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ENGLISH SUMMARY 

Neck pain is a global health issue. It significantly affects the life quality of patients and consequently causes a 

dramatic economic burden to society. Neck pain is a multifactorial disease influenced by many biological, 

psychological and psychosocial factors. Nevertheless, many researchers propose that neck pain should have a 

local pathoanatomical basis. However, a large portion of neck pain is classified as non-specific, since the source 

of neck pain is rarely identified.  

The assessment of dynamic cervical joint motion is supposed to reveal more impairments of neck pain at the 

individual cervical joint levels when compared with motion assessments on static and end-range radiographs. In 

addition, pressure pain sensitivity is widely investigated in patients with neck pain and applied to subgroup 

patients with neck pain. These two parameters also show potential diagnostic values of reflecting the sources of 

neck pain. Additionally, persistent motor and sensory changes may lead to the recurrence of neck pain. However, 

dynamic cervical joint motion patterns and pressure pain sensitivity of patients with recurrent neck pain remains 

unstudied.  

The thesis aimed to investigate the effects of pain originating from different cervical structures on dynamic 

cervical joint motion and pressure pain thresholds (PPTs) and to investigate dynamic cervical joint motion patterns 

and PPTs in patients with recurrent neck pain. Experimental deep and superficial cervical muscle pain were 

applied in study I and experimental inter-spinous ligament pain was applied in study II. Patients with recurrent 

neck pain and matched healthy controls were recruited in study III. Video-fluoroscopy was used to record cervical 

flexion and extension movements. Dynamic cervical joint motion parameters were extracted, which included pro-

directional motion, anti-directional motion, joint motion variability, and total joint motion. PPTs were measured 

over bilateral C2/C3 and C5/C6 facet joints (study I-III) and the right tibialis anterior (TA) (Study III) by a pressure 

algometer. 

Results of study I showed that: 1) deep cervical muscle pain redistributed anti-directional motion between C3/C4 

and C6/C7 during cervical extension while superficial cervical muscle pain decreased the overall anti-directional 

motion, pro-directional motion, and joint motion variability during cervical extension; 2) deep cervical muscle 

pain increased PPTs over bilateral C2/C3 and left C5/C6 facet joints and superficial cervical muscle pain increased 

PPTs over bilateral C2/C3 and C5/C6 facet joints. Results of study II showed that: 1) inter-spinous ligament pain 

redistributed anti-directional motion and joint motion variability between C2/C3 and C4/C5 during cervical 

extension; 2) inter-spinous ligament pain increased PPTs over the left C2/C3 facet joints. Results of study III 

showed that: 1) patients with recurrent neck pain decreased anti-directional motion at C2/C3 and C3/C4 and 

increased anti-directional motion at C5/C6 and C6/C7 during cervical extension and increased the overall anti-

directional motion during cervical flexion; 2) no differences in PPTs over bilateral C2/C3 and C5/C6 facet joints 

and the right TA were found between patients with recurrent neck pain and healthy controls. 

In conclusion, different effects on anti-directional motion were demonstrated when pain originated in the deep 

cervical muscle, superficial cervical muscle, and inter-spinous ligament. Patients with recurrent neck pain showed 

altered anti-directional motion patterns compared with healthy controls. However, experimental cervical muscle 

and ligament pain decreased the pressure pain sensitivity over different cervical facet joints and patients with 

recurrent neck pain showed no localized and widespread hyperalgesia. The findings in the thesis indicated that 

the anti-directional motion was the most sensitive to experimental and clinical neck pain and investigations of 

anti-directional motion may contribute to the diagnosis of neck pain when attempting to identify the pain sources.  
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DANSK RESUME 

Nakkesmerter er et globalt sundhedsproblem. Nakkesmerter kan påvirke livskvaliteten og medfører tabt 

arbejdskraft og dermed være en økonomisk byrde for samfundet. Nakkesmerter er en multifaktuel sygdom som 

influeres af flere biologiske, fysiologiske og psykiske faktorer. På trods af dette mener flere forskere at 

nakkesmerter har en lokal patologisk årsag. På trods af dette, bliver en stor del af nakkesmerter defineret som 

ikke-specifik, eftersom årsagen til smerten sjældent bliver identificeret.  

Undersøgelse af dynamisk cervikal ledbevægelse formodes at kunne identificere skader bedre ved de enkelte 

cervikal led sammenlignet med statiske røntgenbilleder i ydrestillinger. Yderligere tryk sensibilitet undersøgelser 

er bredt anvendt på patienter med nakkesmerter og kan anvendes til at subgroupere patienter. Disse to parametre 

viser også potentielle diagnostiske værdier for at reflektere årsagen til nakkesmerter. Derudover kan vedvarende 

motoriske og sensoriske ændringer føre til gentagende nakkesmerter. Imidlertid er dynamiske cervikale 

ledbevægelsesmønstre og tryksmerterfølsomhed hos patienter med tilbagevendende nakkesmerter ikke undersøgt. 

Formålet for denne afhandling var at undersøge effekten af smerte fra forskellige cervicale strukturer på dynamisk 

cervicalled bevægelse og mekanisk trykfølsomhed (PPT) og undersøge hvordan disse parameter er i blandt 

patienter med tilbagevendende nakkesmerter. Eksperimental cervical muskelsmerte var anvendt i studie I og 

eksperimentel inter-spinøs ligament smerte blev anvendt i undersøgelse II. Patienter med tilbagevendende 

nakkesmerter og matchede raske kontroller blev rekrutteret i undersøgelse III. Video-fluoroskopi blev anvendt til 

at spore cervikal fleksion og ekstension. Dynamiske cervikale ledbevægelsesparametre blev ekstraheret, som 

inkluderede pro-retningsbestemt bevægelse, anti-retningsbestemt bevægelse, ledbevægelsesvariabilitet og total 

ledbevægelse. PPT'er blev målt over bilaterale C2 / C3 og C5 / C6 facetled (undersøgelse I-III) og højre tibialis 

anterior (TA) (undersøgelse III) ved hjælp af et trykalegometer. 

Resultater af undersøgelse I viste, at: 1) dyb cervikale muskelsmerter omdistribuerede anti-retningsbevægelse 

mellem C3 / C4 og C6 / C7 under cervikal ekstension, mens overfladisk cervicalmuskel smerte mindskede den 

samlede anti-retningsbevægelse, pro-directional bevægelse og ledbevægelse variation under cervikal ekstension; 

2) dybe cervikale muskelsmerter øgede PPT'er over bilaterale C2 / C3 og venstre C5 / C6 facetled og overfladiske 

cervical muskelsmerter og øgede PPT'er over bilaterale C2 / C3 og C5 / C6 facetled. Resultaterne af undersøgelse 

II viste, at: 1) inter-spinøs ligamentsmerter om distribuerede anti-retningsbevægelse og variation i ledbevægelsen 

mellem C2 / C3 og C4 / C5 under cervikal ekstension; 2) inter-spinøs ligament smerte øgede PPT over venstre 

C2 / C3 facetled. Resultaterne af undersøgelse III viste, at: 1) patienter med tilbagevendende nakkesmerter 

nedsatte deres anti-retningsbevægelse ved C2 / C3 og C3 / C4 og øgede deres anti-retningsbestemte bevægelse 

ved C5 / C6 og C6 / C7 under ekstension af  det cervicale led og øgede den samlede anti- retningsbevægelse under 

cervical fleksion; 2) der blev ikke fundet nogen forskelle i PPT'er i forhold til bilaterale C2 / C3 og C5 / C6 

facetled og den højre TA mellem patienter med tilbagevendende nakkesmerter og raske kontroller. 

Forskellige effekter på anti-retningsbestemt bevægelse blev demonstreret, når smerter stammede i den dybe 

cervikale muskel, den overfladiske cervikale muskel og det inter-spinøse ledbånd. Patienter med 

tilbagevendende nakkesmerter viste ændret anti-retningsbestemte bevægelsesmønstre sammenlignet med raske 

kontroller. Imidlertid nedsatte eksperimentel cervikal muskelsmerter, ligamentsmerter og tryk sensibilitet over 

forskellige led i cervikale facetter, og patienter med tilbagevendende nakkesmerter viste ingen lokal og udbredt 

hyperalgesi. Resultaterne i afhandlingen indikerede, at den anti-retningsbestemte bevægelse var den mest 

følsomme over for eksperimentelle og kliniske nakkesmerter, og undersøgelser af anti-directional bevægelse kan 

bidrage til diagnosen af nakkesmerter, når man forsøger at identificere smertekilderne.  
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PREFACE 

The PhD thesis includes three independent studies which are referred to as study I-III in the text. The three studies 

were conducted between 2016 and 2019 at Center for Sensory Motor Interaction (SMI), Department of Health 

and Science Technology, Faculty of Medicine, Aalborg University, Denmark and Vejgaard Chiropractic Clinic, 

Aalborg, Denmark. The thesis is based on the results of the three studies: 

Study I 

Ning Qu, Rene Lindstrøm, Rogerio Pessoto Hirata, Thomas Graven-Nielsen. Origin of neck pain and 

direction of movement influence dynamic cervical joint motion and pressure pain sensitivity. Clin Biomech. 2019, 

61: 120-128 

Study II 

Ning Qu, Rene Lindstrøm, Thomas Graven-Nielsen, Rogerio Pessoto Hirata. Experimental cervical inter-

spinous ligament pain altered cervical joint motion during dynamic extension movement and decreased pressure 

pain sensitivity in the neck. Clin Biomech. 2019, 65: 65-72 

Study III 

Ning Qu, Thomas Graven-Nielsen, Rene Lindstrøm, Victoria Blogg, Rogerio Pessoto Hirata. Recurrent neck 

pain patients exhibit altered joint motion pattern during cervical flexion and extension movements. Clin Biomech. 

2019. Accepted. 
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CHAPTER 1. INTRODUCTION 

1.1. OVERVIEW OF NECK PAIN 

Neck pain is defined as pain perceived in the anatomic region of the neck1, 2. Neck pain is one of the most 

commonly reported musculoskeletal disorders and causes a substantial economic burden due to primary health 

care, absence from work and compensations3, 4. Around fifty percent of the adult population experience at least 

one episode of neck pain during their lifetime5. The 12-month prevalence of neck pain has been predominantly 

reported between 30% and 50%5, 6. Additionally, neck pain ranks fourth in leading causes of the global disabilities7. 

People aged 25 to 64 are the most frequently affected by neck pain8. The number of years lived with disability 

from neck pain causes increased 21.4% from the year 2007 to 20178. Besides, the remission rate of neck pain at 1 

year ranges from 33% to 65%9, and approximate 50% to 75% of patients experiencing one episode of neck pain 

are more likely to report another episode in 1 to 5 years10. 

1.2. REQUIREMENTS IN DIAGNOSTIC EVALUATIONS OF NECK PAIN 

One of the challenges in the management of neck pain is how to diagnose the causes of neck pain and provide 

effective therapies11, 12. Diagnosis is of fundamental importance in determining the therapeutic approach of neck 

pain. However, neck pain is a multifactorial disease influenced by many biological, psychological and 

psychosocial factors, which makes it difficult to identify the main contributors and their relevance to the 

consequences of neck pain10, 13. A large portion of neck pain is classified as non-specific13, 14, since the underlying 

etiology of neck pain remains unclear15. In the absence of a clear pathological etiology, therapies tend to focus on 

addressing the symptoms or the physical impairments of neck pain. Therefore, the effects of current therapies on 

neck pain are heterogeneous16-19. Therefore, better diagnostic evaluations of neck pain are needed and will benefit 

the management of neck pain.  

Although the psychological and psychosocial components of neck pain have attracted increasing attentions over 

the past years, the biological component is still under great research emphases and efforts have also been made to 

explore the biomechanical causes of neck pain2, 13, 20, 21. Many researchers propose that neck pain should have a 

local pathoanatomical basis which could be identified1. However, given the complexity of the cervical structures 

(muscles, ligaments, discs and facet joints, etc.), identifying the pain sources of neck pain is clinically challenging. 

As a consequence, potential injuries in these structures may be ignored and left without proper treatments, which 

may contribute to a further episode of neck pain.  

The diagnosis of neck pain is normally based on clinical assessments of the signs and symptoms of neck pain. 

Several issues are preventing clinicians from linking the clinical assessments to the contribution of a specific 

cervical tissue in patients with neck pain. One is that the causal relationship between pain and the clinical 

presentations could not be clarified in most of the patients with neck pain. It remains unclear whether neck pain 

causes the clinical presentations or the clinical presentations cause neck pain. Another one is that the current 

parameters are not capable of reflecting the causes of neck pain in terms of anatomical site, pathology and 

mechanisms11, 22, and they are not always capable of differentiating patients with neck pain from healthy subjects23.  

Dynamic cervical joint motion parameters during neck movements are supposed to reveal more impairments 

related to neck pain at individual cervical joint levels when comparing with motion assessments made on static 

and end-range radiographs24-28. In addition, pressure pain sensitivity is widely investigated in patients with neck 

pain and applied to subgroup patients with neck pain29-35. These two parameters also show potential diagnostic 

values of reflecting the sources of neck pain36-39.  

Motor and sensory systems are mostly affected in patients with neck pain. The multifactorial nature of neck pain 

determines that one single assessment may not be sufficient to make the diagnosis of neck pain and making the 

diagnosis of neck pain needs to combine the results of several assessments. Therefore, it is of clinical advantages 

to simultaneously investigate the effects of neck pain on motor and sensory perspectives. A better understanding 

of the effects of neck pain on dynamic cervical joint motion and pressure pain sensitivity may help to improve the 

diagnosis and treatment of neck pain. 
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1.3. CERVICAL MUSCLES AND LIGAMENTS 

A substantial number of patients with neck pain are assumed to have a biomechanical cause related with muscular 

and ligamentous factors12, 40. Cervical ligaments and muscles are the potential sources of neck pain, however, the 

current imaging tools (e.g. Magnetic Resonance Imaging (MRI), computed tomography (CT) and ultrasound) 

could not completely identify the structural damage especially when there are no major histologic changes2, 13. It 

is important to differentiate cervical muscle dysfunctions from cervical ligament dysfunctions, since injuries in 

these two structures require different treatments20, 41. Dysfunctions of cervical muscles were widely reported in 

patients with neck pain in previous studies42, 43. Deep cervical muscles normally showed decreased activity while 

superficial cervical muscles showed increased activity in patients with neck pain42, 43. Additionally, cervical 

ligament dysfunctions also caused alterations in cervical muscle activities 44. The functional roles of cervical 

muscles and ligaments in neck movements are different.  

