at least two weeks duration with intensity rated at least 

3/10.   

8.2.2 Treatment protocol 

The treatment options available to patients were restricted to HVLA spinal manipulation 

of the cervical spine, myofascial trigger point therapy and light massage delivered over 

eight treatment sessions, twice per week for four weeks. These treatments are typical 

of manual therapy practice for neck pain (Leaver et al. 2010). The treatment frequency 

was not dissimilar to that found in randomised trials of manipulation for back (UK 

BEAM 2004) or neck pain (Bronfort et al. 2012); these studies were designed to detect, 

if present, differences between baseline and follow-up patient-reported outcomes. 

Collection of data at four-weeks is fairly typical of randomised trials (Hurwitz et al. 

2002; UK BEAM 2004; Bronfort et al. 2012; Evans et al. 2012) suggesting that any 

significant change in patient outcomes can be expected to be detected at this time.  
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If IV-RoM changes are related to patient-reported outcomes then this treatment 

regimen over four weeks should be sufficient to detect this relationship also.  

To reduce variation in the type of manipulation only high-velocity low-amplitude (HVLA) 

or “thrust” manipulation was permitted (Peterson and Bergmann 2011). This avoided 

having to sub-group based on manipulative technique in the data analysis, which would 

have reduced statistical power. In order to ensure the competent delivery of 

manipulation this was performed only by chiropractors with at least five years 

postgraduate experience24. Chiropractors were instructed to palpate the patient’s 

cervical spine and deliver manipulation where clinically indicated (segmental pain 

provocation/motion restriction). If not clinically indicated then it was permissible to 

deliver no manipulation at that visit. Patients were required to receive at least one 

HVLA manipulation during the study.  

Other therapies - included and not included 

The two soft tissue therapies (trigger point and light massage) were included so that 

patients who had muscular pain may get relief. These were delivered by chiropractic 

interns in their clinical training year. The inclusion of soft tissue therapy has been used 

in randomised trials of spinal manipulation for back pain (Hawk et al. 2002; Harvey et 

al. 2003) and neck pain (Bronfort et al. 2012; Evans et al. 2012). Commonly used 

treatment modalities for neck pain other than spinal manipulation that have been 

demonstrated to increase neck range of motion and therefore perhaps change inter-

vertebral motion, were not offered. These include a neck strengthening programme 

(Highland et al. 1992), muscle stretching administered at home (McCarthy et al. 1997) 

and by the practitioner (Burns and Wells 2006), and rhythmic joint mobilisation (McNair 

et al. 2007).  

There is evidence of trigger point therapy increasing neck range of motion, but changes 

are small (Hou et al. 2002) and therefore these were not expected to affect inter-

vertebral hypo-mobility. Patients were required to attend each treatment session and 

the intern/chiropractor retained the right to treat based on clinical findings within the 

limitations just described. Chiropractors were able to give usual advice such as 

avoidance of aggravating activities, and ice/hot-packs or analgesia could be offered as 

rescue remedies if required. Patients were requested not to seek concurrent alternative 

care.  

 

                                                
24

 Level of experience of manipulators in trials varies and includes: not reported (Hurwitz et al. 
2002), 2 years (UK BEAM 2004; Leaver et al. 2010) and, commonly, 5 years (Hawk et al. 2002; 
Bronfort et al. 2012; Maiers et al. 2014). 
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Chiropractors/interns were asked to document the treatments that were administered at 

each treatment visit, as well as patient’s use of analgesia or cold/hot packs (Appendix 

25). A form was placed in participating patient’s files to remind the clinicians of included 

and excluded therapies (Appendix 26).  

Limiting of treatment options 

While patients’ treatment options were deliberately restricted so as to more confidently 

associate any changes in inter-vertebral motion with spinal manipulation, this was not 

expected to negatively affect patients’ recovery.  Patients were only included if they 

were deemed suitable for manipulation as spinal manipulation alone has been shown 

to be effective for the short-term relief of neck pain (Miller et al. 2010). They were, 

however, informed that results are typically better when combined with exercise 

(Vincent et al. 2013). Patients were not charged for their treatment, though, they were 

reminded at the time of recruitment that any treatment required beyond the four week 

study period would be subject to the usual charging policy of the out-patient clinic.  

8.2.3 Data collection 
 

Inter-vertebral motion 

Patients had QF acquisitions and measurement of cervical inter-vertebral motion at  

baseline and four-week follow-up following the protocol and procedures detailed 

previously (Chapter 3). The following inter-vertebral motion variables were measured: 

angular range, hypo-mobility, paradoxical motion (page 80) and attainment rate 

(baseline only, page 85). Additionally, palpation findings of segmental hypo-mobility 

were recorded at baseline by chiropractic interns.  

Patient-reported outcome measures 

The effect of patients’ neck pain on their ability to work was documented in the patient 

file as per the clinic’s procedures. Study questionnaires were administered to patients 

at baseline (Appendix 27) and four-week follow-up (Appendix 28) and consisted of the 

following: 

(1) Pain – 11-point (0-10) Numerical Rating Scale (NRS) 

The commonly used methods of rating pain intensity include visual analogue scales 

and verbal rating scales as well as numerical rating scales (NRS). All are considered 

reliable and valid, and no one scale consistently demonstrates greater responsiveness 

in detecting improvements associated with pain treatment (Jensen and Karoly 2001). 

However, NRS scales are often preferred by patients.  
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They are more likely to be completed, are easy to understand for the patient, and for 

the researcher to record (Dworkin et al. 2005). When patients first attend the AECC 

clinic they are asked to complete the Bournemouth Questionnaire (Bolton and Breen 

1999), the first question of which is an NRS measure of pain intensity and it is this 

score that determined eligibility for entry to this study.  

(2) Neck specific function – Neck Disability Index (Vernon and Mior 1991) 

There are numerous neck function or disability measures that have been employed by 

neck pain outcomes studies (Gross et al. 2009). In their systematic review of neck 

function outcome measures Pietrobon et al (2002) found five scales considered to be 

reliable, valid and responsive to change (Pietrobon et al. 2002). They found the Neck 

Disability Index, the Copenhagen Neck Functional Disability Scale and the Northwick 

Park Scale to have similar psychometric properties, concluding that the Neck Disability 

Index was marginally superior as it had been most extensively revalidated (Pietrobon et 

al. 2002). A more recent systematic review of the Neck Disability Index itself found it 

still to be the most commonly used measure of neck function and concluded it had 

sufficient support and usefulness to retain its status (MacDermid et al. 2009b).  

A minor modification to the wording of the instructions of how to complete the Neck 

Disability Index was made, with the authorisation of the developer, H. Vernon (personal 

communication, November 4, 2011). The time frame for answering the questions was 

changed from “today” to “...over the last few days...” placing this in the same time frame 

as the NRS from the Bournemouth Questionnaire utilised at AECC clinic. This was in 

recognition of the fluctuating nature of neck (musculoskeletal) pain which may be 

present one day but hardly discernible the next (Deyo et al. 1998). There is precedent 

for such a modification with the Oswestry Disability Index which is used to measure 

back pain disability, from which the Neck Disability Index was developed.  

The original version stipulated no time frame (Fairbank et al. 1980), the second version 

stipulates “today” (Baker et al. 1989) while the North American Spine Society version 

has “past week” as the time frame (Daltroy 1996).  

A qualitative study has helped to elucidate how patients might interpret time frames in 

questionnaires measuring musculoskeletal pain (Ong et al. 2006). For the ten patients 

with musculoskeletal pain interviewed it was typical not to stick to the time frame 

stipulated when different questionnaires with different time frames were contained 

within the one survey (Ong et al. 2006). The researchers could not conclude whether 

this was due to error switching between time frames, but patients did emphasise the 

fluctuating nature of their pain.  
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Pain can vary by intensity or duration, for instance, and patients wanted to be able to 

convey this lived experience of pain and avoided time frames if they felt constrained by 

this. Therefore it was common to average out pain over a number of days to take 

account of “good” and “bad” days (Ong et al. 2006). The Neck Disability Index is now 

translated into many languages. Perhaps as an acknowledgement of this characteristic 

of musculoskeletal pain neither Spanish (Kovacs et al. 2008), Greek (Trouli et al. 

2008), Korean (Lee et al. 2006) or Polish (Misterska et al. 2011) versions [recent 

translations readily available online] stipulate a time frame.  

(3) Generic health status – EuroQol EQ-5D (Euroqol-Group 1990) 

The European Quality of Life (EQ-5D) is a widely utilised (Rabin and de Charro 2001), 

short to administer, generic quality of life measure intended to complement other 

questionnaires such as those that are condition-specific. The responsiveness to 

change of the EQ-5D-3L has been criticised as it is susceptible to ceiling effects 

(McDowell 2006). A new five-level version, EQ-5D-5L, has been developed to try and 

avoid these ceiling effects (Herdman et al. 2011) and has been shown to perform well 

when compared to the originally validated version (Luo et al. 2013). The new version 

was adopted in this current study. 

(4) Participant ratings of improvement – Patient’s Global Impression of Change 

(PGIC) 

The collection of participants’ ratings of improvement has been recommended for 

chronic pain clinical trials (Turk et al. 2003) and a PGIC is a recommended measure for 

this (Dworkin et al. 2005).  The PGIC selected is an 11-point numerical rating global 

improvement/deterioration scale (Farrar et al. 2001; Bolton 2004).  The wording of the 

PGIC scale is taken from the scale used in a prospective cohort study of back pain 

outcomes (Breen et al. 2011). 

(5) Patient satisfaction    

While not strictly an outcome measure (Haldeman 2012), finding out the extent to 

which patients in the study were satisfied can provide a simple indication of patients’ 

impressions of the conduct of the study. There are a number of patient satisfaction 

measures and no single method is clearly preferred (Bombardier 2000). In the interest 

of brevity, a global measure where one question is asked regarding overall satisfaction 

was selected and the wording is as recommended in a review of these measures 

(Hudak and Wright 2000). 
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8.2.4 Data analysis 
The normality of data distributions was assessed with the Shapiro-Wilk test. 

Continuous data (IV-RoM) were analysed for differences with the paired Student’s t test 

or the Wilcoxon test where data was not normally distributed. Dichotomous data (hypo-

mobility, paradoxical motion) were analysed for differences with the Fisher’s Exact test. 

The level of agreement between palpation and measured hypo-mobility was assessed 

by Cohen’s un-weighted Kappa coefficient (Sim and Wright 2005). EQ-5D-5L Index 

values using the UK algorithm were calculated using the EQ-5D-5L Index Value 

Calculator Version 1.0 (Available online: http://www.euroqol.org/about-eq-5d/valuation-

of-eq-5d/eq-5d-5l-value-sets.html). Changes in pain, disability and quality of life were 

assessed by the Wilcoxon signed rank test. Correlations between baseline severity and 

cervical IV-RoM and between changes in patient-reported outcomes and cervical IV-

RoM were made with the Spearman’s correlation coefficient. Where appropriate, 

comparisons were made with previously analysed IV-RoM healthy volunteer data 

(Chapter 7). 

8.3 Results 
 

8.3.1 Baseline characteristics 
The baseline characteristics of the patient cohort are shown in Table 26. 70% of the 

cohort were female, mean (SD) age was 40 (13.1), and the median duration of 

symptoms was 12 months. On average baseline severity was 5/10 for pain, 13/50 for 

disability, and 75/100 for quality of life. For regional cervical motion and radiographic 

features please see Table 14 (page 135). 

The majority of patients (60%) complained of musculoskeletal pain at body sites in 

addition to the neck. Most often pain was reported at two additional sites, most 

commonly LBP and/or headache but, in all cases, neck pain was the most severe 

symptom and the reason for seeking care.25  Three patients had a prior history of 

whiplash, which they associated with the start of their history of episodic neck pain, but 

whiplash was not temporally associated with the current episode of pain.26  Most 

patients (90%) attended all eight treatment sessions, 3 patients attended seven.   