Three interactive systems are involved in the motor control of neck movements: the active system (cervical 

muscles), the passive system (vertebrae, intervertebral discs, ligaments, joint capsules, and facet joints, etc.) and 

the neuromuscular control system45, 46. Cervical muscles are the direct motion performers and dynamic stabilizers 

of the cervical joints while the cervical ligaments are crucial passive stabilizers47, 48. There are around 20 pairs of 

cervical muscles surrounding the cervical spine column including deep and superficial muscles49. The deep 

cervical muscles, typically attach to the cervical vertebrae directly with a small moment during neck movements, 

are supposed to control individual cervical joint motion (e.g. longus colli, longus capitis, and multifidus muscles)49, 

50. Conversely, superficial cervical muscles normally cross several cervical vertebrae or the entire cervical spine 

and work as the posture maintainers and movement initiators (e.g. sternocleidomastoid and trapezius muscles). 

Therefore, superficial cervical muscles have no direct controls on individual cervical joints49, 50. Cervical ligaments 

do not have active functions as cervical muscles. Cervical ligaments were thought to only have mechanical roles51. 

However, the two systems are connected by ligamento-muscular reflex and neuromuscular control system52-54. 

Dysfunctions in cervical ligaments also affect the cervical muscle functions involved in the same neck 

movement44. The neuromuscular control system refers to the central and peripheral nervous systems controlled 

and reflex-mediated muscular contraction in response to the neck movements.  

Deep and superficial cervical muscles are different in terms of anatomy, function, and density of nociceptors49, 50, 

55. Previous experimental pain studies also showed that pain originating in the deep and superficial cervical muscles 

caused different recruitment strategies of cervical muscles during motor tasks, which indicated the different roles 

of deep and superficial cervical muscles in neck movements56. Neck pain was linked to altered motor control of 

neck movements but the extent to which deep and superficial muscle pain influences individual cervical joint 

motion during neck movements remains unstudied57-61. Exploration of this relationship may provide a rational 

background for treatments aiming specifically at deep and superficial cervical muscles in nonspecific neck 

patients62, 63. Cervical ligaments were traditionally supposed to have only mechanical roles, such as inter-spinous 

ligament which was historically considered to limit the cervical joint motion at the extremes of cervical flexion28, 

51. However, emerging evidence showed that passive cervical tissues also provided proprioceptive information to 

the central nervous system (CNS) throughout the entire motion cycle as well as muscles and affected the 

neuromuscular control system64, 65. Investigating the effects of cervical ligament pain on dynamic cervical joint 

motion during neck movements may provide valuable information to the diagnosis of ligament injuries.  

1.4. CERVICAL PROPRIOCEPTION 

The proprioception, afferent sensory information concerning the sense of position, movement, force, and effort, is 

essential to the neuromuscular control system and could be influenced by pain66. Both active and passive cervical 

structures provide proprioception to the CNS64, 65. Pain originating in cervical structures will lead to proprioceptive 

deficits and result in altered movement patterns and each cervical structure has its functional role in a specific neck 

movement67. The dynamic cervical joint motion during neck movements depends on instant proprioceptive 

feedbacks from each cervical structure64, 65. Dynamic cervical joint motion, therefore, is supposed to be sensitive 

to reflect the dysfunction of a specific cervical structure. Previous studies have demonstrated proprioceptors in 

both cervical muscles and ligaments and the densities of proprioceptors are different between cervical structures55, 

68-70. However, it remains unclear if pain sources will have different effects on the dynamic cervical joint motion 

parameters71.  

 



3 
 

1.5. ADVANTAGES OF DYNAMIC CERVICAL JOINT MOTION 

Cervical range of motion (ROM) has been routinely assessed in the clinical practice to assist clinicians with 

diagnosis, treatment, and prognosis of neck disorders15, 67, 72. Neck pain is normally associated with reduced 

cervical ROM73-77. However, most of the previous studies only investigated the cervical ROM or regional cervical 

ROM (upper, middle and lower cervical spine regions) but individual cervical joint motions could not be obtained 

from those assessments. Cervical joint motion reflects the conditions of the surrounding soft tissues. Assessments 

of cervical joint motion can provide more information to identify dysfunctions related to neck pain at the individual 

cervical joint levels compared with cervical ROM78-81. Additionally, the assessment of cervical joint motion is also 

applied to evaluate the efficiency of physical treatments and surgeries operated on the neck23, 82. However, previous 

imaging studies were limited to static and end-range radiographs, the assessments based on which cannot reflect 

the dynamic characteristics of neck activities in daily life, especially during the middle motion ranges of neck 

movements83. Anderst et al. (2013) demonstrated the maximum cervical joint motion occurred before reaching the 

end of the cervical flexion and extension and cervical joints did not reach their maximum range of motion 

simultaneously84. The cervical ROM and cervical joint motion assessed on static and end-range radiographs could 

not always show differences between patients with neck pain and healthy controls, which indicated they may not 

be sensitive enough to detect the functional cervical disorders23, 85, 86. Furthermore, weak relationships were 

demonstrated previously between neck pain symptoms and motion assessments on static and end-range 

radiographs15, 87. Therefore, there is an increasing demand to drive the researches to explore dynamic 

characteristics of neck movements, where the abnormal motions and dysfunctions were postulated to occur 

(Appendix A). Dynamic characteristics of neck movements have not been completely understood. However, the 

investigation of dynamic motion parameters is supposed to provide valuable information for the diagnosis and 

treatment of neck pain88, 89. 

With regards to dynamic motion parameters, Sjolander et al. (2008) and Bahat, Weiss, & Laufer (2010) both 

demonstrated reduced motion velocity and smoothness in patients with neck pain compared to healthy controls 

but without differences in cervical ROM between the two groups61, 90. These studies again implied the dynamic 

motion parameters were more informative and sensitive to neck pain compared with motion assessments on static 

and end-range radiographs. However, these studies only investigated the entire cervical spine that the dynamic 

motion status of individual cervical joints is still incompletely understood. Researchers have started to investigate 

dynamic cervical joint motion during cervical flexion and extension separately or during the full range of flexion-

extension26, 27, 91-95. Wu et al. (2007, 2010) have studied cervical joint motion during three and ten even ranges of 

neck movements in the sagittal plane in healthy subjects27, 95. They demonstrated the patterns of cervical joint 

motion during cervical flexion and extension were non-linear and the cervical joint motion was unevenly 

distributed among different ranges of neck movements and the contribution to the cervical ROM was different 

between cervical joints27, 95. Anderst et al. (2013, 2015) investigated cervical joint motion during the full range of 

flexion-extension in healthy subjects91, 92. They demonstrated similar non-linear cervical joint motion patterns and 

the contribution to cervical ROM varied between cervical joints during different ranges of neck movements91, 92. 

Among these studies, Wang et al. (2017) showed that the cervical joints commonly presented reversal motions to 

the intended movement direction during cervical flexion and extension94. They defined the motion opposite to the 

primary movement direction as anti-directional motion and defined the motion along with the primary movement 

direction as pro-directional motion94. The anti-directional motion phenomenon is a unique feature of the neck 

which is described but not quantified previously39. Wang et al. (2017) further quantified the anti- and pro-

directional motion and showed that the anti-directional motion was approximately 40% of the pro-directional 

motion94. This finding may explain why no significant difference in cervical joint motion was found between 

patients and healthy subjects in some previous studies61, 90. The cervical joint motion consists of anti-directional 

motion and pro-directional motion. The anti-directional motion can be explained by changes in the relative position 

between the force vector and the instantaneous center of rotation (ICR) of the cervical vertebrae during neck 

movements39. Wang et al. (2018) further demonstrated the cervical joint motion patterns during flexion and 

extension were repeatable96. Therefore, dynamic cervical joint motion parameters, such as the anti-directional 

motion, were thought to be important to understand impairments related to neck pain. 

1.6. PRESSURE PAIN SENSITIVITY 

The International Association for the Study of Pain (IASP) defined pain as “an unpleasant sensory and emotional 

experience associated with actual or potential tissue damage, or described in terms of such damage”97. Pain 
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sensitivity could be assessed by a range of thermal, electrical, chemical and mechanical methods, of which the 

most commonly used in researches is the mechanical stimuli98. Pressure pain threshold (PPT) is defined as the 

minimal amount of pressure producing the detectable pain sensation99. Changes in PPTs reflect the underlying 

pain processing mechanisms of different pain conditions and assist clinicians with the diagnosis of neck pain31, 100, 

101. Moreover, PPTs are also used to predict the prognosis of neck pain33, 102. The decrease in PPTs indicates 

enhanced responses to the mechanical painful stimulus and the phenomenon is defined as hyperalgesia, while the 

increase in PPTs indicates weakened responses to the mechanical painful stimulus which is defined as 

hypoalgesia103-105. Localized hyperalgesia over the injury tissue reflects the sensitization of peripheral 

nociceptors103, 104, 106. On the other hand, hyperalgesia over a remote area out of the original injury tissue is likely 

to reflect augmented central pain processing mechanisms33, 107. The hyperalgesia over a remote area is defined as 

widespread hyperalgesia. Patients showing widespread hyperalgesia normally have poor recovery and may 

develop into chronic neck pain 33, 102, 108. Although the changes in pressure pain sensitivity were showed to be pain 

sources related36-38, 109, 110, the relationship between pain sources of neck pain and changes in pressure pain 

sensitivity has never been investigated. Different results were demonstrated in PPTs over areas out of the pain site 

when experimental pain was induced in different structures36-38. However, experimental pain induced in deep 

muscles and tendons/ligaments was prone to decrease PPTs over the areas out of the pain site36-38. Additionally, 

patients with neck pain normally showed localized hyperalgesia in the neck, while widespread hyperalgesia was 

only demonstrated in some subgroups of patients with neck pain and little is known about the pressure pain 

sensitivity in patients with recurrent neck pain29, 30. Widespread hyperalgesia indicates a poor recovery from neck 

pain which may lead to the recurrence of neck pain111. Investigations of localized and widespread hyperalgesia in 

patients with recurrent neck pain may be of clinical importance which may contribute to a better understanding on 

the recurrence of neck pain. 

1.7. EXPERIMENTAL NECK PAIN MODELS AND RECURRENT NECK PAIN 

The experimental pain models could solve the issue of the unclear causal relationships between pain sources and 

motor/sensory alterations in patients with neck pain. By applying experimental neck pain models, it is possible to 

clarify the effects of pain originating in a specific cervical structure on dynamic cervical joint motion and pressure 

pain sensitivity112-114. The recurrent neck pain is chosen because the acute neck pain will either recover or become 

recurrent and the recurrence rate of neck pain is high115. The previous episode of neck pain is a strong risk factor 

for the further recurrences of neck pain10, 116, 117. Therefore, the pain sources of patients with recurrent neck pain 

were thought not to have been properly addressed. Previous studies demonstrated that alterations in motor control 

and sensory systems did not return to the normal level when the pain was gone, which indicated the persistent 

motor and sensory changes may lead to the recurrence of neck pain60, 118-120. However, previous studies mainly 

investigated the alterations of muscle activity or muscle recruitment patterns in patients with neck pain. Whether 

the cervical joint motion is affected by the changes of cervical muscle activities remains unclear. Additionally, 

when neck pain becomes chronic, more tissues and factors may be involved which will consequently be difficult 

to identify the initial pain sources. Therefore, a better understanding of recurrent neck pain may help to prevent 

patients from developing into chronic neck pain.  

1.8.  AIMS OF THE PHD THESIS 

The thesis aimed to investigate the effects of neck pain on dynamic cervical joint motion and pressure pain 

sensitivity in experimental neck pain models and recurrent neck pain patients. The overview of the PhD thesis was 

shown in Fig.1. 

Three research questions were raised and answered from the underlying studies:  

Research question 1: Does the pain originating in deep and superficial cervical muscles have different effects on 

dynamic cervical joint motion and pressure pain sensitivity over cervical facet joints? 

Research question 2: Does the pain originating in cervical ligaments affect dynamic cervical joint motion and 

pressure pain sensitivity over cervical facet joints? 

Research question 3: Do patients with recurrent neck pain show altered dynamic cervical joint motion patterns 

and pressure pain sensitivity when compared with healthy controls? 
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Study I: the aim is to investigate the effects of deep and superficial cervical muscle pain on dynamic cervical joint 

motion parameters and PPTs over bilateral C2/C3 and C5/C6 facet joints. 

Study II: the aim is to investigate the effects of cervical inter-spinous ligament pain on dynamic cervical joint 

motion parameters and PPTs over bilateral C2/C3 and C5/C6 facet joints. 

Study III: the aim is to investigate dynamic cervical joint motion parameters and PPTs over bilateral C2/C3 and 

C5/C6 facet joints and right tibialis anterior (TA) in patients with recurrent neck pain and healthy controls. 

 

Figure 1. The overview of the PhD thesis 

 

 

1.9. HYPOTHESES  

The overall hypothesis: neck pain will significantly affect dynamic cervical joint motion patterns and pressure 

pain sensitivity compared with either pain free conditions (study I and study II) or healthy match controls (study 

III). 

To answer the specific research questions, the following hypotheses were proposed for each of the three studies:  

Hypotheses of Study I: 

1) Deep cervical muscle pain will significantly affect individual cervical joint motion; 

2) Superficial cervical muscle pain will significantly affect the entire neck motion;  

3) Deep cervical muscle pain will significantly decrease PPTs over bilateral C2/C3 and C5/C6 facet joints; 

4) Superficial cervical muscle pain will significantly increase PPTs over bilateral C2/C3 and C5/C6 facet joints 

Hypotheses of Study II:   

1) Cervical inter-spinous ligament pain will significantly affect individual cervical joint motion;  

2) Cervical inter-spinous ligament pain will significantly decrease PPTs over bilateral C2/C3 and C5/C6 facet 

joints. 