 

                                                
25

 Symptoms in addition to neck pain: LBP (n=1); LBP + headache (n=5); LBP + knee pain 
(n=1); LBP + knee + temporomandibular joint pain (n=1); LBP + shoulder pain (n=2); headache 
(n=4); headache + upper back pain (n=1); shoulder pain (n=1); shoulder + upper back pain 
(n=1); elbow pain (n=1).       
26

 The road traffic collisions occurred at three, 15 and 20 years prior to the respective patients 
attending the chiropractic out-patient clinic. Due to these long histories it was considered that 
spinal manipulation to the cervical spine was not contraindicated.  
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Patient characteristics * 

(n=30)  
 

Female, n (%) 21 (70.0) 

Age, years 40 (13.1) 

Duration of symptoms, months 

- median (interquartile range) 
12 (2-36) 

Pain sites other than neck, n (%) 18 (60) 

Pain pressure threshold, kPa 475 (160.4) 

NRS/10 5 (1.5) 

NDI/50 13 (6.7) 

EQ-5D-5L VAS/100 75 (15.5) 

EQ-5D-5L Index/-0.59 to 1.0 0.744 (0.099) 

*mean(SD) unless otherwise stated; kPa, kilopascals; NRS, Numerical Rating Scale for pain; 
NDI, Neck Disability Index; EQ-5D-5L,  Euroquol; VAS, Visual Analogue Scale  

Table 26: Baseline patient demographic and clinical characteristics 

 

8.3.2 Treatments received 
Table 27 presents the treatments received by patients over the four-week study period. 

All patients received HVLA manipulation to the cervical spine and this was delivered at 

a mean rate of 1.3 manipulations per patient visit (range 0 - 4). On average each 

patient received 10.7 manipulations over the study period. Trigger point therapy and 

light massage were delivered less frequently, on average at 5/8 (63%) treatment visits.  

 Number (%)  

of patients  

who received 

intervention 

Mean (SD) over  

four-weeks 

Cervical HVLA manipulation 30 (100) 10.7 (3.5) 

Trigger point therapy 27 (90) 5.3 (2.3) 

Light massage 27 (90) 5.4 (2.4) 

Cold/hot pack* 7 (23) 1.2 (3.4) 

Medication* 18 (60) 3.3 (5.2) 

         *Self-administered; HVLA, high-velocity low-amplitude 

Table 27: Frequency of treatments received by patients over four-week study period 
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Cold/hot packs and medication were self-administered by patients at a mean frequency 

of 1.2 and 3.3 days per week respectively. Data was not collected on the type, dose or 

within-day frequency of medication use. 

8.3.3 Adverse events 

Adverse event n (%) 

Temporary increase in symptoms 19 (63.3)  

Headache* 4 (13.3) 

Events self-resolved within: 24 hours 15 (65.2) 

Events self-resolved within: 96 hours 23 (100) 

Received treatment outwith study protocol 2 (6.7) 

*Two patients reporting headache also included in the number of those with temporary increase in 

symptoms 

Table 28: Adverse events documented during four-week treatment period 

 

Twenty-one (70%) of the 30 patients had a documented adverse event during the four-

week study period. This rate is at the upper end of mild-moderate adverse events rates 

reported in a systematic review of adverse events in manual therapy (pooled proportion 

estimate of incidence of minor or moderate adverse events calculated was ~41% (95% 

CI 17-68%) (Carnes et al. 2010a). Adverse events consisted of a temporary increase in 

symptoms (19/21 or 91% of cases) which for one included exacerbation of arm 

pain/numbness (Carlesso et al. 2010), and/or headache (4/21 or 19% of cases), all 

occurring within 48 hours of treatment.  

One adverse event might be classed as ‘major,’ with the patient reporting “horrific” neck 

pain/headache two hours post-treatment.27 All events self-resolved and the majority 

(68%) within 24 hours, consistent with the literature (Carnes et al. 2010a); 100% were 

self-resolved within four days. In two cases, due to the response to treatment, it was 

deemed most appropriate to offer treatment outside the study protocol. In both cases 

this included manipulation to the thoracic spine at two treatment visits, and one of the 

patients also received cervical spine traction and stretching techniques to the neck 

musculature at one treatment visit. These two patients were kept within the study.   

 

                                                
27

 As defined by modified Delphi consensus on adverse events in manual therapy, ‘Minor’: short 
term and mild intensity; ‘Moderate’: medium to long term; moderate intensity; ‘Major’: medium to 
long term; moderate or severe intensity (Carnes et al. 2010b).  
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8.3.4 Severity of symptoms and baseline cervical inter-vertebral 

angular motion 
There were four tracking failures of C5/6 motion in three patients at baseline (Appendix 

29). Due to a technical error it was not possible to retrieve one patient’s IV-RoM data 

so this patient was removed from any further analysis. This patient was one of the two 

who received some treatment outwith the study protocol (section 8.3.3). Pain, disability 

and quality of life scores at baseline were not correlated with angular range, the 

presence of hypo-mobility or paradoxical motion (Table 29). The number of inter-

vertebral levels exhibiting laxity however, was negatively correlated (lower side p=0.02) 

with baseline pain; however, it was not correlated with any other baseline score.  

Baseline 

measure 

IV-RoM versus baseline scores ‡ 

(n=29 patients) 

 Flexion 

range 

Sig. 

(p) 

Extension 

range 

Sig. 

(p) 

Hypo-

mobility 

Sig. 

(p) 

Paradoxical 

motion 

Sig. 

(p) 

Laxity Sig. 

(p) 

NRS -0.08  

(-0.432 

to 

0.297) 

0.69 

-0.15  

(-0.491 to 

0.228) 

0.43 

0.23  

(-0.152 

to 

0.548) 

0.24 

-0.07  

(-0.422 to 

0.308) 

0.73 

-0.40  

(-0.667 to 

-0.036) 

0.03 

NDI 0.26 

(-0.114 

to 

0.575) 

0.17 

0.08  

(-0.299 to 

0.430) 

0.69 

-0.13  

(-0.473 

to 

0.249) 

0.50 

-0.09  

(-0.441 to 

0.287) 

0.64 

0.18  

(-0.199 to 

0.513) 

0.35 

EQ-5D-

VAS 

0.11  

(-0.268 

to 

0.457) 

0.57 

0.21  

(-0.167 to 

0.537) 

0.27 

-0.11  

(-0.454 

to 

0.271) 

0.58 

-0.08  

(-0.435 to 

0.294) 

0.67 

0.16  

(-0.220 to 

0.497) 

0.41 

EQ-5D-

Index 

0.02  

(-0.350 

to 

0.383) 

0.92 

0.003  

(-0.364 to 

0.369) 

0.99 

-0.16  

(-0.495 

to 

0.222) 

0.41 

-0.12  

(-0.463 to 

0.261) 

0.54 

0.01  

(-0.357 to 

0.376) 

0.95 

‡, Spearman’s rank correlation coefficient (95% confidence interval); Sig, significance; p, two sided p-

value; Laxity, the number of inter-vertebral levels in each patient exhibiting attainment rates (over the 

corresponding 10° of regional cervical spine motion) above the upper quartile calculated from healthy 

volunteers   

Table 29: The relationship between severity of symptoms and baseline cervical inter-
vertebral angular motion 
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As with inter-vertebral motion, regional cervical ROM as measured with the CROM 

device was likewise not correlated with pain at baseline in flexion (Rho = 0.15 (95%CI: 

-0.233 to 0.487), two-sided p = 0.45) or extension (Rho = 0.11 (95%CI: -0.270 to 

0.456), two-sided p = 0.58). 

 

8.3.5 Agreement between measured and palpated hypo-mobility 
 

The number of hypo-mobile segments identified by palpation and confirmed by QF 

measurement are shown in Table 30. Agreement was poor and statistically significant 

only for C1/2 and C4/5 in extension.  

 Inter-

vertebral 

level 

Identified  

hypo-

mobile 

Confirmed  

hypo-

mobile* 

% 

confirmed 
Kappa (95%CI) 

Sig. 

(p) 

 

 

 

Flex 

 

C1/2 18 1 6 0.04 (-0.063 to 0.148) 0.21 

C2/3 20 0 0 -0.07 (-0.161 to 0.021) 0.94 

C3/4 9 0 0 -0.18 (-0.477 to 0.110) 0.89 

C4/5 13 2 15 0.17 (-0.034 to 0.369) 0.05 

C5/6† 13 1 8 0.01 (-0.192 to 0.214) 0.46 

Pooled 73 4 5 -0.02 (-0.094 to 0.063) 0.65 

 

 

Ext 

 

C1/2 18 6 33 0.28 (0.024 to 0.526) 0.02 

C2/3 20 0 0 -0.14 (-0.272 to -0.015) 0.99 

C3/4 9 1 11 0.01 (-0.280 to 0.307) 0.46 

C4/5 13 4 31 0.26 (-0.033 to 0.554) 0.04 

Pooled 60 11 18 0.08 (-0.022 to 0.181) 0.06 

*Number of hypo-mobile levels identified on palpation and confirmed by measurement as movement ≤ the 

hypo-mobility threshold; †, flexion only – no hypo-mobility detected by QF in extension 

Table 30: Hypo-mobile levels identified by palpation (C1-C6) and confirmed by 
measurement in flexion (n=141 segments) or extension (n=116 segments) 

 

Table 31 (next page) shows the number of hypo-mobile segments identified by 

palpation and those identified by QF measurement when the threshold for hypo-

mobility was raised to 5°. The Kappa values indicate no agreement between these.28  

                                                
28

 The hypo-mobility cut-offs calculated previously (section 6.3.5 page 134) are likely to be too 
small to be detected by palpation. Due to the reported inaccuracy of spinal palpation (Robinson 
et al. 2009), adjacent segments were included.   
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Inter-vertebral 

level 

Identified  

hypo-

mobile 

Confirmed  

hypo-mobile* 

% 

confirmed 
Kappa (95%CI) 

Sig. 

(p) 

C2/3 20 6 30 0.00 0.50 

C3/4 9 2 22 0.06 (-0.064 to 0.193) 0.16 

C4/5 13 6 46 0.04 (-0.160 to 0.248) 0.34 

Pooled 42 14 33 0.06 (-0.032 to 0.158) 0.10 

*Number of hypo-mobile levels identified on palpation and confirmed by measurement as movement of <5° 

in flexion or extension at the identified or adjacent segment 

Table 31: Hypo-mobile levels (<5°) identified by palpation (C2-C5) and confirmed by 

measurement (n=87 segments) 

 

The sensitivity and specificity values for identifying hypo-mobile segments (<5°) with 

palpation are shown in Table 32. These suggest that palpation of hypo-mobility is only 

moderately sensitive and specific at C4/5 in extension.  

 

 
Sensitivity  

(95%CI) 

Specificity  

(95%CI) 

Likelihood ratio  

(positive test) 

C2/3 0.55 (0.234 to 0.833) 0.22 (0.064 to 0.476) 0.70  (0.349 to 1.181) 

C3/4 0.33 (0.043 to 0.778) 0.70 (0.471 to 0.868) 1.10  (0.286 to 3.196) 

C4/5 0.75 (0.349 to 0.968) 0.67 (0.430 to 0.854) 2.25  (1.025 to 4.672) 

Pooled 0.56 (0.349 to 0.756) 0.55 (0.417 to 0.675) 1.24  (0.767 to 1.882) 

Table 32: Sensitivity and specificity of palpation for identifying hypo-mobility (<5°) in 

flexion or extension at the identified or adjacent segment 

 

8.3.6 The prevalence of hypo-mobile segments at baseline and 

follow-up 
 

There were three tracking failures of C5/6 in two patients at follow-up (Appendix 29). 

The number of inter-vertebral levels classed as hypo-mobile at baseline and follow-up 

in patients are displayed in Figure 52, along with those levels from the intra-subject 

reproducibility study in healthy volunteers (section 7.3.3 page 157) for comparison. 