Hypotheses of Study III:  

1) Patients with recurrent neck pain will show significant alteration in dynamic cervical joint motion patterns when 

compared with healthy controls;  
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2) Patients with recurrent neck pain will show a significant decrease of PPTs over bilateral C2/C3 and C5/C6 facet 

joints and over the right TA when compared with healthy controls. 
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CHAPTER 2. OVERVIEW OF STUDY DESIGNS, 

SAMPLE SIZES AND STATISTICS 

2.1. STUDY DESIGNS  

Study I: A repeated-measure study design was used with the application of experimental cervical muscle pain 

models in a healthy subjects group (Fig.2). Subjects were to attend two experimental sessions separated by a seven-

day interval. In the first session, baselines of PPTs over the cervical facet joints and fluoroscopy videos of neck 

movements were first measured. During the assessment of neck movements, the subjects were instructed to flex 

and extend their neck from the self-determined neutral position to the maximal end-range position. After the 

baseline assessments, the experimental pain was induced either in the multifidus muscle or in the trapezius muscle 

by injecting 0.5 ml of hypertonic saline (5.8%). The PPTs over the cervical facet joints and fluoroscopy videos of 

neck movements were measured again after the injection. Pain intensity, pain duration and pain distribution of the 

experimental pain were recorded after the injection. In the second session, the subjects underwent the same 

procedures but experimental pain was induced in the previously unused cervical muscle. The injection order of the 

two cervical muscles was randomized across the two experimental sessions. A 7- day washout interval was chosen 

to mitigate the potential effects of the previous injection. 

 

Figure 2. The experiment flow of study I. Motion represents cervical flexion and extension movements; PPTs: pressure pain thresholds. 

 

Study II: The study design was the same as study I (Fig.3). However, the experimental cervical ligament pain 

model was applied instead of the experimental cervical muscle pain model in a healthy subjects group. The study 

contained two experimental sessions separated by a seven-day interval. In the first session, baselines of PPTs over 

the cervical facet joints and fluoroscopy videos of cervical flexion and extension were first measured. After the 

baseline assessments, either 0.2 ml of hypertonic saline (5.8%) or isotonic saline (0.9%) was injected into the 

C4/C5 inter-spinous ligament. The hypertonic saline injection was used to induce experimental pain, while the 

isotonic saline injection was used as a control condition. The PPTs over the cervical facet joints and fluoroscopy 

videos of neck movements were measured again after the injection. Similarly, pain intensity, pain duration, and 

pain distribution were recorded after the injection. In the second session, the subjects underwent the same 

procedures but with the injection of the previously unused saline concentration. The injection order of the two 

saline concentrations was randomized across the two experimental sessions. A 7- day washout interval was chosen 

to mitigate the potential effects of the previous injection. 
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Figure 3. The experiment flow of study II. Motion represents cervical flexion and extension movements; PPTs: pressure pain thresholds. 

 

Study III: Two groups of participants were recruited: one recurrent neck pain patient group and one age- and 

gender-matched healthy control group. Patients were examined during their recurrence of neck pain. Patients were 

assessed in terms of PPTs over cervical facet joints and the right TA, fluoroscopy videos of cervical flexion and 

extension, neck disability index (NDI), pain intensity and pain distribution. The healthy controls were assessed for 

PPTs over cervical facet joints and the right TA, and fluoroscopy videos of cervical flexion and extension (Fig.4).  

 

Figure 4. The experiment flow of study III. Motion represents cervical flexion and extension movements; PPTs: pressure pain thresholds; 

NDI: neck disability index. 

 

The assessment parameters applied in three studies were summarized in Table 1.  

Table 1. The overview of assessments in the three studies. 

Parameters Study I Study II Study III 

Pain intensity    

Pain duration    

Pain distribution    

NDI    

PPTs    

Motion    

Motion: cervical flexion and extension movements; PPTs: pressure pain thresholds; NDI: neck disability index. 
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2.2. SAMPLE SIZES AND PARTICIPANTS RECRUITMENT 

Study I and study II: No previous studies have investigated the new developed cervical joint motion parameters 

(anti-directional motion, pro-directional motion, total joint motion, and joint motion variability) in either 

experimental pain studies or patients with neck pain. Therefore, there is no prior information from which to base 

a sample size calculation. Therefore, the effect size of 0.25 was chosen to calculate the sample size in study I and 

study II. At a significance level of 0.05, power of 0.9 and effect size of 0.25, it was calculated that a minimum of 

fourteen participants was required for a repeated measure design study (G*Power, version 3.1). To allow for one 

drop out, fifteen participants were recruited for study I and study II respectively. Although some previous studies 

have shown a slight gender effect on neck movements (e.g. primary extension) in healthy subjects121, the gender 

balance was not controlled in study I and study II since the aim was to investigate the effect of experimental neck 

pain on cervical joint motion in a repeated-measure designed study.  

Inclusion criteria: Healthy participants were included if they had no neck pain for the last three months.   

Exclusion criteria: Healthy participants were excluded if they had: (1) Cervical trauma or surgery, (2) Cervical 

musculoskeletal diseases, (3) Psychosocial profile (depressive, bipolar, anxiety, etc.) that would affect the 

responsiveness to the pain, (4) Inability to cooperate and (5) Possibility of pregnancy.  

Study I: Nine male and six female healthy participants were recruited (age: 25.1years (SD 4.7), height: 172.7 cm 

(SD 11.6) and weight: 70.0 kg (SD 13.6). 

Study II: Eleven male and four female healthy participants were recruited (age: 27.4 years (SD 6.5), height: 173.7 

cm (SD 11.5) and weight: 73.6 kg (SD 11.8). 

Study III: The sample size was calculated based on motion findings in the previous experimental neck pain studies 

published by our research team24, 28. The effect sizes of the experimental neck pain on cervical joint motion 

parameters (anti-directional motion, pro-directional motion, total joint motion, and joint motion variability) at 

individual cervical joint levels ranged from 29.9% to 71.1%24, 28. Considering the high inter-variability in patients, 

the effect sizes of clinical neck pain on the cervical joint motion parameters were assumed to be smaller when 

compared with experimental neck pain. A 20% change in individual cervical joint motion is assumed to be 

clinically relevant122. In order to have enough power to detect significant alterations in all the cervical joint motion 

parameters, the effect size of 0.2 was chosen to calculate the sample size. At a significance level of 0.05, power of 

0.9 and effect size of 0.2, it was calculated that a minimum of seventeen participants was required in each group 

(G*Power, version 3.1). To allow for one drop out, eighteen participants in each group were recruited. 

Inclusion criteria: Patients were defined to have recurrent neck pain and included in the study if they met the 

following criteria: 1) at least three self-reported episodes of neck pain separated by episodes of pain remission 

during the last 12 months; 2) the pain symptoms last more than 24 hours with limited activities of daily living 

during episodes of neck pain; 3) pain remission episodes last at least 1 month without the pain symptoms; 4) the 

patient had a diagnosis of non-specific neck pain. Additionally, patients were to be examined during the episode 

of neck pain in the study and the pain rating was required to be higher than 3/10 on the 10-cm Numerical Rating 

Scale (NRS) anchored with “no pain” at 0 cm and “the worst possible pain” at 10 cm. Healthy participants were 

included if they had no neck pain for the last three months. 

Exclusion criteria: Patients were excluded if they had any 1) Spinal pathology and radiating signs, 2) Other 

musculoskeletal diseases, 3) Neurological disorders, 4) History of cervical fractures or whiplash, 5) Cervical spine 

surgery, 6) Systematic diseases and 7) Recent or current pregnancies. Healthy participants were excluded if they 

had: (1) Cervical trauma or surgery, (2) Cervical musculoskeletal diseases, (3) Psychosocial profile (depressive, 

bipolar, anxiety, etc.) that would affect responsiveness to pain, (4) Inability to cooperate and (5) Possibility of 

pregnancy. 

Study III: Eighteen patients (eleven females) with recurrent neck pain (age: 34.7 years (SD 11.4), height: 171.5 

cm (SD 7.7), weight: 71.9 kg (SD 14.8) and BMI: 24.2 kg/m2 (SD 3.6)) and eighteen (eleven females)  age- and 

gender-matched healthy controls (age: 34.6 years (SD 12.3), height: 168.1 cm (SD 9.9), weight: 64.3 kg (SD 14.3) 

and BMI: 22.6 kg/m2 (SD 3.2)) were recruited. 
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2.3. STATISTICAL ANALYSIS 

Statistical analyses were performed in SPSS (IBM Statistics 24). Before statistical comparisons, all data were 

tested for normality by the Kolmogorov-Smirnov test and the normality of the data was confirmed. Additionally, 

the sphericity was tested by the Mauchly's test. If the assumption of sphericity was violated, Greenhouse-Geisser 

corrections were used.  

The pain distribution, peak pain intensity, and pain duration were compared between conditions in study I and 

study II by paired t-test (Study I: between multifidus and trapezius muscle pain; Study II: between hypertonic 

saline and isotonic saline injections). 

PPTs were analyzed separately for each condition in study I and study II (Study I: multifidus and trapezius muscle 

pain; Study II: hypertonic saline and isotonic saline) by two-way repeated-measures analysis of variance (RM-

ANOVA) with two within-group factors: Measurement site (right C2/C3, left C2/C3, right C5/C6 and left C5/C6) 

and Condition (before pain, during pain). For study III, PPTs were analyzed by two-way RM-ANOVA with 

Measurement site (right C2/C3, left C2/C3, right C5/C6, left C5/C6 and TA) as the within-group factor and Group 

(patient, control) as the between-group factor. 

The dynamic cervical joint motion parameters were analyzed separately for flexion and extension in each condition 

in study I and study II (Study I: multifidus and trapezius muscle pain; Study II: hypertonic saline and isotonic 

saline) by two-way RM-ANOVA with two within-group factors: Joint (C0/C1, C2/C3, C3/C4, C4/C5, C5/C6 and 

C6/C7) and Condition (before pain, during pain). For study III, the dynamic cervical joint motion parameters were 

analyzed separately for flexion and extension by two-way RM-ANOVA with Joint (C0/C1, C1/C2, C2/C3, C3/C4, 

C4/C5, C5/C6 and C6/C7) as the within-group factor and Group (patient, control) as the between-group factor. 

All ANOVAs were corrected for the family-wise error. If the significance remained, a Bonferroni post hoc analysis 

was performed for multilevel comparisons. P-values < 0.05 were considered as significant. 
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CHAPTER 3. CHARACTERISTICS OF 

EXPERIMENTAL AND CLINICAL NECK PAIN 

3.1. EXPERIMENTAL NECK PAIN MODELS 

Most previous studies investigating motor and sensory changes in patients with neck pain were not able to tell if 

the pain caused the motor/sensory alterations or the pain was the result of the motor/sensory alterations123. Human 

experimental pain models have been extensively applied to explore the cause-effect relationship between pain and 

motor/sensory alterations105, 112, 113, 124-126. One advantage of experimental pain models is that the pain quality is 

comparable to the clinical pain104, 127. Another advantage of experimental pain models is that the pain is 

standardized and clears up the confounding factors usually found in patients104. Back in the 1940s, the injection of 

hypertonic saline was initially used to induce experimental muscle pain128. Since then, the hypertonic saline 

injection was applied in different human tissues to establish different experimental pain models36-38, 109. Normally, 

the injection of isotonic saline into the same tissue was used as a control condition56, 113, 129, 130. In this PhD thesis, 

the experimental muscle and ligament pain models were applied in study I and study II, respectively. All the 

injections in study I and study II were conducted by an experienced radiographer under the ultrasound guide. The 

location of the target structure was confirmed by NQ and the radiographer together. Ultrasound-guide injection 

was widely applied in previous experimental pain studies and the ultrasonography showed acceptable reliability 

and validity in assessing cervical structures131-134.  

3.1.1.  DEEP AND SUPERFICIAL MUSCLE PAIN 

In study I, the experimental pain was induced by injecting 0.5 ml of sterile hypertonic saline (5.8%) in the right 

cervical multifidus and trapezius muscles, respectively. The injection site of the right multifidus muscle was the 

deepest layer at the C4 level. The muscle fasciculation lies between the right articular pillar of C5/C6 joint and the 

right side of C3 laminae. The C4 spinous process was first identified by palpation and the ultrasound scanner was 

then placed over the C4 spinous process in the horizontal plane. The examiner slid the ultrasound scanner to the 

right side with 1 cm away from the midline. The target multifidus fasciculation was located at the junction between 

the spinous process and the vertebral laminae. The needle was proceeded to the junction directly (Fig.5). The 

injection site of the right trapezius muscle was located at the midpoint of C7 spinous process and the right 

acromion. The hypertonic saline was injected slowly into the multifidus and trapezius muscles.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The injection site of the right multifidus muscle at C4 level under ultrasound guide in the view of 

the horizontal plane. The white arrow indicated the location of the multifidus muscle. The dash line 

indicated the outline of C4 spinous processes and the right vertebral laminar. 
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3.1.2. INTER-SPINOUS LIGAMENT PAIN 

The density and sensitivity of nociceptive afferents in ligaments are higher than those in cervical muscles37, 109, 135. 

Therefore, lower volumes of hypertonic saline should be applied in order to induce comparable pain intensity as 

with cervical muscle pain28, 109. In study II, the experimental pain was induced by injecting 0.2 ml of sterile 

hypertonic saline (5.8%) in the C4/C5 inter-spinous ligament. A 0.2 ml of sterile isotonic saline (0.9%) was 

injected in the same inter-spinous ligament as a control condition. The subjects needed to keep their neck at a 

flexion position to tighten the neck skin and enlarge the space between the two adjacent cervical spinous processes. 

The examiner first palpated the C4 spinous process to determine the general injection location and then used the 

ultrasound scanner to confirm the accurate location. The ultrasound scanner was placed in the sagittal plane along 

the midline, the C4, C5 and C6 spinous processes were identified in the view (Fig.6). Then the ultrasound scanner 

was slid to the top of C5 spinous process to make space for the injection. During the injection, the needle was 

against the C5 spinous process with 45 degrees to the direction of the spinous process. The needle went through 

several layers including skin, subcutaneous tissue, and supra-spinous ligament. When the needle reached the supra-

spinous ligament, the examiner would feel a strong resistance and needed to increase the force to reach the middle 

part of the C4/C5 inter-spinous ligament. The hypertonic saline and the isotonic saline were injected slowly into 

the inter-spinous ligament. 

 

 

 

 

 

 

 

 

 

 

 

 

3.2. ASSESSMENT OF PAIN PARAMETERS 

Pain is commonly characterized by its intensity, duration, and distribution. Pain intensity could be assessed by 

several tools, of which the Visual Analogue Scale (VAS), Numerical Rating Scale (NRS), Verbal Rating Scale 

(VRS) and Faces Pain Scale-Revised (FPS-R) are commonly used by clinicians and researchers136. Among those 

measurement tools, the NRS was the most sensitive and responsive tool which can be administered verbally or 

graphically for self-completion136, 137. The NRS is an 11-point numeric scale anchored with ‘no pain’ at 0 cm and 

‘worst pain imaginable’ at 10 cm136, 137. The NRS is a valid tool with high reliability to assess pain intensity in 

clinical settings and researches136, 137. In study I and study II, the pain intensity was recorded every minute after 

the injections until the pain vanished in each experimental session. The peak pain intensity was extracted for the 

final analysis. In study III, the pain intensity of patients with recurrent neck pain was recorded at the beginning of 

the study. Pain duration was calculated as the time from the onset of the pain to the disappearance of the pain after 

injections in study I and study II. Pain distribution is a useful sign that helps clinicians to understand the pathology 

of neck pain and classify patients with neck pain138. Pain distribution was drawn on a body chart at the end of each 

session by participants in study I and study II24, 28. In study III, the pain distribution of patients with recurrent neck 

 

Figure 6. The injection site of C4/C5 inter-spinous ligament under ultrasound guide in the view of the 

sagittal plane. The white arrow indicated the location of the inter-spinous ligament and the hypertonic 

saline. The dash lines indicated the outlines of C4, C5 and C6 cervical spinous processes. Inj: injection 

site.  
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pain was recorded at the beginning of the study.  Pain distribution was extracted into data in arbitrary units (a.u.) 

via VistaMetrix (version.1.38.0; SkillCrest, LLC, Tucson, AZ, USA) for analysis24, 28, 113.  

3.3. ASSESSMENT OF FUNCTIONAL DISABILITY 

Patients with neck pain are usually associated with different levels of functional disabilities123-125. Neck Disability 

Index (NDI) questionnaire is a standardized instrument for assessing the severity of disabilities caused by neck 

pain and shows good reliability and validity139. The NDI includes 10 items with 6 score-different selections under 

each (0: no disability, 5: disability). The total score out of 50 was calculated. Lower NDI score indicates lower 

pain and disability, and vice versa. According to the total score, the disability was classified into five levels: 0-4 = 

none; 5-14 = mild; 15-24 = moderate; 25-34 = severe; over 34 = complete disability140. Patients with recurrent 

neck pain in study III completed the NDI questionnaire at the beginning of the study. The average NDI score of 

the patients with recurrent neck pain is 16.7. The NDI was previously reported to be related to PPTs and neck 

motion functions100, 141-143.  

3.4. COMPARISON BETWEEN EXPERIMENTAL AND CLINICAL NECK PAIN  

3.4.1. PAIN INTENSITY AND DURATION  

Hypertonic saline injection produces the pain sensation by depolarizing membranes of the nociceptors in cervical 

tissues144, 145. The pain sensation following hypertonic saline injections is resulted from the activation of group III 

(Adelta-fiber) and group IV (C-fiber) nociceptors146-148. These types of nociceptors are found in both muscles and 

ligaments36, 109, 149-151. Different words have been used to describe the experimental pain sensation following 

hypertonic saline injection such as pressing, drilling, annoying, throbbing, aching, sharp and sore, etc.109, 152, 153. 

The muscle pain was mostly described as cramp-like and diffuse-aching, while the ligament pain was mostly 

described as aching, sharp and throbbing109. The deep and superficial cervical muscle pain induced by hypertonic 

saline showed similar patterns of pain intensity against time (Fig.7)24. The pain characteristics of experimental and 

clinical neck pain were summarized in Table 2. The peak pain intensity was 6.1 ± 2.1 cm for multifidus muscle 

pain and 5.5 ± 2.2 cm for trapezius muscle pain (Study I)24. The pain duration was 8.3 ± 1.7 minutes for multifidus 

muscle pain and 7.9 ± 2.3 minutes for trapezius muscle pain (Study I)24. The pain intensity and pain duration were 

consistent with previous experimental muscle pain models56, 112, 113, 152. Previous studies showed that hypertonic 

saline injection in the deep back muscles produced higher pain intensity compared to the same volume of 

hypertonic saline injected in the superficial back muscles110. Although pain induced in the deep cervical muscle 

(Multifidus) showed a slightly higher peak pain intensity compared to pain induced in the superficial cervical 

muscle (Trapezius) following the injection of hypertonic saline, the difference was not statistically significant24. 

The variations of pain intensity following the uniform injection of hypertonic saline (volume and concentration) 

may be explained by the different density and sensitivity of nociceptive afferents between deep and superficial 

cervical muscles154-156. The duration of experimental pain induced by hypertonic saline may depend on the 

absorbing rate of the substance or the spreading rate to nearby tissues109, 155. Tissues containing a rich vascular 

system and surrounded by loose connective tissues could increase the absorbing process and result in a shorter 

pain duration compared with tissues lacking vascularities109, 155. 
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The peak pain intensity after hypertonic 

saline injection in the inter-spinous ligament 

was 5.0 ± 2.2 cm and the pain duration was 

7.8 ± 3.2 minutes (Study II)28. Previous 

studies have shown that the same volume of 

hypertonic saline produced different pain 

intensities and pain distributions when 

injected in different anatomical structures36, 

109, 110. Normally, the experimental pain 

induced in ligaments showed higher pain 

intensity compared with muscles36, 109, which 

indicated the density and sensitivity of 

nociceptive afferents in ligaments are higher 

than in muscles37, 109, 135. Additionally, the 

pain duration following hypertonic saline 

injection in ligaments was longer compared 

with the pain duration following the same 

volume of hypertonic saline injection in 

muscles36, 109. Therefore, in order to produce 

comparable pain characteristics between the 

cervical inter-spinous ligament and cervical 

muscles, a lower volume (0.2ml) of 

hypertonic saline was used which was less 

than 1/2 compared to the volume (0.5ml)  

applied in experimental cervical muscle pain models. The peak pain intensity and pain duration of experimental 

ligament pain were comparable to what was found in the above mentioned experimental cervical muscle pain. The 

injection of isotonic saline in the inter-spinous ligament (Study II) produced a quite low peak pain intensity (0.9 ± 

1.2cm) and short pain duration (1.7± 2.6 minutes)28. The pain following the injection of isotonic saline lasted 

around 9 minutes in Fig.7 and was due to one subject reporting a low pain intensity for a long duration (Study 

II)28. The isotonic saline was normally used as a control condition when exploring the relationship between pain 

and motor/sensory effects56, 112. The short pain duration and low pain intensity of isotonic saline injection in inter-

spinous ligament indicated the pain induced by hypertonic saline was not related to the osmotic effect109.  

 

Previous studies reported a large range in terms of the pain intensity in patients with neck pain (1.5 - 6.4 cm using 

NRS or equivalent score in similar pain evaluation tools)58, 74, 90, 102, 157-160. Some researchers did not even report 

the pain intensity of the patients with neck pain in their studies according to different research aims161-164. Among 

those studies reporting the pain intensity, the inclusion criteria with respect to pain intensity of patients with neck 

pain were mostly not clarified58, 74, 90, 102, 157-159. Although a few previous studies have shown the potential 

relationship between pain intensity and motor/sensory outputs142, 165, 166, no standard on pain intensity of patients 

with neck pain was established when studying the motor and sensory effects of neck pain. However, it is widely 

 

Figure 7. Pain intensity after injection of hypertonic or isotonic saline in cervical 

muscles (Study I) and inter-spinous ligament (Study II).  Hyper: hypertonic 

saline; Iso: isotonic saline; Mul: multifidus muscle; Tra: trapezius muscle; 

Inter: inter-spinous ligament; min: minute. 

Table 2. Pain characteristics of experimental and clinical neck pain 

 Peak pain intensity (cm) Pain duration (min) 

Hyper-Mul 6.1 ± 2.1 8.3 ± 1.7 

Hyper-Tra 5.5 ± 2.2 7.9 ± 2.3 

Hyper-Inter 5.0 ± 2.2 7.8± 3.2 

Iso-Inter 0.9 ± 1.2 1.7± 2.6 

Recurrent neck pain patients 5.1 ± 1.3  

Hyper: hypertonic saline; Iso: isotonic saline; Mul: multifidus muscle; Tra: trapezius muscle; Inter: inter-spinous ligament. Data were 

obtained from Study I-III. 
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accepted that the minimal pain intensity of patients with neck pain should be at least 3cm on a 10 cm numerical 

rating scale (NRS) 160-164. In the thesis, the pain intensity of patients with recurrent neck pain was 5.1 ± 1.3 cm 

(Study III). In addition, the experimental pain models applied in the thesis are comparable to clinical neck pain in 

terms of pain quality and intensity.  

3.4.2. PAIN DISTRIBUTION 

The pain distribution following the hypertonic saline injection is normally characterized by the local pain area 

around the injection site and the referred pain area remote from the injection site. The local pain area results from 

stimulating the local peripheral nociceptors, while the referred pain area is related to the central sensitization 

mechanism105. Previous experimental pain studies showed that the hypertonic saline injections in different 

structures resulted in various patterns of pain distributions36-38, 109, 167. The intrinsic variation in the density of nerve 

innervations between structures may account for the difference in the patterns of pain distributions154, 166, 168. 

Moreover, experimental pain induced by the hypertonic saline injection may also affect dorsal horn neurons of 

different spinal segment levels and result in different referred pain distribution patterns37, 128. Additionally, the 

experimental pain distribution was reported to correlate with the pain intensity in the injection site105. The higher 

the pain intensity, the larger the pain distribution105. In the thesis, the distribution of cervical multifidus and 

trapezius muscle pain was confined to the posterolateral neck area of the injection side (Fig.8 A and B). The 

trapezius muscle pain distributed to the midline of the neck from the injection site but only covered the lower 

cervical spine region. Three out of 15 subjects (20%) showed referred pain following hypertonic saline injection 

into the trapezius muscle. The manifestation of trapezius muscle pain distribution was similar to the findings of 

previous studies applying the same experimental trapezius muscle pain model130, 152, 169. The experimental 

multifidus muscle pain distributed to the right shoulder region from the injection site and six out of 15 subjects 

(40%) showed referred pain. The distribution of multifidus muscle pain seems larger than trapezius muscle pain 

but without a statistical significance. As previous studies indicated, the small variation in pain distribution could 

be the result of variations in the pain intensity between multifidus muscle pain and trapezius muscle pain105. 

The pain distribution following the injection of hypertonic and isotonic saline in the inter-spinous ligament 

centrally located around the injection site (Fig.8 C). The localized pain distributions were consistent with previous 

studies109, 170. The reason could be that the inter-spinous ligament locates in a narrow space between two adjacent 

spinous processes171. Five out of 15 subjects (33%) showed referred pain areas to the shoulder region following 

the hypertonic saline injection. With respect to the isotonic saline injection, two out of 15 subjects (13%) showed 

large pain distribution after the injection, while 5 subjects (33%) showed a local tiny pain area and the rest of the 

subjects showed no pain at all (Fig.8 D). 

The pain distribution of patients with recurrent neck pain was much larger than any experimental pain model in 

the thesis (Fig.8 E). The pain distribution of patients with recurrent neck pain covered the entire posterior and 

most lateral area of the neck, the bilateral posterior shoulder regions and the upper thoracic spine region. The larger 

pain distribution in patients with neck pain compared with experimental pain models following one single injection 

of hypertonic saline was expected, since clinical neck pain is more complex than experimental neck pain. The 

patients with neck pain may have multiple painful foci and serious psychological features (e.g. anxiety and 

depression)172, 173, both of which affected the pain processing pathway and may explain the large pain distribution 

in patients with recurrent neck pain. 
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In summary, experimental cervical muscle and ligament pain showed comparable pain intensity and duration. 

Additionally, the experimental neck pain was comparable to clinical neck pain in terms of pain quality and 

intensity. The experimental multifidus and trapezius muscle pain were confined to the posterolateral neck area 

of the injection side, while the inter-spinous ligament pain centrally located around the injection site. The 

patients with recurrent neck pain showed larger pain distribution compared to any experimental neck pain 

models in the thesis. 

 

 

 

 

 

 

 

Figure 8. The pain distribution of experimental neck pain models and patients with recurrent neck pain. A: hypertonic saline (0.5ml) in 

multifidus muscle; B: hypertonic saline (0.5ml) in trapezius muscle; C: hypertonic saline (0.2ml) in C4/C5 inter-spinous ligament; D：
isotonic saline (0.2ml) in C4/C5 inter-spinous ligament; E: recurrent neck pain patients. Data were obtained from Study I-III. 
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CHAPTER 4. PRESSURE PAIN SENSITIVITY AND 

NECK PAIN 

4.1. ASSESSMENT OF PRESSURE PAIN SENSITIVITY 

Pressure pain thresholds (PPTs) measured by the pressure algometer were widely applied to quantify pain 

sensitivities in both healthy subjects and patients with neck pain and the method showed high reliability and 

validity174-178. Three repetitions are recommended if researchers want to track changes of PPTs across study 

sessions178. In all studies (Study I-III), the PPTs were measured over bilateral C2/C3 and C5/C6 cervical facet 

joints with the subjects in a prone position and relaxed their neck. In addition, the PPTs over the muscle belly of 

the right TA were assessed to evaluate the potential widespread hyperalgesia of patients with recurrent neck pain 

in study III. The measurements were assessed by using a pressure algometer (Algometer, Somedic Production AB, 

Sollentuna, Sweden) with a 1 cm2 round rubber tip. The pressure algometer was placed perpendicular to the tissue 

surface and the pressure was constantly delivered with a speed of 30kPa/s during the measurements. Subjects were 

asked to press the handheld button connected to the pressure algometer when they felt the pressure sensation 

became detectably painful. Each site was assessed three times and the three assessments were used in determining 

the average for the further analysis. A 30s resting period was taken between two assessments. The procedure was 

in line with the previous studies179. The PPTs were measured by NQ alone. NQ was not blind to the test conditions 

(before injection or after injection) or the patients with recurrent neck pain, because NQ needed to assist the 

radiographer to do the injection and confirm the location of the target cervical structure. 

4.2. EFFECTS OF NECK PAIN ON PRESSURE PAIN SENSITIVITY 

The significant results of PPTs are summarized in Table 3. Hypertonic saline injection in the deep cervical muscle 

(Multifidus) increased the PPTs over bilateral C2/C3 facet joints and left C5/C6 facet joint compared with before 

injection. Hypertonic saline injection in the superficial muscle (Trapezius) increased the overall PPTs over the 

cervical facet joints compared with before injection (Table 4). Hypertonic saline injection in the inter-spinous 

ligament increased the PPTs over the left C2/C3 facet joint, while isotonic saline injection in the inter-spinous 

ligament showed no changes in PPTs over the cervical facet joints (Table 4). Contrary to the hypothesis, no 

difference was found in PPTs over the cervical facet joints and the TA between patients with recurrent neck pain 

and healthy controls (Table 5).  