While most of these segments in patients were no longer classed as hypo-mobile at 

follow-up, nine segments were hypo-mobile that had been within normal range at 

baseline.  
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There was no significant difference in the prevalence of hypo-mobility at baseline (two-

sided p = 0.76, Fisher’s Exact test) or follow-up (two-sided p = 0.27, Fisher’s Exact 

test) between groups. Within-group change was similarly not significant (healthy 

volunteers: two-sided p = 0.11; patients: two-sided p = 0.43).       

 

 

F/U, follow-up 

Figure 52: The prevalence of hypo-mobile segments at baseline and follow-up in 
patients and healthy volunteers 

 

Of the 15 segments in patients no longer hypo-mobile at follow-up only one increased 

in range greater than the MDC for that level (Figure 53). This segment received three 

manipulations over the study period, including one at the final treatment visit.  
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Figure 53: Baseline and follow-up motion graphs showing freeing of a hypo-mobile 
C5/6 segment 

 

8.3.7 The prevalence of paradoxical motion at baseline and follow-

up 
The prevalence of paradoxical motion segments at baseline and follow-up is shown in 

Figure 54, along with healthy volunteers’ data for comparison (section 7.3.3, 157). Most 

of these segments in patients were no longer classed as paradoxical at follow-up; 

seven segments were newly paradoxical that had not been at baseline. There was no 

significant difference in the prevalence of paradoxical motion segments at baseline 

(two-sided p = 0.20, Fisher’s Exact test) or follow-up (two-sided p ˃0.99, Fisher’s Exact 

test) between groups. Within-group change was not significant in the patient group 

(two-sided p = 0.57, Fisher’s Exact test) but was in the healthy volunteer group two-

sided p = 0.04, Fisher’s Exact test).  
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 F/U, follow-up 

Figure 54: The prevalence of paradoxical segments at baseline and follow-up in 
patients and healthy volunteers 
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8.3.8 Changes in cervical angular inter-vertebral motion  
While the mean IV-RoM of the five inter-vertebral levels increased for 4/5 levels in 

flexion and 4/5 levels in extension between baseline and follow-up (see Appendix 29), 

these changes were small and not significant except for C3/4 in flexion, which 

increased in range on average by 1.2° (p=0.01). As shown in Figure 55 (flexion) and 

Figure 56 (extension), these small amounts of change occurred in both directions and 

in many segments.   

 

Figure 55: Difference against mean flexion angular range of each motion segment in 
patients with neck pain (n= 148 segments) 
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Figure 56: Difference against mean extension angular range of each motion segment 
in patients with neck pain (n= 148 segments) 
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However in 12/29 of the patients (41%), 17/148 segments (11.5%) increased their 

ranges above MDC in flexion and 3/148 segments (2.0%) in extension after treatment. 

The 20 segments (flexion and extension) that increased in range above MDC were 

categorised as hypo-mobile (≤ mean-2SD), hyper-mobile (˃ mean+2SD) or normal (˃  

mean-2SD and < mean+2SD) at baseline and follow-up based on healthy control data 

(Deitz et al. 2011), and these are shown in Figure 57.   

 

             Hypo-mobile                           Hyper-mobile 

Figure 57: Baseline and follow-up angular range classification of segments that 
increased in range (n=20 segments) 

 

This figure shows that only one out of the 20 segments that became more mobile 

exhibited hypo-mobility at baseline (see page 138 for further description of hypo-

mobility). Indeed all other segments were within normal range at baseline. At follow-up, 

13 of these 20 levels had not increased their range to the extent of being hyper-mobile. 

However, the remaining seven levels in four patients were now hyper-mobile.   

There was no correlation between increased range at these levels and corresponding 

decreases in range beyond the MDC within patients at other levels (Rho = 0.05 (95% 

CI: -0.326 to 0.406) two-sided p = 0.41). This opens the question of whether 

manipulation in these patients could have resulted in the hyper-mobility.   
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8.3.9 The association between increased cervical IV-RoM and spinal 

manipulation 
Of the 20 inter-vertebral levels that did increase in range after treatment, only four were 

the recorded targets for manipulation given at the final treatment visit. A significantly 

higher proportion (13/29, 44.8%) of targeted or adjacent segments in patients who 

received at least four manipulations over the study period increased in range compared 

with the same segments in the untreated healthy volunteers (2/27, 7.4%), (two-sided 

Fisher’s Exact test p = 0.002), again suggesting a link between increased segmental 

mobility and spinal manipulation.  

Finally, in Figure 58 the number of manipulations received by each patient is plotted 

against the number of levels that increased in range above the MDC in either flexion or 

extension in all patients.  

 

 

Figure 58: The number of manipulations received by patients versus the number of 
inter-vertebral levels that increased above the MDC 

 

As shown, the number of manipulations received was weakly but positively correlated 

with the number of levels that increased their inter-vertebral range in a dose-response 

manner (Rho = 0.39 (95% CI: 0.014 to 0.663), upper side p = 0.04). Conversely, this 

number of manipulations was not associated with the number of levels that decreased 

their ranges in excess of the MDC (Rho = -0.18 (-0.520 to 0.205), upper side p = 0.82).  
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Despite this, nine patients experienced no increase in segmental range at any level, 

even when they received at least nine manipulations which, as suggested by Figure 58, 

was the number of manipulation below which no levels increased above MDC.  

 

8.3.10 Correlating increased cervical IV-RoM with patient-

reported outcomes 
In Table 33 are shown patients’ changes in pain, disability, quality of life and global 

impression of change scores, which were all significantly improved at follow-up. 

However, there was no correlation between increased cervical IV-RoM and any of 

these outcomes.  

PROM 

Baseline 

Mean 

(SD) 

Follow-up 

Mean (SD) 

Sig.  

(p) † 

Percentage 

Change 

Score 

(95%CI) 

Correlation of 

Percentage 

Change and 

increased IV-

RoM ** 

Sig. 

(p) ‡ 

NRS/10 5 (1.5) 2 (1.6) p<0.0001 
52% (40.6 to 

63.4%) 

0.02 (-0.350 to 

0.383) 
0.92 

NDI/50 13 (6.7)* 6 (4.9) p<0.0001 
48% (36.2 to 

59.8%) 

0.12 (-0.260 to 

0.464) 
0.54 

EQ-5D-5L 

VAS/100 
75 (15.5) 84 (14.9) p=0.001 

6% (-10.0 to 

22.0%) 

-0.12 (-0.465 to 

0.259) 
0.54 

EQ-5D-5L 

Index/-

0.59 to 1.0 

0.744 

(0.099) 
0.819 (0.105) p<0.0001 

9% (4.4 to 

13.6%) 

-0.19 (-0.518 to 

0.192) 
0.33 

PGIC/ 

-10 to +10 
- 

87% 

‘improved’*** 
- - 

-0.05 (-0.407 to 

0.325) 
0.81 

PROM, patient-reported outcome measure; Sig, significance; p, two-sided p-value; †, Wilcoxon signed 

rank test; ‡, Spearman’s rank correlation coefficient; *normally distributed; **Increased IV-RoM = number 

of inter-vertebral levels increased in range above MDC ***At least 30% improvement 

Table 33: Correlations between patient-reported outcomes and increased cervical 
inter-vertebral angular motion 

Twenty-six of the 29 patients (90%) were ‘very’ or ‘extremely’ satisfied with the results 

of their treatment for neck pain, two were ‘somewhat’ satisfied, and one was ‘mixed’ 

(approximately equal satisfaction and dissatisfaction).29  

                                                
29

 The 30
th
 patient, for whom cervical IV-RoM data was not available due to a technical error, 

also reported a ‘mixed’ level of satisfaction. While a clinically significant reduction in pain was 
reported, a large temporary increase in symptoms was experienced by this patient during the 
study period.    
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Levels of satisfaction were not correlated with increased cervical IV-RoM (Rho = -0.26 

(95%CI: -0.574 to 0.130) two sided p = 0.19).    

8.3.11 Clinically important differences in patient-reported 

outcomes and increased cervical IV-RoM 
 

PROM 
Clinically 

improved* 

Not clinically 

improved 

Sig.  

(p) 

Clinically 

improved* 

Not 

clinically 

improved 

Sig. 

(p) 

 Proportion of patients with  

increased IV-RoM**  

(n=29) 

 Proportion of segments 

with increased IV-RoM 

(n=286) 

 

NRS 32%  

(8/25) 

50% 

(2/4) 

0.59 5% 

(13/247) 

15% 

(6/39) 

0.03 

NDI 35% 

(7/20) 

33% 

(3/9) 

˃0.99 5% 

(10/199) 

10%  

(9/87) 

0.12 

EQ-5D-5L 

VAS 

33% 

(1/3) 

35% 

(9/26) 

0.22 3% 

(1/30) 

7%  

(18/256) 

0.70 

EQ-5D-5L 

Index 

18% 

(1/8) 

43% 

(9/21) 

0.20 3% 

(2/80) 

8% 

(17/206) 

0.11 

Sig, significance; p, two-sided (by summation) Fisher’s Exact test 

*Clinically improved defined as follows: NRS and EQ-5D-5L VAS, ≥ 30% reduction (Pool et al. 2007; 

Ostelo et al. 2008); NDI, ≥ 14% reduction (MacDermid et al. 2009b); EQ-5D-5L Index, ≥ 0.083 (the mean 

change score of those ‘improved’ based on the PGIC; **at least one level increased above MDC    

Table 34: Increased cervical inter-vertebral angular motion in patients clinically 
improved and not clinically improved 

 

Table 34 compares the proportion of patients who were clinically improved and had 

increased IV-RoM against those who had increased IV-RoM but were not clinically 

improved; there were no significant differences for any of the PROMs. When the 

number of segments that increased in angular range in those who were clinically 

improved were compared to the same segments in those not clinically improved, the 

only significant difference was for pain, where a greater proportion of segments were 

increased in those whose pain had not improved or worsened.     
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As shown in Table 34, the majority (25) of patients (87%) reported clinically significant 

reductions in pain;30 this included two patients who had hyper-mobile segments at 

follow-up (one and three levels respectively). Four patients (13%) reported no change 

or worsening of their neck pain.  

Two of these four individuals had no increases in cervical IV-RoM while the other two 

patients did. In the two cases of no cervical IV-RoM change, pain was increased (by 

30%). One of these two patients had no detectable change in disability, while the other 

had a clinically significant decrease in disability score.  

Of the two clinically unchanged/worsened patients who had increases in IV-RoM above 

MDC, the first had one segment that increased in range and was classed as hyper-

mobile at follow-up; the second patient had five levels increased, two of which were 

hyper-mobile at follow-up (no change in pain in both cases; disability was clinically 

improved in the first and unchanged in the second patient). 

In five patients clinically important differences (CID) in disability could not be detected, 

as their NDI baseline scores were less than the CID of 7 (MacDermid et al. 2009b), and 

so these scores were subject to floor effects. Despite this, most patients (69%) had a 

clinically significant improvement in disability.    

Quality of life as measured with the EQ-5D-5L significantly improved at the group level, 

but this was not significant for the VAS when baseline values were accounted for in the 

percentage change scores (Table 33). Only three patients had at least a 30% 

improvement in this score. The mean baseline VAS of 75% (SD 15.5%) meant that this 

score was subject to ceiling effects, precluding the detection of meaningful 

improvement in some patients (mean change score was 5%, SD 43%). It also meant 

that in this cohort that quality of life appeared not to be significantly impacted by neck 

pain.  

The mean change score for the EQ-5D-5L Index values was significant but small (9%). 

The CID for the EQ-5D-3L Index has been calculated from a back pain trial (mean 

minimally important difference for improvement = 0.046, SD 0.109; standardised 

response mean = 0.25) (Walters and Brazier 2005) but not for neck pain nor for the 

EQ-5D-5L, which is intended to be more responsive than the original three level 

version (Herdman et al. 2011). 31  

                                                
30

 NRS reduction: ≥ 50% (21/29 patients), ≥ 70% (9/29 patients), = 100% (2/29 patients)  
31

 For information: EQ-5D-3L Index data were collected in a randomised trial of physiotherapy 
interventions for neck pain (Klaber Moffett et al. 2005). The mean raw Index change score (at 
three months) from a mean baseline of 0.696 was 0.016 (Manca et al. 2006). In this present 
study, the mean raw Index change score (at four weeks) was 0.075.     
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Based on the mean change score of Index values reported in this present study for 

those ‘improved’ based on the PGIC, eight patients had a clinically important 

improvement in their quality of life score.   