 

Table 3. The overview of altered PPTs in three studies 

Parameters Study I Study II Study III 

 Hyper-Mul Hyper-Tra Hyper-Inter Iso-Inter  

PPTs Left Right Left Right Left Right Left Right Left Right 

C2/C3           

C5/C6           

Hyper: hypertonic saline; Iso: isotonic saline; Mul: multifidus muscle; Tra: trapezius muscle; Inter: inter-spinous ligament.  indicates 

a statistical difference. 

 

4.2.1. EXPERIMENTAL NECK PAIN 

The investigation of PPTs helps clinicians to understand the underlying pain processing mechanisms involved in 

neck pain31, 100, 101. In previous studies, experimental pain induced in different human tissues caused various 

manifestations of changes in PPTs. Gibson et al. (2006) demonstrated that hypertonic saline injection in the tendon, 

tendon-bone junction and muscle belly of tibialis anterior muscle increased or did not change PPTs over the areas 
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out of the injection site during pain36. Izumi et al. (2014) demonstrated hypertonic saline induced pain in the gluteus 

medius tendon and gluteus medius muscle were likely to decrease PPTs over the areas out of the injection site 

while hypertonic saline induced pain in the adductor longus tendon was likely to increase PPTs over the areas out 

of the injection site during pain 37. Additionally, the changes in PPTs also depends on the location of measurement 

sites. Palsson et al. (2012) demonstrated hypertonic saline induced pain in the long posterior sacroiliac ligament 

decreased PPTs over the area 1 cm lateral to the spinous process of S2 during pain but did not change PPTs over 

the rest of measurement sites 38. However, no previous studies have reported whether changes in PPTs over the 

cervical facet joints will be different when the pain originates in different cervical tissues. The findings may 

contribute to the experimental neck pain models investigating pain sensitivity and help clinicians to better 

understand the sensory effects of neck pain. The results showed experimental cervical muscle and ligament pain 

increased or did not change PPTs over bilateral C2/C3 and C5/C6 facet joints (Study I-II)24, 28. In agreement with 

the hypothesis, experimental trapezius muscle pain increased overall PPTs over the bilateral C2/C3 and C5/C6 

facet joints (Study I)24. Contrary to the hypotheses, experimental multifidus muscle pain increased PPTs over the 

bilateral C2/C3 and left C5/C6 facet joints (Study I) and experimental inter-spinous ligament pain increased PPTs 

over the left C2/C3 facet joint (Study II)24, 28. These results imply that pain sources may influence the pain 

sensitivity over cervical facet joints. As indicated in a previous review paper, the pain intensity following 

hypertonic saline injection influenced the pain sensitivity of deep human tissues105. Studies with the peak pain 

intensity below 6 cm after injections commonly reported that PPTs increased or remained unchanged compared 

with the before injection condition, while studies with the peak pain intensity above 7 cm were more likely to show 

decreased PPTs compared with the before injection condition105. In study I and study II, the peak pain intensity 

remains below or slightly over 6 cm, which may explain the increased and unchanged PPTs over the bilateral 

C2/C3 and C5/C6 facet joints. Additionally, the time point of the measurement after injections may be related to 

the changes in PPTs. Previous studies have indicated the descending inhibitory and facilitatory modulations of the 

spinal nociceptive processes simultaneously existed during pain and played a crucial role in modulating the 

pressure pain sensitivity in experimental pain models152. Ge et al. (2003) suggested that enhanced descending 

inhibitory and facilitatory mechanisms were activated simultaneously but predominated in different phases during 

experimental pain152. Descending facilitatory mechanisms were more likely to predominate in the early phase and 

descending inhibitory mechanisms predominated later152. Therefore, the various findings of pressure pain 

sensitivity in previous studies probably resulted from the shift between the inhibition and facilitation 

mechanisms126. The increased, decreased and unchanged PPTs could co-exist in the same experimental pain 

study37, 38. In both study I and study II, the PPT measurements were conducted almost at the end of the pain because 

of the motion tasks after the injection. The measurements coincided approximately with the descending inhibitory 

mechanism phase and presented as increased PPTs. Interestingly, the alterations in PPTs were more often 

demonstrated over the upper facet joints (C2/C3) and the non-injected side (left side) of the neck. The inherent 

difference of pain sensitivity in different areas of human body may account for these findings168, 180, 181. The upper 

spine region is generally more sensitive than the lower spine region168, 181. It was reported in one previous study 

that the PPTs over neck and head were the lowest among 29 measurement sites over different areas of the human 

body180. Moreover, most of the subjects in the experimental pain models are right hand dominant (80% in study I, 

93% in study II) and this may explain why findings were more likely to be demonstrated over cervical facet joints 

on the left side180, 182.  

In summary, hypertonic saline induced experimental neck pain in multifidus muscle, trapezius muscle and 

inter-spinous ligament caused unchanged or increased PPTs over the bilateral C2/C3 and C5/C6 facet joints. 

The affected area was different according to the pain sources. The upper cervical facet joints and the non-

injected side of the neck were more likely to be affected. The results indicated the descending inhibitory 

mechanism may predominate during PPTs measurement and the differences of inherent pain sensitivity over 

different areas of the human body.  
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4.2.2. CLINICAL NECK PAIN 

Contrary to the hypothesis, localized and widespread hyperalgesia was not found in patients with recurrent neck 

pain. To the best of our knowledge, no previous studies have investigated pressure pain sensitivity in patients with 

recurrent neck pain (Appendix B). Therefore, no direct data of pain sensitivity in the same type of patients with 

neck pain were available to be compared with. However, similar results of no localized and widespread 

hyperalgesia were demonstrated in recurrent low back pain patients when compared with healthy controls183, 184. 

This evidence may imply a similar pain processing mechanism in patients with recurrent pain. 

Localized hyperalgesia normally reflects the sensitizations of peripheral nociceptors which may result from injury 

of the neck tissues185. No localized hyperalgesia may indicate less sensitization of peripheral nociceptors in patients 

with recurrent neck pain (Study III). Patients with recurrent neck pain showed a developing pattern with episodes 

of fluctuating pain and disability115. The measurements of PPTs were conducted during the recurrence episode in 

the thesis, therefore, recoveries of the injured tissues in the previous remission episode may result in less 

sensitization of the peripheral nociceptor. The current findings were contrasted to previous studies showing 

localized hyperalgesia over the cervical spine region in patients with neck pain compared with healthy controls29, 

30, 186. The methodology differences including the measurement sites and the measurement devices may be one of 

the explanations for the inconsistent findings, for instance, the baselines of pain sensitivity are diverse among neck 

structures180, 181. Even in the same group of patients with neck pain, the initial pain locations may be different 

between patients and different from the standardized measurement sites. Additionally, Johnston et al. (2008) 

compared PPTs over the cervical spine region between office workers with neck pain and healthy controls and 

found that participants with a high level of neck pain and disability were more prone to show low PPTs100. Similarly, 

Sterling et al. (2004) demonstrated localized hyperalgesia over the cervical spine in acute whiplash patients with 

moderate and severe pain intensity and disability instead of patients with mild pain intensity and disability when 

compared to healthy controls187. Although the relationship between PPTs and the pain characteristics remains 

incompletely understood188, these previous studies indicated PPTs may be negatively correlated to the level of the 

pain intensity and disability100, 187. In study III, the mean pain intensity is 5.1 ± 1.3 cm and the mean NDI score of 

patients with recurrent neck pain is only 16.7 (Section 2.3). Therefore, the relatively low pain intensity and 

disability may explain no differences in PPTs over the cervical spine between patients with recurrent neck pain 

and healthy controls. Lastly, the injury mechanisms and the associated symptoms of neck pain may also contribute 

to the inconsistent findings in PPTs among previous studies29, 30, 32, 136, 187. 

Measuring PPTs over the TA was commonly applied to detect widespread hyperalgesia in patients with neck pain. 

Widespread hyperalgesia indicates the central sensitization, to be more specific, the impairment of the descending 

inhibitory control on the pain processing189. The current findings did not imply the widespread hyperalgesia in 

patients with recurrent neck pain, as no difference in PPTs over the TA were found between patients with recurrent 

neck pain and healthy controls (Study III). Previously, the widespread hyperalgesia was mostly demonstrated in 

chronic and whiplash-associated neck pain patients and occasionally in the non-specific neck pain patients29-32, 35, 

100, 190, 191. In a previous review paper, the author concluded there was a lack of evidence for the central sensitization 

in idiopathic and non-traumatic neck pain192. The above-mentioned low NDI score may also be a factor influencing 

the development of the widespread hyperalgesia in patients with neck pain100. Additionally, the persistent 

nociceptive stimulus was a main contributor to the development of the widespread hyperalgesia126. Javanshir et al. 

(2010) also highlighted the existence of different sensitization mechanisms between chronic and acute non-specific 

neck pain patients, and chronic neck pain patients showed widespread hyperalgesia instead of acute neck pain 

patients34. However, patients with recurrent neck pain showed intermittent remission episodes without the 

maintenance of nociceptive stimulations, which may explain the absence of widespread hyperalgesia. Additionally, 

Madrid et al. (2016) implied the widespread enhanced sensitivity response to the pressure was related to the 

neuropathic symptoms30, which is also not a feature of the patients with recurrent neck pain in the thesis. Although 

previous studies tried to subgroup patients with neck pain and differentiate them from healthy subjects based on 

the manifestations of pain sensitivity, the PPTs seem not to be a sensitive parameter for patients with recurrent 

neck pain183, 184. 

Previous studies demonstrated that the widespread hyperalgesia indicated a poor recovery of neck pain33, 102, 108. 

No findings in localized and widespread hyperalgesia, in turn, may explain the recurrent nature of neck pain. 

Goubert et al. (2017) proposed that the pain processing may be more efficient in recurrent low back pain patients 
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compared with healthy controls, which help patients quickly recover from the pain episode and prevent the 

development into chronic pain183.  

 

Table 5. Pressure pain thresholds over different sites between patients with recurrent neck pain and healthy 

controls 

 Patients Controls 

Right C2/C3 236.8±149.3 270.5±118.2 

Left C2/C3 239.8±137.3 271.7±97.6 

Right C5/C6 227.7±157.2 267.3±101.9 

Left C5/C6 222.7±132.8 262.9±102.3 

Right TA 372.6±224.7 382.4±184.6 

Values expressed as mean± SD. TA: Tibialis anterior. Data were obtained from Study III.  

       

In summary, no localized and widespread hyperalgesia was demonstrated in the patients with recurrent neck 

pain in the thesis. The natural course, low NDI score and no associated neuropathic symptoms of the patients 

with recurrent neck pain in the thesis could be the explanations for these findings. The PPTs may not be a 

sensitive parameter to differentiate patients with recurrent neck pain from the healthy controls.  
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CHAPTER 5. CERVICAL JOINT MOTION AND NECK 

PAIN 

5.1. ASSESSMENT OF NECK MOVEMENTS 

5.1.1. MEASUREMENT TECHNIQUE 

Many techniques have been applied to capture dynamic neck movements including virtual reality, digital camera, 

biplane X-ray system, electro-goniometer, inclinometers and video-fluoroscopy83, 85, 91, 94, 96, 193-195. The techniques 

using indirect markers, such as skin surface markers, are generally limited to the measurement of the gross cervical 

range of motion. They are unable to assess accurate individual cervical joint motion even at the static positions, 

not to mention during dynamic neck movements. In contrast, methods identifying and tracking direct landmarks 

of cervical vertebrae on radiographic images are considered accurate methods to measure cervical joint motions196. 

Video-fluoroscopy is an X-ray based technique and allows the real-time tracking of individual cervical joint 

motion during dynamic neck movements with low radiation doses24, 27, 28, 94, 96, 197, 198. Video-fluoroscopy takes 

multiple frames of the cervical spine per second and enables the identification of cervical vertebrae frame by frame 

on the fluoroscopic motion sequence. Individual cervical joint motion can be calculated between any two frames 

regardless of where the frame occurred during neck movements27, 93, 95, 96. Measurement of the cervical joint motion 

via video-fluoroscopy has been previously reported with high reproducibility and reliability95, 198. Therefore, video-

fluoroscopy was applied in this PhD thesis to assess cervical joint motion during neck movements. 

5.1.2. STANDARDIZED PROTOCOLS  

The methodologic factors which may influence the measurement of cervical joint motion need to be considered 

and addressed carefully before the assessments of neck movements, since standardized experimental methods 

promise good results and make the results comparable between studies199, 200. With respect to the movement 

performance, both active and passive cervical ROM were applied in previous studies. The active motion refers to 

the spontaneous motion performed by participants themselves, while the passive motion refers to the motion 

assisted by the researchers or external control tools27, 93, 94, 96, 200, 201. Although differences between assessments of 

active and passive motion were observed previously, there is no consensus on which type of motion assessment is 

better when evaluating the motor effects of neck pain67, 202. However, the active motion is under the physiological 

loads derived from the surrounding soft tissues and controlled by the neuromuscular system, which is 

representative of neck activities in the daily life199. Therefore, active motion assessment was used in this PhD 

thesis. Additionally, the starting position of the neck movements also needs to be considered. The neutral position 

is defined as the posture of the spine in which the overall internal stress in the spinal column and the muscular 

effort to hold the posture are the minimal203. In the sagittal plane, the neutral position of the neck is simply the 

point midway between flexion and extension. In previous studies, the neutral position of the neck was determined 

by the participants themselves or adjusted by the researchers94, 96. However, the researcher-assisted method may 

change alignment of the cervical joints at the neutral position which can affect the cervical joint motion pattern204. 

Some studies also investigated cervical joint motion from the maximal flexion to the maximal extension and from 

the maximal extension to the maximal flexion to avoid determining the neutral position91, 92. However, the internal 

stress and the muscular efforts of the neck at the maximal range position is significant, which may make the neck 

move in a totally different pattern compared with the motion started at the neutral position. There is also no 

uniformed standard on the starting position of the neck movements67, 202. The self-determined neutral position was 

applied in this PhD thesis since most of the daily neck activities started from the neutral position and the aim was 

to investigate cervical flexion and extension respectively83. Moreover, the self-determined method also reflects the 

proprioceptive ability of the participants to resume their neck neutral position which could be affected by neck 

pain93.  