 

8.4 Discussion 
 

This study has shown for the first time that spinal manipulation is associated with 

increasing cervical inter-vertebral angular motion, albeit the association was weak 

(Figure 58). Previous research has found increases in regional cervical ROM 

immediately after manipulation (Cassidy et al. 1992; Martinez-Segura et al. 2006), one 

week after manipulation (Saavedra-Hernandez et al. 2012) and after a course of 

cervical manipulation (Whittingham and Nilsson 2001). It is possible however that the 

changes in regional ROM observed in these studies may not have been attributable to 

any mechanical changes due to manipulation, but could have been due to a change in 

participants’ behaviour (Bahat et al. 2014). The cross-sectional study by Bahat et al. 

(2014) found fear of motion to be consistently associated with decreased flexion, 

extension and left/right rotation (Bahat et al. 2014). Fear of motion was also correlated 

with pain intensity, so this could have been a covariate for the reduced extension ROM 

which had been correlated with pain in that study.   

At baseline in this present work, while regional cervical ROM was significantly reduced 

in patients compared to healthy volunteers (Chapter 6, Table 14, page 135), neither 

regional ROM nor cervical IV-RoM were correlated with baseline severity of pain or 

disability. The encouragement to patients to move as far as they could, through the 

pain if possible, may have overcome any fear of movement, or it may be that flexion 

and extension were not the most pain-provoking movements. The only correlation in 

this present study between baseline outcome measures and motion, regional or inter-

vertebral, was that patients reporting higher levels of pain had fewer lax segments. This 

suggests that segments in patients with more pain were more likely to be slowly 

moving, at least in the corresponding first 10° of neck motion.  

It was assured that all participants were moving at the same velocity by following the 

face-rest attached to the motion frame during image acquisition (Figure 17) and the 

angular velocity differences at segmental levels can be considered true inter-vertebral 

differences. Although patients were asked to inform the researcher if their face was 

sliding on the face-rest during motion there is the possibility of some differences in 

gross head movement between participants.  
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Lax segments were most commonly observed at C1/2 in extension, and it might be that 

the speed of the head nodding back during extension was perhaps not as well 

controlled as was the rest of the neck motion. Because of the relatively large mass of 

the head, active cervical ROM has been characterised as essentially passive at end-

range (Nilsson et al. 1996b). Any lack of motor control or muscle recruitment 

impairment present in some patients could perhaps contribute to poor head control 

(Tsang et al. 2014).  

In this study regional cervical ROM was standardised with the intention of taking all 

segments through their full range, and this range was not significantly different between 

baseline and follow-up; and, since increased IV-RoM was determined based on the 

MDC over the four-week study period, the segmental increases can be considered true 

changes with some confidence. However, only one level that increased in range was 

hypo-mobile at baseline. 

8.4.1 Hypo-mobility 
There was little agreement between palpation findings of hypo-mobility and that 

measured by QF, even when the threshold for hypo-mobility was increased to five 

degrees. It has been previously shown that congenital block vertebrae can be reliably 

identified as the most hypo-mobile segments with motion palpation by even relatively 

inexperienced palpators (final year chiropractic students) (Humphreys et al. 2004). 

However, congenital blocks are effectively immobile; the discrepancy in motion 

between a segment that is not moving, and those that are, will be more readily 

palpated than that of a moveable segment whose motion is reduced.  

The findings from this present study, using QF as the reference standard, are more 

representative of the usual clinical scenario where congenital blocks are rare. Hypo-

mobility was palpated far more frequently than it was measured. Dvorak et al. (2008) 

has cautioned against placing too much significance on the finding of segmental hypo-

mobility in the absence of symptom-provocation, particularly in older patients where 

mobility has probably decreased as a function of aging (Dvorak et al. 2008). The 

presence of hypo-mobility in this present study was not associated with the age of 

patients (Rho 0.21; 95%CI: -0.170 to 0.535), p = 0.27), so was not being erroneously 

identified in older patients.  

In a study that compared motion palpation findings of hyper-mobility in patients with 

LBP with measurements from flexion-extension radiography, palpation was specific but 

not sensitive at detecting hyper-mobility; the detection of hypo-mobility was not 

performed (Abbott et al. 2005).  
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In this study, the palpation of hypo-mobility was only sensitive and specific at C4/5, in 

extension. Some concurrent validity is lent to this finding when the influence of 

anatomical structures during flexion and extension are considered. During cervical 

flexion the posterior muscles and ligaments stretch and there is eccentric contraction of 

the stabilising musculature, which make it difficult to palpate joint movements, while in 

extension, these structures are relaxed and the joints can be better discerned by 

palpation.  

However, as Abbott et al. (2005) found for hyper-mobile segments, hypo-mobile 

segments were more often palpated than measured. It might be that palpated and 

measured hypo-mobility are two different constructs. Rather than palpation being a 

method of measuring IV-RoM, it is likely that a dichotomous decision is being made - 

hypo-mobile or not - this being decided based on the motion relative to other cervical 

levels within the same patient. When Abbott et al (2006) took into account within-

subject variability, the presence of hypo-mobility as determined from flexion-extension 

x-rays was found to be more discriminatory between patients and controls (Abbott et al. 

2006). It was not possible to follow that methodology in this present study as the data 

were not always normally distributed. Also, the approach and the intent of practitioners 

can vary regarding the relative importance of interpreting palpatory findings (Abbott et 

al. 2009) which adds a layer of variability that makes comparisons with a standardised 

measurement method problematic.   

The presence of (palpated) hypo-mobility is an important feature of a proposed clinical 

prediction rule (CPR) thought to predict a favourable response to spinal manipulation 

for LBP (Childs et al. 2004a). While hypo-mobility is not a direct feature of a clinical 

prediction rule developed to predict neck pain patients’ likelihood of a positive outcome 

with cervical manipulation (see section 2.4.2 page 16), patients in the study where this 

rule was developed had manipulation directed to the level found to be most “restricted” 

(Puentedura et al. 2012a), not the most symptomatic.  

It is not known how many of the patients in this present study will have met the 

condition of that CPR; certainly, most had symptoms longer than 38 days. A shorter 

duration of symptoms is a predictor of improvement independent of manipulation 

(Carroll et al. 2008b), so the group of patients identified by this rule will include patients 

who are likely to improve irrespective of treatment. Furthermore, in a study by Haas et 

al. (2003) 104 patients with neck pain were randomised to receive cervical 

manipulation directed either to restricted levels identified by palpation or to levels 

selected at random by a computer.  
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Both groups showed immediate clinically important improvements in pain and stiffness 

with no differences between groups (Haas et al. 2003). The study authors’ concluded 

that, “pain modulation may not be limited to mechanisms associated with manipulation 

of putative motion restrictions” (Haas et al. 2003).    

In this present study segments exhibiting hypo-mobility or paradoxical motion, both 

considered to be indications for spinal manipulation (Schafer and Faye 1989; Peterson 

and Bergmann 2011), were observed to come and go with no more or less frequency 

than in healthy volunteers receiving no manipulation (Appendix 24), casting further 

doubt on their clinical importance.  

The clinical importance of increased IV-RoM, at least in the sagittal plane, is also under 

question since there was no correlation between increased IV-RoM and any of the 

patient-reported outcomes of pain, disability, quality of life or patient global impression 

of change. It might have been that increases in IV-RoM were important for pain 

reduction in some patients, but not for others. However, it is not currently possible to 

distinguish between these patients at baseline. 

 

8.4.2 Other possible mechanisms of manipulation 
It is possible that clinically important changes in IV-RoM occurred at levels (C0/1, 

C7/T1, thoracic spine), or in directions (coronal plane, transverse plane) that were not 

measured. Changes in kinematic variables other than angular range, such as IAR 

(Hwang et al. 2008) or phase lag (Bogduk and Mercer 2000) could be more clinically 

important. Alternatively, a different mechanism(s) that could account for the clinical 

improvements observed after manipulation may be have been involved (see Figure 

13).  

• Other reasons for recovery 

Other possible reasons for improvement that cannot be ruled out in an observational 

study like this one include: placebo effect (patient’s expectations of benefit from an 

intervention that might be therapeutically inert, for them), curabo effect (positive nature 

of the practitioner increasing the patient’s confidence in the therapy) (Graz et al. 2005) 

and the natural history (regression to the mean) of neck pain, or if pain was muscular in 

origin, trigger point therapy and light massage may have been therapeutic without 

influencing IV-RoM. The rationale for including these treatments was to reduce the risk 

of drop-out of those participants with muscle pain not experiencing adequate pain 

relief. If a broad definition of spinal manipulation is taken it can be argued that these 

muscle treatments fall under the aegis of ‘spinal manipulation’ (Harvey et al. 2003).  
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Additionally, the use of cold/hot packs and analgesia by some patients may have 

contributed to symptomatic improvement. 

Even in a controlled study it is difficult or impossible to completely remove non-specific 

effects. One study attempted to control for these non-specific effects by anaesthetising 

six patients with LBP who were then placed on their sides and SMT was delivered to 

half the group (Kawchuk et al. 2009). When patients woke up they were unaware of 

whether they had received SMT or not, and those who had received the intervention 

reported greater pain reduction than the controls, providing some preliminary evidence 

of a true therapeutic effect. However, while encouraging, these are only preliminary 

findings from a small study sample and the possibility of  the anaesthetic agents having 

an analgesic effect have yet to be ruled out (Kawchuk et al. 2009).  

8.4.3 Patients who did not improve 
 

• Heterogeneity of cohort 

While neck pain was the cardinal symptom in all patients the majority had pain at other 

body sites, so the group was not symptomatically homogeneous. Patients with multi-

site pain are less likely to report symptomatic improvement (Michaelson et al. 2004), 

whether or not any changes have occurred in cervical inter-vertebral motion after 

treatment. However, with 25/29 patients reporting clinically significant decreases in 

pain, multi-site pain appears not to have been an important confounder. Also, in a 

study that measured regional cervical ROM with an electromagnetic tracker system no 

differences in this motion were found between patients with neck pain and patients with 

neck pain and LBP (Rudolfsson et al. 2012). This suggests that additional pain, at least 

LBP, probably does not affect cervical IV-RoM.  

Including patients with pain in addition to the neck is likely to be more reflective of 

clinical practice (Bolton and Hurst 2011) which can make results more generalisable. In 

a large population-based survey in Norway with 1,144 returned questionnaires, 34.4% 

of respondents reported neck pain in the previous week, but only 1.4% reported pain 

confined to the neck (Natvig et al. 2010). 15.9% had “regional neck pain” (pain in head, 

shoulder or upper back), 14.8% reported “neck pain as part of widespread pain” (pain 

in one to three additional pain sites distant from the neck) and 2.4% had “neck pain as 

part of scattered pain” (pain in four or more of nine sites other than the neck) (Natvig et 

al. 2010).  
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The response rate in this survey was only 54.4% so the results must be interpreted 

with caution due to the risk of responder bias; for example, those with more 

problematic widespread pain problems are perhaps more likely to return such a survey.  

However these findings do echo that of the multisite pain commonly reported by 

patients presenting with chronic musculoskeletal pain to primary care (Carnes et al. 

2007). In a survey of AECC outpatient clinic records between 1997-1999, 50% of 

patients reported having one area of complaint; for example, the neck or low back 

alone (Wagennaar 2000). Therefore confining recruitment to those with neck pain 

alone would have had a restrictive effect on the recruitment rate.32  

• Negative prognostic factors 

Four patients did not symptomatically improve, two of whom had increased cervical IV-

RoM at follow-up. This group exhibited a number of negative prognostic factors for 

neck pain, independent of any intervention (Appendix 30) as shown in Figure 59, which 

may have contributed to the poor outcomes. While a study which studied the results 

from three randomised trials of treatments for neck pain found that older age was 

associated with an increasing likelihood of recovery with SMT in the longer term versus 

‘usual care’, this benefit was negated in the presence of co-morbid LBP 

(Schellingerhout et al. 2008). Conversely, the probability of recovery with SMT 

diminished with increasing baseline NRS pain scores (˃7/10) (Schellingerhout et al. 