For studies in this PhD thesis, the motion assessments were conducted in a room shielding X-ray (Fig.9). The 

subjects were seated in a chair with a backrest which was placed between the image intensifier and the X-ray 

transmitter of the fluoroscopy machine and kept their hips, knees, and ankles at 90 degrees. The trunk of subjects 

was restricted by straps attached to the chair to reduce movements from the thoracic spine and their right shoulder 

was directly against the image intensifier. The subjects wore a pair of glasses with four steel balls which were used 
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to represent the bottom of the occipital condyles. A continuous line on the floor, wall, and ceiling was used to 

guide the flexion and extension movements and reduce the out-of-plane motions. A cross symbol on the front wall 

was adjusted to the eye level of the subjects to remind them of the initial neutral position. The subjects were 

instructed to flex and extend their necks from the self-determined neutral position to the maximal range position 

(Fig.9). Cervical flexion and extension videos were collected at 25 frames per second by the video-fluoroscope 

system (Philips BV Libra, 2006, Netherland) with 45 KV, 208 mA, 6.0ms X-ray pulses. The motion tasks were 

practiced in advance to ensure a continuous and steady pace of flexion and extension motions. The fluoroscopic 

videos were recorded and stored in a computer software (Honestech VHS to DVD 3.0 SE). 

  

 

 

 

Figure 9. The set-up in the clinic and the motion tasks. The fluoroscopy machine was placed in a room shielding X-ray. A monitor in the 

adjacent room was connected to the fluoroscopy machine. During the data collection, examiners switched on the fluoroscopy machine, 

instructed participants on the motion tasks and recorded the fluoroscopic videos in the adjacent room without exposure to X-ray. 

Participants were instructed to flex and extend their neck from the neutral position to the maximal range position. Flexion and extension 

movements were recorded separately. 
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5.1.3. MOTION PARAMETERS EXTRACTION  

For studies in this PhD thesis, the fluoroscopic videos were digitalized frame by frame in a custom Matlab (2015b) 

program. The program of identifying cervical vertebrae landmarks was developed from the approach initiated by 

Frobin et al (2002)196. For the occipital condyles (C0), four external steel balls attached to the pair of glasses were 

marked. The centers of medullary marrow cavities of the anterior and posterior arch were marked on C1 vertebra. 

The two inferior corners were marked on C2 vertebra. The four corners of C3-C6 vertebrae were marked. The two 

superior corners were marked on C7 vertebra. The marking procedure has been showed to have good reliability 

and low average marking errors196, 198. The landmarks of each cervical vertebra (C0-C7) were used to calculate the 

mid-plane of the vertebrae. For C0, the mid-plane was defined as the line connecting the midpoint of the two 

anterior external markers and the midpoint of the two posterior external markers. For C3-C6, the mid-plane was 

defined as the line connecting the midpoints of two anterior markers and the two posterior landmarks. For C1, C2 

and C7 the line connecting the two landmarks was used as the mid-plane. 

Two adjacent cervical vertebrae formed the basic motion unit of the neck, which was called cervical joint. The 

angle between two adjacent mid-planes was defined as joint angle. As pre-programed, joint angles during cervical 

extension were produced in positive numbers and joint angles during cervical flexion were produced in negative 

numbers. The change in angles of the same joint during neck movements was defined as the joint motion. Therefore, 

the anti-directional motion of cervical joints was recognized as negative numbers during cervical extension and 

positive numbers during cervical flexion (Fig.10).  

 

Figure 10. Illustration of anti-directional motion and pro-directional motion during cervical extension. P, P1 and P2 represents three 

positions of the cervical spine during extension and α, α1 and α2 represents joint angles of C4/C5 at the corresponding position. The C4/C5 

joint angle increased from P to P1 when the cervical ROM increased in the extension direction. Therefore, C4/C5 joint motion from P to 

P1 calculated as α1- α was along with the motion direction and was defined as Pro-directional motion. Conversely, the C4/C5 joint angle 

decreased from P1 to P2 when the cervical ROM increased in the extension direction. C4/C5 joint motion from P1 to P2 calculated as α2- 

α1 was opposite to the motion direction and was defined as Anti-directional motion. The definitions are the same with respect to cervical 

flexion. 

 

In the thesis, the cervical joint motion parameters were extracted during 10 even epochs of cervical flexion and 

extension movements. The detailed extraction procedure from the fluoroscopy videos to the final cervical joint 

motion in degrees was shown in Fig.11. For each fluoroscopy video, the starting and ending frames of the neck 

movement together with 9 frames in the middle range of the neck movement were selected, which separated the 

neck movement into 10 even epochs. After identifying the landmarks on each frame, cervical joint motions during 

10 epochs were obtained24, 28, 93, 94, 96. The cervical joint motion parameters were calculated based on the typical 
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dataset. In the thesis, the collections of fluoroscopic videos of neck movements were conducted by NQ. NQ was 

not blind to the test conditions (before injection or after injection) or the patients with recurrent neck pain, because 

NQ needed to assist the radiographer to do the injection and confirm the location of the target cervical structure. 

Additionally, NQ did the marking procedure and motion extractions alone. The cervical joint motion parameters 

analyzed in the three studies were summarized in Table 6. 

 

Figure 11. Data extraction procedure from the fluoroscopic videos to the typical datasets. 

 

Table 6. The overview of motion parameters assessed in three studies 

Parameters Definition Extraction method 

Anti-directional motion 
Joint motion opposite to the 

primary motion direction 
The sum across 10 epochs 

Pro-directional motion 
Joint motion along with the 

primary motion direction 
The sum across 10 epochs 

Joint motion variability 
The variance of joint motions 

during movements  
The variance across 10 epochs 

Total joint motion 
The sum of pro-directional and 

anti-directional motion 
The sum across 10 epochs 
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5.1.4. ACCURACY AND RELIABILITY OF THE MEASUREMENT 

The cervical spine is a relatively inaccessible structure which makes direct measurements on cervical joint motion 

impossible. Video-fluoroscopy allows researchers and clinicians to work on the fluoroscopic images and extract 

cervical joint motion by identifying landmarks of the cervical vertebrae. The accuracy and reliability of the 

measurement method are important for interpreting the results. Therefore, the measurement method should be 

valid before its application in researches.  

The landmark identification method applied in the thesis was derived from the approach proposed by Frobin et al. 

(2002)196. The high reproducibility of the marking method was previously reported by Plocharski et al. (2018)198. 

Plocharski et al. (2018) reported the marking error at individual cervical joint levels on static and dynamic 

fluoroscopic images when marked by examiners with and without radiography experience separately198. The 

average marking error across examiners and images was −0.12° with a range from −1.00° to 1.61° and the average 

SD was 0.88° with a range from 0.27° to 1.19°.  The average marking error and SD were smaller than the average 

inter-examiner marking error and SD reported by Frobin et al. (2002) which is 0.18° and 1.98° respectively196. 

Additionally, the average marking error was smaller than the average marking error of intra- and inter-examiner 

reported by Wu et al. (2007) which was 2.44° and 2.66° respectively205. With respect to the marking method in the 

thesis, large marking errors were demonstrated at C0/C1 (0.57°), C1/C2 (1.61°), C2/C3 and C6/C7 (-1.00°) on 

dynamic fluoroscopic images and at C1/C2 (-0.68°) on static fluoroscopic images when marked by the examiners 

with radiography experience198. The marking errors at the rest of the cervical joints were all below 0.50° (ranging 

from 0.04° to – 0.47°) despite the type of fluoroscopic images and examiners198.  

For the reliability of the measurement, intra-class correlation coefficient (ICC) values of the inter-examiner and 

intra-examiner for marking on static fluoroscopic images were both 0.95 and ICC values of the inter-examiner and 

intra-examiner for marking on dynamic fluoroscopic images were 0.96 and 0.98, respectively198. Additionally, Wu 

et al. (2007) reported the ICC values of intra-examiner and inter-examiner for marking were 0.936 and 0.898 

respectively205. 

However, the above-mentioned measurement errors and reliability were for single fluoroscopic image marking. 

The reliability of marking a single fluoroscopic image is fundamental for the further calculation of complicated 

cervical joint motion parameters. The extraction of dynamic cervical joint motion parameters in the thesis requires 

marking eleven static and dynamic fluoroscopic images. In order to obtain the accuracy and reliability of the 

measurement method for the dynamic cervical joint motion parameters in this thesis (anti-directional motion, pro-

directional motion, total joint motion, and joint motion variability), the lead investigator (NQ) marked one 

fluoroscopic video three times and calculated: 1) the intra-class correlation coefficient (ICC); 2) standard error of 

measurement (SEM); and 3) minimal detectable change (MDC). The ICC was calculated to evaluate the test-retest 

reliability of the lead investigator (NQ). The ICC value was interpreted in five levels: 0-0.40 = unacceptable, 0.41-

0.60 = moderate, 0.61-0.80 = substantial and 0.81-1.00 = almost perfect206. The SEM is a widely applied indicator 

of the measurement error. A small value of SEM indicates the low measurement error and the high reliability of 

the measurement method. The MDC is defined as the minimal changes beyond the measurement error of a specific 

measurement method with a 95% confidence level. Changes exceeding the MDC could be interpreted as the true 

significance and are of clinical relevance. 

The SEM and the MDC were calculated according to the following formulas:  

MDC = 1.96×√2 × SEM  

SEM = SD ×√ (1 - ICC) 

Where the SD is the standard deviation of measurement.  

The ICC, SEM, and MDC of the dynamic cervical joint motion parameters at the individual joint level and overall 

level are presented in Table 7. The ICC for anti-directional motion is 0.882, for pro-directional motion is 0.931, 

for total joint motion is 0.949 and for joint motion variability is 0.895. According to the agreement levels rating 

proposed by Landis and Koch, the ICCs in the thesis indicate almost perfect reliabilities206. The ICC results for 

total joint motion is the highest among the four cervical joint motion parameters. This is in accordance with 

findings published by Plocharski et al. (2018) that the marking errors on dynamic fluoroscopic images are larger 

than the marking errors on static fluoroscopic images. The calculation of total joint motion mainly needs the data 
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from two static fluoroscopic images at the beginning and end of the neck movements, while the calculations for 

the rest of the motion parameters need both data from static and dynamic fluoroscopic images.  

The SEM and MDC values are relatively small in Table 7, which indicates the low measurement errors and high 

reliability of the measurement method. Plocharski et al. (2018) have reported that the SD of the measurement error 

ranges from 0.88° to 1.16° across cervical joints and the ICCs were all higher than 0.95198. According to the 

formulas (MDC = 1.96×√2 × SEM, SEM = SD ×√ (1 - ICC)), the MDC value in the paper published by 

Plocharski et al. could be calculated. The MDC value ranges from 0.55° to 0.72°, if the 0.95 ICC value is applied. 

The MDC value range (from 0.26° to 1.61°) in the thesis is comparable to what Wang et al. (2017) reported when 

the same measurement method was applied in their study, where the MDC value at individual cervical joint motion 

ranges from 0.35° to 1.17° and the average MDC value is 0.7393. Additionally, the motion differences observed at 

the individual cervical level in the thesis were all larger than the corresponding MDCs which indicated the results 

were reflective of the true differences. 

 

Table 7. ICC, SEM and MDC of different cervical joint motion parameters. 

 
ICC  C0/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/C7 Overall 

Anti 0.882 
SEM 0.27 0.43 0.45 0.45 0.26 0.40 0.30 1.40 

MDC 0.75 1.20 1.25 1.25 0.71 1.11 0.83 3.88 

Pro 0.931 
SEM 0.32 0.21 0.31 0.47 0.34 0.58 0.42 0.65 

MDC 0.88 0.58 0.86 1.31 0.95 1.61 1.17 1.79 

Total 0.949 
SEM 0.12 0.10 0.09 0.31 0.39 0.45 0.37 0.26 

MDC 0.33 0.28 0.26 0.86 1.09 1.24 1.03 0.71 

Vari 0.895 
SEM 0.19 0.30 0.42 0.36 0.38 0.18 0.14 1.20 

MDC 0.52 0.84 1.17 1.00 1.05 0.50 0.38 3.32 

Anti: anti-directional motion; Pro: pro-directional motion; Total: total joint motion; Vari: joint motion variability; ICC: intra-class 

correlation coefficient. 

 

In summary, the low marking errors and good reliability within examiners supported the feasibility of the 

current measurement method in assessing cervical joint motion. The motion differences observed at individual 

cervical joint levels in study I-III were larger than the marking error and MDC at the corresponding cervical 

joint. Therefore, the findings of dynamic cervical joint motion indicated a real difference and may be of clinical 

relevance.  
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5.2. THE MOTION BASELINES 

Theoretically, the true values of cervical joint motion in vivo could never be obtained, but the extremely close 

values could be calculated by averaging many repetitive measurements results on cervical joint motion in a large 

enough healthy population sample.  

There are five healthy motion baselines in the thesis, two in study I (baselines before injection in trapezius and 

multifidus muscles), two in study II (baselines before injection of hypertonic and isotonic saline) and one in study 

III (baseline of the healthy controls). The variabilities among those baselines existed. With respect to the study 

designs, study I and study II were to investigate the cervical joint motion before and after the injections, in which 

the participants acted as their own controls. The study III was to investigate cervical joint motion between patients 

with recurrent neck pain and a healthy group matched for gender, age, and BMI, which were reported to influence 

cervical joint motion121. Therefore, the results of each study were concluded according to its own baseline and 

there is no requirement for similar baselines across two sessions within the same study or across studies.   

Moreover, Wang et al. (2018) have reported the acceptable repeatability of cervical joint motion during cervical 

flexion and extension with a 20s interval and a one-week interval96. The motion differences between two 

repetitions were reported to be normally distributed96. The average motion difference with a 20s interval was 0.00° 

± 2.98° for flexion and 0.00° ± 3.05° for extension96. The average motion difference with a one-week interval was 

0.02° ± 2.56° for flexion and 0.05° ± 2.40° for extension96. 

Nevertheless, two different types of variabilities in motion baselines need to be considered in the thesis.  

1) The variability between baselines measured with a one-week interval in the same study.  

2) The variability between baselines across studies. 

For the baselines within the same study, the variability was mainly the collective result of measurement error and 

the intrinsic motion variability of subjects. For the baselines across studies, the structural variability (disc 

degeneration, cervical curvature, etc.) and the physical factors influencing neck movements (gender, age and BMI, 

etc.) between different samples also account for the variability in addition to the two above mentioned aspects121.  

The measurement errors normally result from the measurement equipment, the quality of movement performances 

and the marking procedure. The measurement equipment was the same across studies in the thesis and efforts were 

spent to train subjects to ensure a standard movement performance with good qualities. Additionally, previously 

reported low marking errors and high ICCs within and between examiners which indicated the marking procedure 

and the examiners are reliable in the thesis198. Therefore, the variability between baselines within the same study 

mainly reflects the normal motion variability of the subjects.  