2008). 

 Negative prognostic factors for neck pain (Carroll et al. 2008b)  

Patient Female Older 

age* 

Pain ˃ 6 

months 

Co-

morbid 

LBP 

Greater 

baseline 

pain** 

Greater baseline 

disability** 

P04       

P05       

P11       

P28       

*Particularly in 45-59 age-group (Hill et al. 2004); **greater than mean NRS or NDI scores for the cohort 

Figure 59: Known negative prognostic factors present in patients who did not improve 

 

 

                                                
32

 It is also worth noting that the vast majority of patients approached (n=161) regarding 
participation in this study were excluded (Figure 46 page 124).   
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While three of these patients experienced temporary increases in symptoms during the 

study period, adverse events after cervical SMT which are typically mild-moderate, are 

not believed to negatively affect clinical outcomes, at least not at three months 

(Rubinstein et al. 2007); however, patients were not followed-up beyond the four-week 

study period.  

Four weeks of passive treatment proved insufficient for this group who may have 

benefited from the addition of exercise rehabilitation (Falla et al. 2012; Vincent et al. 

2013) or perhaps alternative treatment. One patient did not improve despite receiving 

treatment out-with the study protocol (thoracic SMT) which has been shown to be 

efficacious for neck pain (Cross et al. 2011). 

The presence of occupational risk factors for recovery in this cohort, such as lack of 

control in the workplace (Carroll et al. 2008a), are unknown. Equally unknown are the 

presence or absence of positive prognostic factors for recovery from neck pain, such 

as having a good social support network (Bergstrom et al. 2012) and a propensity 

towards physical activity (Rasmussen-Barr et al. 2013). 

None of the patients had evidence of central pain hypersensitivity, based on algometry 

testing, at baseline (Table 26 page 168) which could have been an additional negative 

prognostic factor for recovery with passive treatment. It may be that this is a feature 

more related to whiplash-associated neck pain, rather than idiopathic neck pain 

(Walton et al. 2013; Smith et al. 2014). Algometry data was missing for two of the 

patients who did not improve. Additionally, while the same model of algometer was 

used as in a large study that derived reference values for pain-pressure thresholds 

(Neziri et al. 2011), the handle was susceptible to sticking so may not have been 

particularly sensitive at detecting pain at small pressures. Therefore, the possibility of 

some patients having central hypersensitivity cannot be entirely discounted.  

Three of the four patients who did not improve did have a prior history of whiplash-

associated disorders which can also be associated with post-traumatic stress that can 

further hamper recovery (Walton et al. 2013). Other negative psychological prognostic 

factors, the presence of which were unknown, include catastrophising and anxiety (Hill 

et al. 2007). Abnormal illness behaviour was not suspected in any of the patients and 

was not tested for (Vernon et al. 2010).  
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• Non-mechanical neck pain 

The likelihood of any of the patients having non-mechanical neck pain is very small 

(NHMRC. 2003). However it is possible that some patients had excessive inflammation 

(Teodorczyk-Injeyan et al. 2011) that would better respond to an anti-inflammatory 

strategy. Also, evidence has emerged that Modic type 1 changes at inter-vertebral end-

plates have an important role to play in a small sub-group of LBP sufferers (Albert et al. 

2013) and these changes are known to occur in the cervical spine (Mann et al. 2014) 

although their role in the evolution of neck pain has yet to be elucidated. 

  

8.4.4 Additional limitations 
Due to the observational design of this study increases in IV-RoM can only be 

associated and not causally linked with treatment nor with HVLA manipulation, since 

soft tissue treatment was also received by most patients. The increases in IV-RoM may 

be related to decreases in pain, and pain may have reduced for reasons other than 

treatment, such as natural history. However, since regional cervical ROM was 

unchanged at follow-up, increases at the segmental level are not readily explained by 

reduced pain alone but suggest mechanical changes have occurred. Changes in 

segmental motion in planes other than the sagittal plane may have occurred and may 

be symptomatically important, but these could not be measured. 

Hypo-mobility as documented by chiropractic interns was retrospectively extracted from 

patient’s files. Palpation is known to be unreliable in the absence of pain provocation 

(Triano et al. 2013) and hypo-mobile levels were frequently not identified as being 

tender. Further, the direction of segmental hypo-mobility was not documented, and 

may not have been palpated in flexion or extension. Although it has been suggested 

that if motion is reduced in the sagittal plane it is probably also reduced in other planes 

(Hipp and Wharton 2008), this is not necessarily the typical finding in manual therapy 

practice. Had there been a more standardised protocol followed by examiners then 

agreement between palpated and measured hypo-mobility may have been better. 

However, the strength of there not having been a study protocol is that the data were 

untarnished by the Hawthorne effect as interns did not know these data were to be 

collected.  

Similarly the palpation methods used by the chiropractors to determine the target 

segments for manipulation and the manipulative technique used were not 

standardised.  
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While it was routine practice at the AECC outpatient clinic to use motion palpation, 

there remains the possibility of alternative approaches being used. However, the use of 

HVLA manipulation was stipulated. 

Follow-up IV-RoM and PROMs data were collected immediately after the final 

treatment session so it is possible that changes in IV-RoM were a reflection of the final 

treatment although the significant dose-response found between the number of 

manipulations and increased IV-RoM would suggest that changes were cumulative. It 

is possible that any IV-RoM changes were only short-term as is the case with changes 

in passive regional cervical ROM after SMT (Nilsson et al. 1996a). Finally, changes in 

clinical outcomes were not collected beyond the four-week study period therefore 

longer-term benefits are unknown.    

 

8.5 Conclusion 
 

There was little overall change in inter-vertebral range of motion in the patient group 

following cervical manipulation, although inter-vertebral motion did increase in some 

individuals. However, some segments which were not hyper-mobile at baseline 

became hyper-mobile after treatment. These did not seem to be accompanied by 

compensatory decreases at other levels and were not necessarily the levels targeted 

for manipulation. The number of segments that increased in range seems to have been 

related to the number of manipulations received. 

Overall, the effects of cervical manipulation on inter-vertebral motion appear to be 

towards increasing mobility, but only in some patients and not necessarily to increase 

the range of hypo-mobile levels. Furthermore, increased segmental motion was not 

correlated to patient-reported outcomes so these segmental changes were not clearly 

related to clinical benefit.  
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Chapter 9. General Discussion  

 

The Global Burden of Disease (2010) survey highlighted the growing problem of neck 

pain-related disability (page 6) while the Neck Pain Task Force identified the continuing 

difficulties in accurately diagnosing most cases of neck pain (page 7). Systematic 

reviews have concluded that a small number of treatments, including spinal 

manipulation, can be effective when included in the management of neck pain, but 

effect sizes are small and trial results sometimes conflicting (pages 35 – 43). This is 

perhaps indicative of the difficulties in appropriately targeting treatment to a 

heterogeneous group of patients, coupled with a lack of understanding of the 

mechanism behind the clinical effects of these treatments. This thesis adds to the body 

of evidence examining the mechanism of spinal manipulation (pages 25 – 34). The 

following issues stand out as factors contributing to the implications of the findings from 

this work. 

 

9.1 Sequencing of studies and limitations of research designs 
 

When measuring inter-vertebral motion in living subjects the standardisation of spinal 

motion is essential to reduce variability where possible, both between and within 

participants. This was approached through the use of standardised instructions and a 

stabilisation and motion-frame (Figure 18). This level of standardisation is considered  

an advance on methods used in previous cervical inter-vertebral motion studies 

(Bogduk and Mercer 2000; Anderst et al. 2011). The lack of differences found in the 

kinematic variables measured between patients with neck pain and healthy volunteers 

was therefore less likely to be due to incorrect positioning of participants (Chapter 6), 

nor did the presence of radiographic skeletal variants in each group appear to be 

important confounders (page 134).  Additionally, QF was found to be more repeatable 

than plain-film flexion-extension radiography for IV-RoM (Table 6) lending further 

confidence to the interpretation of the study findings.  

As a quality control measure the sagittal alignment of the cervical spine (lordosis) was 

measured and was not significantly different between groups although large variability 

was present between individual participants (Table 4). Despite the control introduced 

by the motion-frame, participants’ motion remained voluntary which can be considered 

a reasonable compromise and may account for this variability; inducing neck motion in 

participants could risk injury as well as making findings less transferrable to normal 

everyday neck movements.  
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Hypo-mobility was defined as motion at or below the 2.5th percentile for that segment 

and direction. These thresholds were calculated from the data of published plain-film 

studies due to data from this present study not always exhibiting a normal distribution 

(page 138). Since the thresholds were calculated from studies that measured regional 

end-range motion rather than true inter-vertebral end-ranges (van Mameren et al. 

1990), these values might vary from that had they been calculated with this present 

study’s methodology. However, hypo-mobility thresholds were calculated from the 

studies considered to have the most sound methodology and reporting (Deitz et al. 

2011). Furthermore, although the hypo-mobile thresholds may be considered small 

(Table 18), congenital fusions present in two healthy volunteers were correctly 

identified as hypo-mobile so lending the thresholds validity.    

Attainment rate as defined in this thesis (Figure 34) was intended as an in vivo proxy 

for neutral zone laxity, although this is yet to be validated (Breen et al. 2012). However, 

this was considered to be worthy of exploration in this study given that previous 

cervical spine studies have not been particularly successful in identifying motion 

differences between patients and controls (Bogduk and Mercer 2000) and attainment 

rate can only currently be measured with QF. The only significant difference in this 

measurement between patients and healthy volunteers in this study was C1/2 in flexion 

which on average had a lower attainment rate in patients (Table 20). The patient group 

appeared to have less lax levels although the clinical significance of this is unknown. It 

is suggested that segmental stiffness may have been more prevalent in the patient 

group and so might be an important variable for future research that could include the 

measurement of spinal stiffness.   

The lack of differences in the kinematic parameters measured at baseline created 

uncertainty regarding the likelihood of identifying clinically meaningful changes in these 

parameters in the patients. Time and resources did not allow for the analysis of 

alternative variables such as translation, and IAR location was not sufficiently 

repeatable (Chapter 5). It remained unknown however, whether changes in IV-RoM 

might be greater in the patients versus healthy volunteers, so follow-up studies were 

pursued.   
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9.2 The minimum detectable change 
 

Despite the use of measures to minimise measurement variability the MDC, as 

calculated from the healthy volunteers, was high (Table 24), highlighting the difficulties 

inherent in this type of research (Appendix 1). In order to replicate measurement 

conditions at four-week follow-up a number of measurements were taken of the 

stabilisation and motion-frame (Figure 20).  

This was sometimes awkward to do, with the operator taking the measurements while 

wearing a lead-apron and within the confined space produced by the C-arm and 

motion-frame while the participant sat still. Therefore, while QF represents an 

improvement on the participant positioning reported in previous studies (van Mameren 

et al. 1990; Anderst et al. 2014) the potential for human error in these measurements 

may have contributed to measurement variability. Automating these measurements, 

where apparatus positioning might be memorised by the computerised motion-frame, 

would enhance replication of participant positioning, and perhaps reduce MDC.  

Compromises were made in the calculation of the MDC (see pages 158-159); some of 

the IV-RoM data was not normally distributed and on two occasions the within-subject 

standard deviation was not independent of the mean, both of which are pre-conditional 

on appropriate calculation of the MDC. However this was a justifiable compromise in 

order to detect changes in the patient group. Since all MDCs were of a similar order of 

magnitude this compromise is not considered to have had an important influence on 

the study findings.    

Measurement variability may also have been introduced due to repositioning of the 

face-rest, between flexion and extension motion sequences, during which the 

participants were required to stay absolutely still. It might be possible to develop a face-

rest that does not require re-positioning between sequences, which would further 

reduce erroneous measurement variability. Despite these positioning limitations, 

sagittal alignment of the cervical spine was not significantly different between sessions 

in healthy volunteers, suggesting participant positioning was standardised.  

Despite the large MDC, changes in cervical IV-RoM were observed in the patient 

group, in association with the number of manipulations received in a dose-response 

manner (Figure 58). The above limitations notwithstanding, these changes are less 

likely to have been detected only by chance. However, changes were not correlated 

with the PROMs measured (Table 33).  
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The lack of baseline differences between patients and healthy volunteers also suggests 

that the changes were not clinically meaningful. On the other hand, in an older or more 

disabled group than the cohort in this present study, where restricted motion might be 

more prevalent, increases in IV-RoM could be clinically important and merits further 

study in such populations.  

 

9.3 Alternative research designs 
 

The healthy volunteer group was not a “true” control group; that would necessitate a 

group recruited on the same inclusion/exclusion criteria as the patient group (Tables 11 

and 12), but not receiving manipulation. Any IV-RoM changes in the manipulation 

group not exhibited in the control group could therefore be more confidently ascribed to 

the intervention and not to intrinsic group differences. Ideally all participating patients 

would be randomised to receive real or sham manipulation to further reduce 

confounding (self-selection and allocation bias particularly) (Howick 2011) but 

appropriate sham conditions for cervical SMT have yet to be validated (Vernon et al. 

2012; Vernon et al. 2013). The control group could have included treatment that was 

not intended to have an effect on IV-RoM, such as analgesia. However, the time and 

resources required to recruit the patient cohort in this study, which took 18 months, 

could not have been extended to cover the recruitment of an additional 30 eligible 

patients (Figure 46). Further, if patients were denied their treatment preference this 

could have increased the drop-out rate and risked biasing the study findings; in this 

study there was no loss to follow-up. 

While the small sample size and the exclusion of the majority of potential participants 

(Figure 46) limits the generalizability of the study’s findings, the sample needed to be 

well-defined so that the data might be interpreted with confidence.  
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9.4 Clinical Implications 
 

In this study, no differences in IV-RoM (flexion/extension) were detected between 

patients with mild to moderately-disabling neck pain and healthy volunteers with no 

neck pain. It therefore remains that it is not possible to diagnose or sub-group patients 

with neck pain on the basis of sagittal IV-RoM. Since differences in IV-RoM could not 

be detected using an accurate and reproducible method of measurement (QF), it is 

unlikely that measurement methods used for this in the clinical setting, such as motion 

palpation, can alone provide clinically important information in patients similar to that 

from this study. Rather, the palpation of tenderness and the reproduction of pain with 

provocative testing may be thought to be more clinically informative.  

Compared to QF, inter-vertebral hypo-mobility was far more likely to be registered with 

motion palpation suggesting that this finding might be over-identified in practice and its 

clinical importance therefore, over-emphasised. It might also be that reduced or altered 

IV-RoM is only important in patients with higher levels of neck pain-related disability or 

in an older population than those included in this thesis. It is also unknown whether IV-

RoM in directions of motion other than that measured in this study, or different motion 

parameters, such as IAR location or laxity, might be of greater clinical importance.  

Most patients did not have segmental motion restrictions, at least not in the sagittal 

plane. Therefore practitioners should consider other grounds on which to base the 

diagnosis of neck pain than joint restriction. A promising route for researching this 

might be electromyography and muscle fatigue studies to explore the role of lactate 

build-up as a neck pain generator. Other kinematic parameters, such as IAR location, 

laxity and segmental motion pattern variability cannot currently be measured except by 

using QF. If future QF studies find that any of these are different in populations like the 

one studied here then palpation results of joint motion are going to be seen as 

redundant for not detecting the important elements. Practitioners should consider what 

else they might be feeling when they palpate, for example, anisotropic muscle.   

Regional flexion and extension cervical ROM was significantly reduced in patients 

compared to healthy volunteers.  In the absence of any IV-RoM differences the 

regional ROM differences are likely due to the presence of pain which may not exhibit 

an effect on segmental motion. This assumes that IV-RoM was not reduced in patients 

at levels not measured (C0/1, C6/7, upper thoracic spine). The apparent smaller 

number of lax segments (based on attainment rate) in patients suggested the presence 

of more segmental stiffness in the patient group, which might respond favourably to 

manipulation, but this was not measured.  
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While it was going to be difficult to detect IV-RoM changes in patients since the MDC 

was large, increased IV-RoM was weakly correlated with SMT in a dose-response 

manner. In other words, the more manipulations a patient received, the more likely that 

individual was to have had levels increased in range. However, only one out of 20 

levels that increased in range was classed as hypo-mobile at baseline. Further, 

increases in IV-RoM were not correlated with improvement based on the PROMs used 

in this study. The continued use of manipulation in the absence of pain, or for very low-

levels of pain, may not be clinically justified since there is the possibility of inducing 

segmental hyper-mobility, which could be detrimental to a patient’s prognosis. 

In summary, based on the key findings, including the limitations, of this thesis, the 

determination of whether or not to apply cervical SMT to a patient with neck pain, or to 

assess the outcome of SMT, cannot currently be based on IV-RoM. Rather, as 

recommended in the literature, this should be determined via a process of clinical 

reasoning that seeks to rule out non-mechanical causes of neck pain (Taylor and Kerry 

2010; Rushton et al. 2014), takes account of the risks and benefits of treatment, the 

practitioner’s experience and the preferences of patients.  
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9.5 Summary of main findings  
 

It was the intention within this thesis to explore the theory that spinal manipulative 

therapy changes inter-vertebral motion and that this is linked to patient-reported 

outcomes. Quantitative fluoroscopy was identified as an objective and reproducible 

method for measuring inter-vertebral motion that might be used to explore this theory, 

but it had been validated only in the lumbar spine. Therefore it was necessary to 

validate it for measuring inter-vertebral motion in the cervical spine prior to its use with 

study participants. The following points constitute the new contributions to knowledge 

provided by this thesis. 

 Quantitative fluoroscopy was found to be a valid and repeatable method for 

measuring cervical inter-vertebral rotational range of motion. However, 

further development is required to improve the repeatability of measuring 

instantaneous axis of rotation locations. 

 There were no significant differences between patients and healthy controls 

in sagittal plane inter-vertebral rotational range of motion parameters at 

baseline. This meant that neither inter-vertebral rotational range of motion, 

hypo-mobile levels nor paradoxical motion segments differentiated patients 

with neck pain from healthy volunteers without neck pain.  

 Attainment rate/laxity was only significantly different at one motion segment 

in one direction (C1/2 in extension) where it was, on average, more lax in the 

healthy volunteers. Lax levels, defined as those segments with attainment 

rates in excess of the upper reference level, were more common in the 

healthy volunteer group suggesting a degree of stiffness of motion in the 

neutral zone in patients. It was speculated that patients might have been 

exhibiting higher levels of resting tone in the cervical musculature causing 

this relative stiffness, but this was not measured.  

 The minimum detectable change in inter-vertebral rotational range of motion 

over four weeks was calculated from healthy volunteers. This was large and 

consistently greater in extension, meaning that the detection of small 

changes in inter-vertebral motion is currently not possible. 

 Spinal manipulation was weakly associated with increasing inter-vertebral 

rotational motion in a dose-response manner. However, only one motion 

segment that increased its range was hypo-mobile at baseline, bringing into 

question the theory that spinal manipulation restores motion to hypo-mobile 

segments. 
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 The presence of hypo-mobility was overestimated by palpation when 

compared to that measured by quantitative fluoroscopy, the first time 

palpation has been compared to a criterion standard.  

 Changes in inter-vertebral rotational range of motion were not correlated with 

changes in pain, disability, quality of life, patient global impression of change 

or satisfaction. Therefore, according to these findings, increased range in the 

sagittal plane is not associated with clinical benefit. 

 

9.6 Recommendations for future research 
 

In the literature review it was highlighted that neck pain likely represents a group of as 

yet undiagnosed disorders, and this is possibly a major reason for some patients 

responding well to spinal manipulation while others do not. Any future work intending to 

research the mechanism of SMT could benefit from a more disabled population and 

where important confounders to a positive treatment response are controlled for. This 

should include the ruling out of: hypersensitivity, which might be better identified with 

more extensive testing than that used in this study and could involve algometry to more 

than one body site and cold tolerance; local inflammation, as recognised in the patient 

history by the presence of night pain; and psychosocial factors such as fear avoidance 

which can be measured by a validated questionnaire (e.g. Tampa scale for 

Kinesiophobia). Once these are ruled out this might increase the chance of identifying 

biomechanical predictors for a positive response to manipulation. 

If future work were to further explore the possibility that SMT affects inter-vertebral 

function, improved standardisation of the acquisition procedure is needed to reduce 

intra- and inter-subject variability thereby increasing the chances of inter-vertebral 

motion changes being identified.  

Furthermore, changes should not be sought solely in rotational range of motion but 

also in proportional rotational motion, motion pattern variation, IAR, laxity and/or phase 

lag. Further development is indicated to improve the reliability of tracking codes for IAR 

measurement and quantitative fluoroscopy has a rich potential for achieving this. 

Additionally, a normative database of continuous cervical inter-vertebral motion is 

required against which can be compared data from patients. Repeatability (agreement 

and reliability) will also be improved by calculating this from a larger normative sample.   
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The combining of different functional measurement technologies might be a logical step 

in forwarding our understanding of spinal function, and the effects of therapy on that 

function. For instance, simultaneous measurements with quantitative fluoroscopy and 

electromyography in the same participant would allow an exploration of the 

relationships between inter-vertebral motion and muscle function. Combining 

quantitative fluoroscopy with MRI would allow soft tissue findings such as disc 

degeneration to be explored in relation to inter-vertebral motion. This latter combination 

holds the potential for creating a three-dimensional reconstruction of a participant’s 

spine in motion, which would provide a rich supply of information about spinal 

mechanical function beyond that which is currently available to researchers and 

clinicians.  

Finally, future research exploring the mechanism of SMT ought to seek to link 

mechanisms with patient-reported outcomes. The importance of discovering 

mechanisms will only be fully realised if they lead to improvements in the 

understanding and management of patients’ pain.  
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Appendices 
 

Appendix 1: MDCs reported in the literature for regional cervical ROM measurement 

Study Participants 
Measurement 

device 

Time 

between 

measures 

Observers MDC* 

(Hoving 
et al. 
2005) 

 

32 patients 

with NP 

EDI-320 

(Cybex) 

5mins 

(intra) 
1 11.1° (Flex-ext) 

10mins 

(inter) 
2 Not reported 

(Piva et 

al. 2006) 

30 patients 

with NP 

Gravity 

inclinometer 

≤ 20mins 

(inter) 
2 16° (Flex); 16° (Ext) 

(Cleland 

et al. 

2008) 

22 patients 

with NP 

Universal 

goniometer 
5mins 2 

18.8° (Flex);13.0 

(Ext) 

(Dunleavy 

and 

Goldberg 

2013) 

36 patients 

with NP 
CROM 0mins 

1 (5 in 

different 

locations) 

Habitual 

posture 

12.2° 

(Flex) 

9.7° (Ext) 

Position-

ed 

9.7° 

(Flex) 

7.5° (Ext) 

(Fletcher 

and 

Bandy 

2008)* 

22 patients 

with NP 
CROM 

30secs 1 9.6° (Flex); 7.0° (Ext) 

25 healthy 

volunteers 
30secs 1 6.5°(Flex); 9.3° (Ext) 

(Audette 

et al. 

2010)* 

20 healthy 

volunteers 
CROM 48hrs 1 6.5°(Flex); 5.1°(Ext) 

(Shahidi 

et al. 