In the thesis, most of the motion findings were demonstrated in anti-directional motion during cervical extension. 

Therefore, the baseline differences and motion changes of anti-directional motion during cervical extension in 

study I and study II were provided in Table 8. It was demonstrated that the changes of anti-directional motion 

during pain conditions in study I and study II were all larger than the difference between the two baselines. The 

results in Table 8 indicated that the effect of experimental neck pain on cervical joint motion was larger than the 

normal motion variability between repetitions.  
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Table 8: Baseline differences and motion changes of anti-directional motion during cervical extension in study 

I and study II 

Study I C0/C1 C1/C2 C2/C3 C3/C4 C4/C5 C5/C6 C6/C7 Overall 

Baselinestudy I  0.17 0.77 0.21 1.47 0.70 0.49 0.73 2.73 

Multifidus -0.03 -0.08 1.43 -1.73* -0.11 -0.45 1.79* 0.82 

Trapezius 0.27 0.55 2.13 0.40 1.60 0.42 0.71 6.07* 

Study II         

Baselinestudy II 0.59 0.26 0.12 0.86 1.28 0.26 1.19 2.61 

Hypertonic 0.08 0.34 -2.62* 0.80 1.61* 0.60 -0.26 0.55 

The blue rows indicate baseline differences in study I and study II. The orange rows indicate the motion changes from the baselines during 

pain conditions. Baselinestudy I: absolute difference between baselines in study I. Baselinestudy II: absolute difference between baselines in 

study II. Multifidus: motion changes from the baseline during multifidus muscle pain; Trapezius: motion changes from the baseline during 

trapezius muscle pain; Hypertonic: motion changes from the baseline after injection of hypertonic saline in the inter-spinous ligament.  * 

indicates the significant difference. 

 

In summary, the baselines within the same study and across studies are not required to be similar according to 

the study designs. The cervical joint motion during cervical flexion and extension with 20s interval and one-

week interval were reported to be repeatable. The motion changes of anti-directional motion during pain 

conditions in study I and study II were all larger than the difference between the two baselines. Nevertheless, 

we recommend interpretation of the results with respect to the corresponding baseline. The structural variability 

(disc degeneration and cervical curvature, etc.) and the physical factors influencing neck movements (gender, 

age and BMI, etc.) are different between samples in the three studies, which result in a large variability between 

baselines across studies. Cautions should be paid when comparing the results with baselines across studies.   
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5.3. EFFECTS OF NECK PAIN ON CERVICAL JOINT MOTION 

Among the dynamic cervical joint motion parameters in the PhD thesis, anti-directional motion is the most 

sensitive parameter to experimental and clinical neck pain, followed by joint motion variability. The anti-

directional motion may indicate the fine adjustments of neuromuscular control on cervical joint motion during 

cervical flexion and extension24, 28, 94. Therefore, altered neuromuscular control strategy during neck pain may be 

reflected by changes in the anti-directional motion24, 28, 94. Deep cervical muscle pain, superficial cervical muscle 

pain and cervical inter-spinous ligament pain showed different effects on cervical joint motion. Interestingly, most 

of the results were found during cervical extension movement. Only clinical neck pain showed effects on cervical 

joint motion during both cervical flexion and extension movements. The significant findings in dynamic cervical 

joint motion parameters are summarized in Table 9. Additionally, anti-directional motion, pro-directional motion, 

joint motion variability and total joint motion during cervical flexion and extension were showed in Fig.12-19. 

The figures showing no changes of dynamic cervical joint motion parameters were presented in Appendix C. 

 

Table 9. The overview of significant alterations in cervical joint motion parameters of three studies 

Parameters 

Study I Study II Study III 

Hyper-Mul Hyper-Tra Hyper-Inter Iso-Inter  

Flex Ext Flex Ext Flex Ext Flex Ext Flex Ext 

Anti-directional 

motion 
          

Joint motion 

variability 
          

Pro-directional 

motion 
          

Total joint 

motion 
          

Hyper: hypertonic saline; Iso: isotonic saline; Mul: multifidus muscle; Tra: trapezius muscle; Inter: inter-spinous ligament. Flex: 

flexion; Ext: extension.  indicates a statistical difference. 

 

5.3.1. DIFFERENCES BETWEEN DEEP VS SUPERFICIAL MUSCLE PAIN EFFECTS ON 
CERVICAL JOINT MOTION  

Cervical muscles are the direct performers of the neuromuscular control system. The normal functions of cervical 

muscles and the coordination between cervical muscles ensure the dynamic stability of the cervical spine during 

neck movements207. With respect to the anatomical features, deep and superficial cervical muscles were supposed 

to have different functions in cervical joint motion. Deep cervical muscles normally have small ranges and direct 

attachments to the cervical vertebrae49, 50. Additionally, they are very rich of proprioceptors and play a crucial role 

in the sense of cervical joint position during neck movements55, 208. Therefore, deep cervical muscles are supposed 

to control individual cervical joints, while superficial muscles normally have a large range crossing several cervical 

joins and are believed to be motion initiators49, 50. Functions of deep and superficial cervical muscles were widely 

reported to be impaired in the presence of experimental and clinical neck pain114. Patients with neck pain are 

normally associated with decreased activity of the deep cervical muscles and increased activity of the superficial 

cervical muscles43, 114, 157, 209, 210. In hypertonic saline induced experimental neck pain studies, the injected muscle 

generally showed decreased activity with decreased or increased activity of the other relevant muscles129.  

In study I, deep cervical muscle pain increased the anti-directional motion of C3/C4 and decreased the anti-

directional motion of C6/C7 during cervical extension while superficial cervical muscle pain decreased the overall 

anti-directional motion during cervical extension (Fig.12). Additionally, superficial cervical muscle pain also 
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decreased the overall pro-directional motion and joint motion variability during cervical extension (Fig.13, 

Fig.14). The findings indicated deep cervical muscle pain had effects on individual cervical joint motion while 

superficial cervical muscle pain had effects on the entire neck motion24. Similar results were demonstrated in 

previous studies56, 211. Yoo et al. (2014) found that patients with trapezius muscle pain showed decreased motion 

of the entire neck but patients with levator scapular muscle pain only showed decreased motion of the upper 

cervical region211. In addition, experimental neck pain induced in deep and superficial cervical muscles was 

reported to cause different motor control strategies to maintain the isometric cervical force56. 

The cervical spine is a multi-joint structure and the joints interact with each other. Therefore, there is a 

compensation mechanism within the cervical spine81, 212, 218. Changes in motion of one cervical joint will 

consequently affect all the other joints but the effect sizes are various between joints81, 212, 218. Therefore, the motion 

change at C6/C7 could be the compensative response to the initial motion changes at C3/C4 during cervical 

extension (Study I). The compensative effect of a cervical joint is also related to the biological situation of the 

joint, such as disc degeneration and sagittal alignment which may affect the cervical joint motion213. The findings 

in study I indicated the cervical joint motion pattern may be related to the pain sources. When the pain was induced 

in the deep cervical muscle, the overall anti-directional motion during cervical extension was maintained with 

motion redistribution between joints C6/C7 and C3/C4 (Study I). In contrast, the superficial cervical muscle pain 

decreased the overall anti-directional motion, pro-directional motion, and joint motion variability during cervical 

extension, which may indicate the effect of neck pain has been beyond the compensative ability of the cervical 

spine (Study I). This finding reinforces the difference between pain induced in deep and superficial cervical 

muscles. 

 

 

Figure 12.  Anti-directional motion during cervical extension with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. The 

direction of the arrow indicated the increasing or decreasing changes compared with the baselines. Significant differences compared 

with before pain: * P < 0.05.  Data were obtained from Study I-III. 
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Many studies have shown previously that neck pain impaired the synergistic modular control of cervical 

muscles129. Therefore, the changes in the anti-directional motion during cervical extension may result from the 

altered recruitment strategies of cervical muscles during pain conditions129, 214. The previous studies have 

demonstrated redistributed muscle activity during experimental pain conditions or when the spinal tissue creep114, 

215. The central nervous system assumed the spine was unstable under pain conditions, therefore, more spinal 

muscles were activated to keep the spinal stability46. The musculoskeletal dysfunctions during pain could alter 

tissue loading, the direction, and the magnitude of joint forces and contribute to the altered cervical joint motion 

patterns47, 48, 216. 

 However, no previous studies have shown dynamic electromyogram (EMG) data of cervical muscles correlating 

to cervical joint motion during neck movements. Nevertheless, the results of a lumbar motion study have shown 

the relationship between individual lumbar joint motion during epochs of lumbar movement and the activities of 

the deep and superficial low back muscles217. The increase of lumbar joint motion was synchronously accompanied 

by decreased activity of deep lumbar muscles and increased activity of superficial lumbar muscles217. Moreover, 

the activity of deep lumbar muscles alone was correlated to changes of individual lumbar joint motion217. The 

findings in Study I showed that deep cervical muscle pain had effects on the individual cervical joint motion while 

superficial cervical muscles had effects on the entire neck motion. Therefore, the increased anti-directional motion 

at C3/C4 may be mainly resulted from the altered activity of the multifidus muscle and caused the motion 

compensation at C6/C7 to maintain normal cervical extension81, 212, 218. Additionally, the results also indicated that 

cervical joint motion may depend on the coordination between deep and superficial cervical muscles. The 

decreased overall anti-directional motion, pro-directional motion, and joint motion variability during trapezius 

muscle pain may derive from the altered motor control strategy between deep and superficial cervical muscle56. 

The trapezius muscle does not allow direct controls on the individual cervical joint, the activity of deep cervical 

muscles may also be altered during the trapezius muscle pain24, 214. Cagnie et al. have shown that experimental 

pain induced in the right upper trapezius muscle caused reduced activities of bilateral multifidus and semispinalis 

 

Figure 13. Joint motion variability during cervical extension with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. The 

direction of the arrow indicated the increasing or decreasing changes compared with the baselines. Significant differences compared 

with before pain: * P < 0.05. Data were obtained from Study I-III. 
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cervicis muscles at C7/T1 level during the extension exercise214. This may explain the decreased anti-directional 

motion and pro-directional motion over all cervical joints of cervical extension during trapezius muscle pain. 

In study I, the total joint motion was comparable to the motion of individual cervical joints assessed at static 

upright and end-range positions of cervical flexion and extension in previous studies23, 82, 219. No significant 

findings were demonstrated in the total joint motion of flexion and extension during deep and superficial cervical 

muscle pain (Appendix C: Fig.16, Fig.17). The results were in line with previous studies showing that dynamic 

motion parameters during neck movements revealed more impairments related to neck pain compared to motion 

parameters assessed at static and end-range positions of neck movemnets26, 27, 61. In addition, total joint motion 

consists of two motion parts: anti-directional motion and pro-directional motion94. Therefore, the changes of total 

joint motion during experimental pain rely on the changes in both anti-directional and pro-directional motion, 

which may explain the unchanged total joint motion during deep and superficial cervical muscle pain.  

The motion alterations during experimental neck pain were all found during the cervical extension movement 

(Table 9). The results indicated that the effects of deep and superficial cervical muscle pain may be direction-

dependent. Falla et al. (2006) also demonstrated that the motor control strategies are different between flexion and 

extension directions during the experimental neck pain56. This may be related to the functional role of the cervical 

muscle (agonist or antagonist) during cervical flexion and extension56. In study I, the trapezius and multifidus 

muscle both play an agonist role during cervical extension. Therefore, both deep and superficial muscle pain in 

study I may mainly affect the synergistic modular control of cervical muscles during cervical extension220.  

 

 

Figure 14. Pro-directional motion during cervical extension with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. The 

direction of the arrow indicated the increasing or decreasing changes compared with the baselines. Significant differences compared 

with before pain: * P < 0.05. Data were obtained from Study I-III. 
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In summary, deep cervical muscle pain showed effects on individual cervical joint motion and superficial 

cervical muscle pain showed effects on the entire neck motion during cervical extension movement. The 

findings indicated the potential different motor control strategies of the neck when the pain originated in deep 

and superficial cervical muscles. Additionally, the findings in dynamic cervical joint motion may be explained 

by the altered activity of cervical muscles and the impaired synergistic modular control of cervical muscles 

during pain conditions. Most of the motion alterations were found during cervical extension movement 

indicates the effects of deep and superficial cervical muscle pain may be direction-dependent. 

 

5.3.2. DIFFERENCES BETWEEN LIGAMENT VS MUSCLE PAIN EFFECTS ON CERVICAL JOINT 
MOTION 

Inter-spinous ligaments have no direct active functions, like cervical muscles, to control cervical joint motion. 

However, previous studies demonstrated mechanoreceptors embedded in various ligament structures and the 

afferent input ascending to the CNS contributed to proprioception, motor control, and joint stability221. Abnormal 

signals from mechanoreceptors in ligaments could modify the neuromuscular control system and eventually result 

in altered motion patterns197, 222, 223.  

In study II, the inter-spinous ligament pain induced by hypertonic saline showed effects to decrease the anti-

directional motion of C4/C5 and consequently increase the anti-directional motion of C2/C3 during the cervical 

extension movement (Fig.12). Additionally, the joint motion variability decreased at C4/C5 and increased at 

C2/C3 during cervical extension movement (Fig.13). However, the injection of an equal volume of isotonic saline 

in the same inter-spinous ligament did not cause any significant alterations in dynamic cervical joint motion 

parameters (Table 9). The decreased anti-directional motion at C4/C5 of cervical extension implied a restrictive 

motor control strategy at C4/C5 during experimental inter-spinous ligament pain. The finding was in line with 

previous studies showing that patients with neck pain conducted neck movements in a more restrictive and rigid 

strategy compared to healthy subjects, although different motor outputs were assessed58, 59. The ligaments were 

functionally connected to the surrounding muscles by the ligamento-muscular reflex44, 224. Paraspinal muscles 

(such as multifidus muscle) could be activated by a stimulus in ligaments and restrict the segmental cervical joint 

motion during neck movements44, 52, 53, 225. Therefore, experimental pain induced in the inter-spinous ligament may 

cause the activation of deep cervical muscles and resulted in a decrease of anti-directional motion at the injected 

joint during cervical extension movement44, 52, 53, 225. Consequently, the increased anti-directional motion at C2/C3 

may be due to the compensative mechanism within the cervical spine which was well stated in previous studies in 

patients associated with different pathological conditions of the cervical spine81, 212, 218.  