2012) 

19 patients 

with NP Gravity 

inclinometer 

3-14 days 2 16° (Flex); 16° (Ext) 

20 healthy 

volunteers 
3-14 days 2 14° (Flex); 15° (Ext) 

*MDCs reported by Fletcher and Bandy (2008) and Audette et al (2010) are MDC90, all others MDC95 
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Appendix 2: Number of inter-vertebral levels successfully tracked by two observers 
and those that measured at least 5° sagittal rotation (for IAR calculations)   

 

 No. of inter-vertebral 

levels  

successfully tracked 

by two observers 

No. of inter-vertebral 

levels  

≥ 5° sagittal rotation 

Inter-vertebral 

level 

Flexion Extension Flexion Extension 

C1/2 9 9 6 1 

C2/3 10 9 3 4 

C3/4 10 9 8 6 

C4/5 10 10 5 8 

C5/6 9 9 3 5 

Total 48 46 25 24 

Percentage of 

total levels 

96% 92% 50% 48% 

 

The two observers disagreed in their judgements of successful tracking for three inter-

vertebral levels (one each of C1/2 in flexion and extension and C5/6 in flexion) so data 

were not available for analysis in these three instances.  
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Appendix 3: Inter-observer repeatability (agreement and reliability) for angular range 

Inter-vertebral 

level 

Standard error of 

measurement (°) 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension Flexion Extension 

C1/2 0.8 0.4 0.96 (0.822 to 

0.990) 

0.97 (0.875 to 

0.993) 

C2/3 0.4 0.7 0.97  

(0.900 to 0.993) 

0.95  

(0.806 to 0.988) 

C3/4 0.3 1.0 0.99  

(0.978 to 0.999) 

0.92  

(0.711 to 0.981) 

C4/5 0.5 0.8 0.97  

(0.891 to 0.993) 

0.97  

(0.886 to 0.992) 

C5/6 0.3 1.0 0.99 (0.974 to 

0.999) 

0.97 (0.854 to  

0.992) 

All levels pooled 0.5 0.9 0.98 (0.960 to 

0.987) 

0.97 (0.943 to 

0.982) 

Intra-class correlation coefficient: ICC(2C,1), two-way single measure mixed effects model (consistency) 

Standard error of measurement and intra-class correlation coefficients for intra-observer 

repeatability: angular range 
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Appendix 4: Intra-observer agreement for IAR - 5° sagittal rotation  

Inter-vertebral 

level 

No. of inter-vertebral 

levels  

≥ 5° sagittal rotation 

Standard error of measurement (mm) 

   Flexion Extension 

 
Flexion Extension X Y X Y 

C1/2 8 2 2.1 1.5 - - 

C2/3 3 4 2.8 3.6 2.4 1.7 

C3/4 8 6 1.9 1.4 1.7 2.9 

C4/5 5 9 1.8 1.8 1.5 2.4 

C5/6 5 5 1.1 2.1 1.4 0.1 

All levels pooled 29 26 1.8 1.8 1.7 2.1 

mm, equivalent millimetres (1 VBU = 15mm) 

Standard error of measurement for intra-observer repeatability:  IAR x, y co-ordinate locations 

(distance in mm from posterior-inferior corner of inferior vertebra) calculated from levels that 

rotated at least five degrees 
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Appendix 5: Inter-observer agreement for IAR - 5° sagittal rotation  

Inter-vertebral 

level 

No. of inter-vertebral 

levels  

≥ 5° sagittal rotation 

No. of inter-vertebral levels  

≥ 5° sagittal rotation 

   Flexion Extension 

 Flexion Extension X Y X Y 

C1/2 6 1 3.1 7.7 - - 

C2/3 3 4 2.3 2.9 0.9 0.6 

C3/4 8 6 1.3 1.5 0.5 0.7 

C4/5 5 8 1.2 0.8 1.9 1.2 

C5/6 3 5 0.8 1.1 0.1 1.0 

All levels 

pooled 

25 24 2.0 3.5 1.4 0.9 

mm, equivalent millimetres (1 VBU = 15mm) 

Standard error of measurement for inter-observer repeatability:  IAR x, y co-ordinate locations 

(distance in mm from posterior-inferior corner of inferior vertebra) calculated from levels that 

rotated at least five degrees 
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Appendix 6: Intra-observer reliability for IAR - 5° sagittal rotation 

Inter-vertebral 

level 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension 

 X Y X Y 

C1/2 
0.655 

(0.112 to 0.900) 

0.985 

(0.935 to 0.996) 
- - 

C2/3 
0.360  

(-1.727 to 0.979) 

-0.138  

(-2.494 to 0.958) 

-0.040  

(-0.726 to 0.937) 

0.330  

(-1.745 to 0.978) 

C3/4 
-0.165  

(-1.020 to 0.664) 

0.615  

(-0.079 to 0.919) 

0.437  

(-0.749 to 0.925) 

0.456  

(-0.546 to 0.925) 

C4/5 
0.530  

(-0.186 to 0.931) 

-0.045  

(-1.112 to 0.821) 

0.613  

(-0.406 to 0.937) 

0.029  

(-0.852 to 0.779) 

C5/6 
0.823 (0.022 to 

0.987) 

-0.184  

(-1.548 to 0.872) 

0.308  

(-0.577 to 0.971) 

0.997 (0.510 to 

1.000) 

All levels pooled 
0.805 (0.621 to 

0.904) 

0.961 (0.919 to 

0.982) 

0.405  

(-0.101 to 0.738) 

0.517 (0.076 to 

0.792) 

Intra-class correlation coefficient: ICC(3C,1), two-way single measure mixed effects model (consistency) 

Intra-class correlation coefficients for intra-observer repeatability: IAR x, y co-ordinate locations 

(distance in mm from posterior-inferior corner of inferior vertebra) calculated from levels that 

rotated at least five degrees 
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Appendix 7: Inter-observer reliability for IAR - 5° sagittal rotation 

Inter-vertebral 

level 

Intra-class correlation coefficient  

(95% confidence interval) 

 Flexion Extension 

 X Y X Y 

C1/2 
0.57  

(-0.236 to 0.911) 

0.15  

(-0.719 to 0.785) 

- - 

C2/3 
0.32 

(-2.532 to 0.979) 

0.13  

(-0.564 to 0.953) 

0.87  

(0.176 to 0.990) 

0.94  

(0.397 to 0.996) 

C3/4 
0.15  

(-0.415 to 0.717) 

0.42  

(-0.412 to 0.853) 

0.89  

(0.083 to 0.992) 

0.96  

(0.463 to 0.997) 

C4/5 
0.79  

(-0.165 to 0.977) 

0.74  

(-0.331 to 0.970) 

0.22  

(-0.598 to 0.832) 

0.25  

(-0.870 to 0.858) 

C5/6 

0.74  

(-0.385 to 0.992) 

-0.08  

(-0.866 to 0.937) 

 

0.19 

(-0.003 to 0.899) 

0.92  

(-0.172 to 0.998) 

All levels pooled 
0.80  

(0.599 to 0.904) 

0.78  

(0.574 to 0.896) 

0.55  

(0.112 to 0.809) 

0.91 (0.774 to 

0.967) 

Intra-class correlation coefficient: ICC(2C,1), two-way single measure mixed effects model (consistency) 

Intra-class correlation coefficients for inter-observer repeatability: IAR x, y co-ordinate locations 

(distance in mm from posterior-inferior corner of inferior vertebra) calculated from levels that 

rotated at least five degrees 
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Appendix 8: Pre-study form for healthy volunteers 
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Appendix 9: Pre-study form for patients 
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Appendix 10: Consent Form 
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Appendix 11: Patient Information Sheet 
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Appendix 12: Healthy Volunteer Information Sheet 
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Appendix 13: Ethical approval from National Research Ethics Service 
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Appendix 14: Comparison of mean (SD) healthy volunteer group combined flexion-
extension angular range data (°) with previous studies 
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Appendix 15: Comparison of mean (SD) healthy volunteer group flexion and extension 
angular range data (°) with previous fluoroscopy studies 

 
Fluoroscopy 

n = 56 

Fluoroscopy 

n = 48 

Quantitative 

Fluoroscopy 

n = 30 

Age range 20 – 30yrs 20 – 30yrs 19 -67yrs 

Age, mean 

(SD)  

25.8 (2.7) 25.2 (3.4) 40.9 (13.1) 

Male: female 

ratio 

1:1 1:1 1:2.5 

Direction Flexion Extension Flexion  Extension Flexion Extension 

C1/2 - - - - 7.4 (3.5) 2.9 (2.5) 

C2/3 5.8 (2.8) 7.7 (3.7) 5.5 (2.5) 7.6 (3.9) 5.9 (2.8) 4.7 (3.7) 

C3/4 7.3 (3.8) 10.0 (5.6) 7.8 (3.3) 9.8 (5.1) 6.6 (2.8) 8.2 (5.5) 

C4/5 10.0 

(6.4) 

12.6 (5.2) 10.0 

(3.4) 

12.3 (4.0) 6.1 (3.4) 11.0 (5.8) 

C5/6 9.6 (6.1) 9.4 (6.7) 9.8 (4.8) 9.4 (4.5) 5.8 (3.9) 8.4 (4.9) 

Total 32.7 39.7 33.1 39.1 31.7 35.1 

Study (Wu et al. 2007) (Wu et al. 2010) This study 
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Appendix 16: Baseline mean (SD) flexion inter-vertebral angular ranges in patients 
and healthy volunteers 

 
Number of levels  

tracked 

Healthy  

volunteers 

n = 30 

Patients 

n = 29 
  

 HV P Mean (SD) Mean (SD) Difference (95%CI) p value† 

C1/2 28 29 7.4 (3.5) 7.7 (3.7) -0.4 (-2.3 to 1.6) 0.72 

C2/3 29 29 5.9 (2.8)* 5.6 (3.1) 0.2 (-1.3 to 1.9) 0.73 

C3/4 29 29 6.6 (2.8) 6.9 (3.8) -0.3 (-2.1 to 1.4) 0.71 

C4/5 30 29 6.1 (3.4)* 5.8 (2.8) 0.3 (-1.5 to 1.8) 0.91 

C5/6 30 28 5.8 (3.8) 4.9 (2.9)* 0.9 (-1.2 to 2.8) 0.46 

C1/2-

C5/6 
146 144 32.2 (11.3) 30.7 (8.9) 1.5 (-3.9 to 6.9) 0.58 

SD, standard deviation; HV, healthy volunteers; P, patients; 95% CI, 95% Confidence Interval; p-values 

are 2-sided; †, (unpaired) t test; *, data from a non-normal distribution 
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Appendix 17: Baseline median (interquartile range) flexion inter-vertebral angular 
ranges in patients and healthy volunteers 

 Healthy 

volunteers 

n = 30 

Patients 

n = 29 
 

 

 Median (25, 75) Median (25, 75) Difference (95%CI) P value‡ 

C1/2 7.4 (5.9, 10.0) 7.4 (5.4, 9.8) -0.1 (-2.16 to 1.69) 0.96 

C2/3 5.2 (4.3, 6.9) 5.6 (3.4, 6.8) 0.2 (-1.21 to 1.70) 0.80 

C3/4 6.2 (5.0, 8.1) 6.6 (3.6, 10.2) -0.2 (-2.28 to 1.61) 0.81 

C4/5 5.8 (3.1, 7.5) 5.1 (3.5, 7.8) 0.1 (-1.48 to 1.84) 0.91 

C5/6 5.3 (2.8, 8.2) 4.5 (3.0, 6.5) 0.8 (-1.18 to 2.80) 0.46 

C1/2-C5/6 32.2 (24.4, 38.2) 29.5 (24.8, 35.8) 1.2 (-4.76 to 7.18) 0.69 

‡, Mann-Whitney U test 
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Appendix 18: Baseline mean (SD) extension inter-vertebral angular ranges in patients 
and healthy volunteers 

 
Number of levels  

tracked 

Healthy  

volunteers 

n = 30 

Patients 

n = 29 
  

 HV P Mean (SD) Mean (SD) Difference (95%CI) p value† 

C1/2 30 29 2.9 (2.5)* 2.7 (2.1)* 0.2 (-0.7 to 0.8) 0.94 

C2/3 30 29 4.7 (3.7)* 4.1 (3.2)* 0.6 (-0.8 to 2.0) 0.57 

C3/4 29 29 8.2 (5.5) 6.5 (3.7) 1.7 (-1.3 to 4.0) 0.32 

C4/5 29 29 11.0 (5.8)* 8.3 (4.7) 2.6 (-0.4 to 5.71) 0.10 

C5/6 29 27 8.4 (4.9)* 8.5 (4.9) -0.03 (-2.9 to 2.6) 0.86 

C1/2- 

C5/6 
147 143 35.2 (16.0) 29.6 (12.5) 5.7 (-1.9 to 13.2) 0.14 

SD, standard deviation; HV, healthy volunteers; P, patients; 95% CI, 95% Confidence Interval; p-values 

are 2-sided; †, (unpaired) t test; *, data from a non-normal distribution 
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Appendix 19: Baseline median (interquartile range) extension inter-vertebral angular 
ranges in patients and healthy volunteers 

 Healthy 

volunteers 

n = 30 

Patients 

n = 29 

  

 Median (25, 75) Median (25, 75) Difference (95%CI) P value‡ 

C1/2 2.2 (1.2, 3.3) 2.2 (1.2, 3.1) 0 (-0.72 to 0.83) 0.94 

C2/3 3.8 (2.1, 6.0) 2.8 (2.4, 5.5) 0.6 (-0.79 to 2.0) 0.57 

C3/4 7.5 (3.9, 11.1) 6.1 (3.8, 8.5) 1.3 (-1.31 to 3.96) 0.32 

C4/5 9.7 (6.0, 16.6) 8.0 (4.8, 10.5) 2.4 (-0.4 to 5.7) 0.10 

C5/6 7.6 (5.5, 10.1) 8.2 (4.1, 12.1) -0.3 (-2.89 to 2.61) 0.86 

C1/2-C5/6 36.1 (22.0, 43.0) 28.0 (24.6, 35.9) 5.2 (-2.91 to 12.26) 0.20 

‡ Mann-Whitney U test; 95% CI, 95% Confidence Interval; (25, 75), interquartile range 
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Appendix 20: The prevalence of hypo-mobile and paradoxical inter-vertebral levels in 
each group at baseline by direction 

 Hypo-mobile levels Paradoxical levels 

 HV Pt HV Pt 

 Flex Ext Flex Ext Flex Ext Flex Ext 

C1/2 2 7 1 6 10 1 4 2 

C2/3 0 2 1 2 0 2 0 1 

C3/4 0 4 3 3 2 3 0 2 

C4/5 2 2 2 5 0 3 2 3 

C5/6 3 0 2 0 1 3 1 2 

Total 7 15 9 16 13 12 7 10 

                        HV, Healthy volunteers; P, patients 
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Appendix 21: Baseline and follow-up mean (SD) flexion inter-vertebral angular ranges 
in healthy volunteers (n=30) 

Inter-

vertebral 

level 

Levels 

 tracked ‡ 
Baseline Follow-up Difference (95%CI) 

Sig.  

(p) † 

C1/2 28 7.4 (3.5) 8.0 (3.9) -0.6 (-1.7 to 0.4) 0.22 

C2/3 29 5.9 (2.8)* 5.7 (2.6)* 0.2 (-0.7 to 1.0) 0.72 

C3/4 29 6.6 (2.8) 7.1 (2.9) -0.5 (-1.4 to 0.5) 0.32 

C4/5 30 6.1 (3.4)* 6.2 (3.1)* -0.1 (-0.8 to 0.6) 0.80 

C5/6 30 5.8 (3.8) 5.8 (3.2) 0.02 (-0.7 to 0.8) 0.95 

C1/2-C5/6 146 32.2 (11.3) 33.3 (9.6) -1.0 (-3.8 to 1.7) 0.45 

SD, standard deviation; 95% CI, 95% Confidence Interval; p-values are 2-sided; †, (paired) t test; *, data 

from a non-normal distribution; ‡, number of segments tracked at each level unchanged at follow-up 

 

 

 

 

 

 

 

 

 

 

 



 
 

270 
 

Appendix 22: Baseline and follow-up mean (SD) extension inter-vertebral angular 
ranges in healthy volunteers (n=30) 

Inter-

vertebral 

level 

Levels 

 tracked ‡ 
Baseline Follow-up 

Difference 

(95%CI) 

Sig.  

(p) † 

C1/2 30 2.9 (2.5)* 3.6 (2.8)* -0.7 (-1.5 to 0.1) 0.08 

C2/3 30 4.7 (3.7)* 4.2 (2.9)* 0.6 (-0.3 to 1.5) 0.16 

C3/4 29 8.2 (5.5) 7.7 (5.0) 0.5 (-0.8 to 1.7) 0.45 

C4/5 29 11.0 (5.8)* 10.7 (6.0) 0.3 (-0.7 to 1.2) 0.57 

C5/6 29 8.4 (4.9)* 8.9 (5.5) -0.4 (-1.4 to 0.5) 0.38 

C1/2-C5/6 147 35.2 (16.0) 35.0 (15.5) 0.3 (-2.8 to 3.4) 0.85 

SD, standard deviation; 95% CI, 95% Confidence Interval; p-values are 2-sided; †, (paired) t test; *, data 

from a non-normal distribution; ‡, total number of segments tracked at each level at follow-up = 146 (C2/3 

tracked in 29 participants) 

 

 

 

 

 

 

 

 

 

 

 



 
 

271 
 

Appendix 23: Assessment of the independence of the within-subject deviation from 
the size of the measurement in healthy volunteers 

Inter-

vertebral 

level 

Kendall’s  

tau 

Sig.  

(p) 

Kendall’s  

tau 

Sig.  

(p) 

 Flexion p-value Extension p-value 

C1/2 0.21 0.156 0.34 0.008* 

C2/3 0.12 0.377 0.48 0.0003* 

C3/4 0.13 0.363 0.20 0.139 

C4/5 0.08 0.548 -0.14 0.285 

C5/6 0.23 0.078 0.11 0.423 

Kendall’s tau, Kendall’s tau rank correlation coefficient; *, p-value significant at the 0.05 level 
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Appendix 24: The prevalence of hypo-mobility and paradoxical segments at baseline 
and follow-up in healthy volunteers 

 Hypo-mobile levels Paradoxical levels 

 Baseline Follow-up Baseline Follow-up 

 Flex Ext Flex Ext Flex Ext Flex Ext 

C1/2 2 7 0 2 10 1 8 3 

C2/3 0 2 0 2 0 2 0 0 

C3/4 0 4 0 3 2 3 0 1 

C4/5 2 2 1 3 0 3 0 0 

C5/6 3 0 1 0 1 3 0 0 

Total 7 15 2 10 13 12 8 4 
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Appendix 25: Form for chiropractors/interns to document treatment delivered, number 
of days taking pain medication and cold/hot packs used over the past week 
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Appendix 26: Form for patient file to remind chiropractors/interns of the treatment 
protocol 
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Appendix 27: Baseline questionnaire 
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Appendix 28: Four-week follow-up questionnaire 
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Appendix 29: Baseline and follow-up mean (SD) inter-vertebral angular ranges in 
patients with neck pain (n=29) 

 Flexion Extension 

 Baseline 4-

weeks 

Difference  

(95% CI) 

p 

value 

Baseline 4-

weeks 

Difference 

 (95% CI) 

p 

value 

C1/2 7.7 (3.7) 6.8 

(3.3) 

-0.9 (-1.9 

to 0.1) 

0.07 2.7 (2.1) 3.4 

(2.0) 

0.7 (-0.1 to 

1.7) 

0.07 

C2/3 5.6 (3.1) 6.2 

(2.7) 

0.6 (-0.4 to 

1.5) 

0.24 4.1 (3.2) 3.5 

(2.9) 

-0.6 (-1.7 

to 0.8) 

0.37 

C3/4 6.9 (3.8) 8.1 

(3.3) 

1.2 (0.2 to 

2.2) 

0.01 6.5 (3.7) 6.6 

(4.5) 

0.03 (-2.4 

to 1.8) 

0.74 

C4/5 5.8 (2.8) 6.7 

(3.2) 

0.9 (-0.1 to 

1.9) 

0.07 8.3 (4.7) 8.8 

(4.5) 

0.5 (-0.6 to 

1.5) 

0.34 

C5/6* 4.9 (2.9) 5.6 

(2.6) 

0.7 (-0.6 to 

2.2) 

0.32 8.5 (4.9) 8.6 

(5.1) 

0.1 (-3.0 to 

2.8) 

0.90 

C1-6 30.7 

(8.9) 

33.2 

(9.3) 

2.4 (-0.3 to 

5.2)  

0.08 29.6 

(12.5) 

30.3 

(13.2) 

0.7 (-2.3 to 

3.7) 

0.61 

*There were four tracking failures at baseline in three patients: C5/6 in flexion (n=1 patient), C5/6 in 

extension (n=1 patient), and C5/6 in flexion and extension (n=1 patient); and three failures in two of the 

same patients at follow-up: C5/6 in flexion and extension (n=1 patient), C5/6 in extension (n=1 patient).  

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

283 
 

Appendix 30: Prognostic factors for neck pain in the general population as identified 
by the Neck Pain Task Force (Carroll et al. 2008b) 

Negative Prognostic Factor Positive Prognostic Factor 

Pain > 6 months1  
Previous neck pain1,3   
**Older age1,2,3 Younger age5 
Female2 Male6 
*Comorbid LBP3 Fewer other symptoms5 
Poorer quality of life1 Better general health1,4 
Worrying as coping strategy1 Self-assurance as coping strategy4 
Fear avoidance1  
Greater baseline pain and 
disability1 

 

 Lower need to be social5 ;Social support 
network4 

Getting angry or frustrated4 Higher external locus of control7 
References:

1
(Bot et al. 2005); 

2
(Cote et al. 2004); 

3
(Hill et al. 2004); 

4
(Hurwitz et al. 2006); 

5
(Michaelson et 

al. 2004); 
6
(Pernold et al. 2005);

7
(Stanton and Jull 2003); *Moderate or **high risk according to a more 

recent overview of systematic reviews (Walton et al. 2013) 
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Glossary 

 

Accuracy Accuracy refers to the ‘trueness’ of a measurement and the 

degree of accuracy is determined by the closeness of a 

measurement to a reference standard measurement. This is 

determined by the standard deviation of the measurement 

differences. 

Agreement  This quantifies how close two measurements made on the same 

subject are and is measured on the same scale as the 

measurements themselves. Agreement statistical parameters 

estimate the measurement error. 

 

Precision In the absence of a reference standard, precision may be 

calculated from the standard deviation of measurement 

differences when one measurement method is compared to 

another or from repeat measurements with one method.  

 

Reliability  Reliability relates the magnitude of the measurement error in 

observed measurements to the inherent variability in the ‘true’ or 

underlying level of the quantity between subjects. 

Statistically, reliability is expressed as a coefficient which is a 

ratio of variances, and so expresses how well subjects can be 

differentiated from each other, despite measurement error. In 

this case the measurement error is related to the variability 

between subjects. 

Repeatability Repeatability means the degree to which repeated 

measurements by the same observer or two or more observers 

produce similar results. This may be considered to encompass 

both agreement and reliability. In contrast to reproducibility, 

repeatability refers to the variation in repeat measurements 

made on the same subject under identical conditions. 

Reproducibility Reproducibility means the degree to which repeated 

measurements by the same observer or two or more observers 

produce similar results. This may be considered to encompass 

both agreement and reliability.  
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In contrast to repeatability, reproducibility refers to the variation 

in repeat measurements made on the same subject under 

changing conditions.  

Validity  This refers to the quality of being logically or factually sound. The validity 

of a measurement method is determined by demonstrating that it 

measures what is claimed it can measure, the measurement is accurate 

and repeatable/reproducible. 
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