In contrast to the effects of superficial cervical muscle pain on the entire neck motion (Study I), the inter-spinous 

ligament pain (Study II) showed similar effects to deep cervical muscle pain on individual cervical joint motion 

(Fig.12). The results indicated that the pain induced in the inter-spinous ligament may affect the deep cervical 

muscles more than the superficial cervical muscles during cervical extension225. Although deep cervical muscle 

pain and inter-spinous ligament pain both redistributed the anti-directional motion between joints during cervical 

extension, the effects were different with respect to the alterations of anti-directional motion at the joint close to 

the injection site. Deep cervical muscle pain decreased the anti-directional motion at C3/C4 during cervical 

extension movement, while inter-spinous ligaments pain increased the anti-directional motion at C4/C5 during 

cervical extension movement (Fig.12). The different motion responses at the joint close to the injection site implied 

the underlying mechanisms may be different when experimental pain were induced in muscle tissues and ligament 

tissues of the neck. The increase of anti-directional motion at C3/C4 during deep cervical muscle pain was 

suggestive of a less control on the joint24. While the decrease of anti-directional motion at C4/C5 during inter-

spinous ligament pain indicated a restrictive motor control strategy which was consistent with previous studies 

showing general restrictive strategies in patients with neck pain regardless of the pain source58, 59. Previous studies 

have shown that stimulations in ligaments activated the surrounding muscles and restricted the given joint motion52, 

53, 225. On the contrary, the muscle injected with hypertonic saline normally showed decreased activity during motor 

tasks129 Therefore, it is reasonable to speculate that the neuromuscular control system may increase the activity of 

the deep cervical muscles and decrease the anti-directional motion when the pain originated in the inter-spinous 

ligament225. Conversely, if the pain originated in the deep cervical muscles, the neuromuscular control system was 

unable to increase the activity of the painful muscle and resulted in the increased anti-directional motion of the 

joint129.  
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In line with deep and superficial cervical muscle pain, inter-spinous ligament pain caused no changes in the total 

joint motion both during flexion and extension (Appendix C: Fig.16, Fig.17). However, inter-spinous ligament 

pain increased joint motion variability at C2/C3 and decreased it at C4/C5 during cervical extension which was 

different from the effect of multifidus muscle pain (Fig.12). The joint motion variability is calculated based on 

anti-directional motion and pro-directional motion. Therefore, the changes in joint motion variability may be 

explained by changes in anti-directional motion at C2/C3 and C4/C5 (Study II). Together with results demonstrated 

during superficial cervical muscle pain that the overall joint motion variability decreased during cervical extension 

with decrease in the overall anti-directional motion and pro-directional motion (Study I), the joint motion 

variability can be affected by both anti-directional motion and pro-directional motion but may be more sensitive 

to changes in the anti-directional motion. 

In summary, experimental pain induced in the inter-spinous ligament showed effects on individual cervical 

joint motion during cervical extension which was similar to the effects of deep cervical muscle pain. Although 

both inter-spinous ligament pain and deep cervical muscle pain redistributed anti-directional motion between 

joints during cervical extension, the effects were different with respect to the changes of anti-directional motion 

at the joint close to the injection site. The increase of anti-directional motion at C3/C4 during deep cervical 

muscle pain was suggestive of a strategy of less control on the joint. While the decrease of anti-directional 

motion at C4/C5 during inter-spinous ligament pain indicated a restrictive control on the joint. The findings 

indicated the underlying motor control strategy may be different when experimental pain was induced in the 

muscle and ligament tissues of the cervical spine.  

 

5.3.3. DIFFERENCES BETWEEN EXPERIMENTAL VS CLINICAL NECK PAIN EFFECTS ON 
CERVICAL JOINT MOTION 

Patients with neck pain have been widely reported to show altered motion patterns compared with healthy controls 

when conducting the same motor task58, 61, 86, 90, 226, 227, although different motor outputs were measured between 

studies. Patients with neck pain normally have reduced ROM, reduced peak velocity, reduced mean velocity, 

reduced smoothness of movement, reduced reposition acuity, larger ROM-variability, reduced conjunct motion, 

increased joint position error, poor movement control and a lower degree of movement coordination when 

comparing with healthy controls58, 61, 86, 90, 226, 227. However, those studies either reported quantitative parameters at 

static positions of the neck or dynamic qualitative parameters assessing the entire neck. The quantitative 

assessment of dynamic cervical joint motion parameters during neck movements in patients with neck pain was 

seldom studied. Emerging studies have shown that the patterns of cervical joint motion during cervical flexion and 

extension are not linear24, 27, 28, 94, 96, 197, 198. 

In study III, patients with recurrent neck pain showed decreased anti-directional motion at C2/C3 and C3/C4 and 

increased anti-directional motion at C5/C6 and C6/C7 during cervical extension movement (Fig.12) and increased 

overall anti-directional motion during cervical flexion movement compared to healthy controls (Fig.15). The 

redistribution of anti-directional motion between joints during cervical extension was also demonstrated in 

experimental deep cervical muscle pain (Study I) and experimental inter-spinous ligament pain (Study II) models 

in the thesis, but the clinical neck pain affected more cervical joints compared with experimental neck pain. 

Patients with recurrent neck pain increased the overall anti-directional motion during cervical flexion, which 

indicated an effect on the entire neck motion. The experimental superficial muscle pain also showed effects on the 

entire neck motion, but it decreased the overall anti-directional motion during cervical extension (Study I). 

Normally, the clinical neck pain is complex with multiple pain foci172, which is different from the one pain focus 

in experimental neck pain models in the thesis. Additionally, the larger pain distribution of patients with recurrent 

neck pain compared with the experimental pain models (Section 3.4.2) may explain why more cervical joints were 

affected in recurrent neck pain when compared to the experimental pain models. However, since the pain sources 

of patients with recurrent neck pain are unable to be located, the causal relationship between the decreased anti-

directional motion of middle cervical joints and the increased anti-directional motion of lower cervical joints 

during cervical extension remains unclear. Impaired functions of cervical extensor and flexor muscles were 

extensively reported in patients with neck pain43, 50, 228, which was different from the experimental superficial 

cervical muscle pain model that pain was only induced in one superficial extensor muscle. The potential difference 

in the impaired muscles and the consequent motor control strategies between clinical neck pain and experimental 



36 
 

neck pain may explain the increased overall anti-directional motion during cervical flexion in patients with 

recurrent neck pain.  

According to our previous studies, deep cervical muscle pain and inter-spinous ligament pain redistributed anti-

directional motion between cervical joints and superficial cervical muscle pain decreased the overall anti-

directional motion (Study I and Study II)24, 28. Moreover, the cervical joint motion was more likely to be affected 

during cervical extension when the pain was induced in the extensor muscles24, 28. Therefore, the finding that both 

flexion and extension movements were affected in patients with recurrent neck pain indicated both flexor and 

extensor muscles may be impaired in patients with recurrent neck pain, and most probably they were superficial 

flexor and deep extensor muscles.  

 

 

Figure 15. Anti-directional motion during cervical flexion with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. The 

direction of the arrow indicated the increasing or decreasing changes compared with the baselines. Significant differences compared 

with before pain: * P < 0.05. Data were obtained from Study I-III. 

 

No difference in the total joint motion was demonstrated between patients with recurrent neck pain and healthy 

controls. The result was analogous to our own experimental pain studies (Study I and Study II). Additionally, the 

result agreed with a previous clinical neck pain study that the assessment of total joint motion was sometimes 

unable to find the motion difference between patients with neck pain and healthy controls231. In light of such 

observations, dynamic cervical joint motion parameters during neck movements were inclined to reveal more 

motion impairments related to neck pain compared with motion parameters measured at the static and end range 

of neck movements61, 90, 231. 

In addition, neck pain is a multifactorial disease which is influenced by many biological and psychosocial factors13, 

14. The current study could not completely exclude the effects of other potential factors. For instance, patients with 

neck pain were presumably different from healthy subjects with experimental induced neck pain regarding the 
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psychosocial states (e.g. anxiety, depression, catastrophizing, fear-avoidance behavior, distress), which may 

contribute to the different motor effects between clinical neck pain and experimental neck pain142, 229, 230. 

 

In summary, the patients with recurrent neck pain showed altered patterns of dynamic cervical joint motion 

compared with healthy controls. The anti-directional motion was redistributed between the middle and lower 

cervical spine during extension movement and the overall anti-directional motion decreased during cervical 

flexion movement in patients with recurrent neck pain compared with healthy controls. Clinical neck pain 

affected more cervical joints compared with experimental neck pain and affected both cervical flexion and 

extension movements. 

 

5.3.4. DIFFERENCES OF NECK PAIN EFFECTS ON CERVICAL JOINT MOTION BETWEEN 
FLEXION VS EXTENSION 

In study I and study II, all the motion alterations were found during cervical extension movement24, 28. In study III, 

the motion alterations were found during both flexion and extension movements, but the alterations were different 

between flexion and extension movements. The evidence suggested that the effect of neck pain may be direction-

dependent. In healthy subjects, previously studies have shown that cervical joint motion patterns are not linear and 

are different between cervical flexion and extension movements27, 91, 92, 94, 95. Similarly, previous studies 

demonstrated that the motor control strategies of cervical flexion and extension movements are different during 

experimental pain conditions56, 232. When the experimental pain was induced in ether the flexor muscle or the 

extensor muscle, the cervical flexion movement depends on the coordination between agonist and antagonist 

muscles and the cervical extension depends on the coordination between agonist and the synergistic muscles56. 

Rudolfsson et al. (2012) also demonstrated that the cervical joint motion was affected differently between flexion 

and extension movements in patients with neck pain74. The upper cervical joint motion reduced during cervical 

extension while the lower cervical joint motion reduced during cervical flexion in patients with neck pain74. The 

anatomical differences between anterior and posterior cervical structures may be the reason motor demands are 

different between flexion and extension movements199. Cheng et al. (2008, 2014) further demonstrated different 

patterns in the co-contraction of cervical muscles between cervical flexion and extension movements57, 233. 

Additionally, the cervical joints do not move simultaneously during neck movements27, 91. The upper cervical joints 

start first during the flexion movement and the lower cervical joints start first during the extension movement27, 91. 

The opposite moving order of cervical joints requires different motor control strategies for cervical flexion and 

extension.  

 

In summary, the effects of neck pain on the cervical joint motion may be direction-dependent. The anatomical 

differences between anterior and posterior cervical structures may explain the different motor demands between 

cervical flexion and extension movements. 

 

5.3.5. THE SENSITIVE JOINT MOTION PARAMETER TO NECK PAIN 

Many different motor outputs (maximal force, submaximal force, ROM, speed and smoothness, etc.) were 

investigated in previous experimental and clinical neck pain studies, which either reduced or unchanged during 

the pain conditions56, 61, 85, 90, 129, 209, 234. These motor outputs were not able to reflect the effect of impairments in 

specific cervical structures. One reason is that they were gross motor outputs and/or measured at a static position, 

which reduced the weight of individual cervical structure in the motor outputs. Another reason is due to the 

complicated compensative mechanism within the cervical spine56, 129, 234.  The motor deficit of one cervical 

structure will be compensated by another structure and may finally result in unchanged gross motor outputs. 

Therefore, the motor deficit from individual cervical structure could not be detected by measuring the gross motor 

outputs. Conversely, dynamic cervical joint motion during neck movements requires continuous sensory inputs 

regarding the position, speed and loading status of the cervical spine from the related cervical structures64, 65, which 

could be more representative of the motor deficit of individual cervical structures.` 
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The anti-directional motion is a common healthy motion phenomenon of the cervical spine, which could be 

demonstrated by investigating cervical joint motion during dynamic neck movements24, 27, 94, 95. Whether a cervical 

joints experienced flexion or extension depends on the relative position between the force vector and the 

instantaneous center of rotation (ICR) of the cervical vertebra39, 235, 236. If the force vector is behind the ICR of a 

vertebra during cervical flexion, the vertebra will extend, and vice versa39. Additionally, the cervical joints do not 

move simultaneously during neck movements, while the cervical flexion movement starts from the upper joints 

and the cervical extension movement starts from the lower joints27, 91. The cervical joints moving early may need 

to adjust anti-directionally to keep the cervical stability or keep the proper loading spread during neck movements39. 

The location of the ICR changed with the range of motion and are different between cervical vertebrae25. The 

location of the ICR is sensitive to the disc degeneration and the ligament damage236. The location of the ICR was 

also previously demonstrated to be more sensitive to neck pain compared with cervical ROM and translation237, 

which may explain more findings were found in the anti-directional motion than other motion parameters in the 

thesis.  

 

In summary, the anti-directional motion is a healthy motion phenomenon of the cervical spine and is the most 

sensitive motion parameter affected by experimental neck pain and clinical neck pain in the thesis. The 

alterations in anti-directional motion may be explained by changes in the location of the ICR during neck pain. 

 

5.3.6. MULTIFACTORIAL NATURE OF NECK PAIN 

The thesis mainly investigated motor and sensory perspectives of neck pain. However, neck pain is a complex 

multifactorial disease and many factors other than the motor and sensory aspects must be considered. George Engel 

proposed the biopsychosocial model in mid-20th century238, 239, after which the biological, psychological and 

psychosocial factors of a disease were investigated individually or jointly. The biopsychosocial model was widely 

accepted in the neck pain studies240. Within the biological component, changes in muscle morphology241, 242, altered 

muscle activities162, 210, 215, 243, 244, motor impairments143, 245-247, morphological and functional brain alterations248 

were commonly found in patients with neck pain. For the psychological perspective, psychological distress which 

included depression, anxiety, obsessive-compulsive, hostility, mental illness, illness worrying, and coping 

strategy, etc. were showed in association with the development of neck pain10, 249, 250. For the psychosocial 

perspective, positive relationships were reported between neck pain and high quantitative job demands, poor social 

support, low job control, low skill discretion, and low job satisfaction251. Other factors, such as age, gender, pain 

intensity, duration of the current episode of neck pain, a previous history of neck problems, co-existing shoulder 

problems and other musculoskeletal disorders were also reported to influence neck pain116, 252.  

Several psychological and psychosocial factors were also reported to influence the neck movements. A negative 

correlation was previously demonstrated between the pain catastrophizing scale and the cervical ROM253.  In 

addition, the fear of movement was also negatively correlated to the cervical ROM142. The healthy subjects in 

study I-III were screened to exclude preexistent psychological factors which may influence the cervical joint 

motion. However, the psychological status of patients with recurrent neck pain was not evaluated in the thesis. 

Therefore, the potential effects of psychological factors on dynamic cervical joint motion in study III could not be 

eliminated. Nevertheless, the psychological factors were mainly reported to influence the cervical ROM. The 

effects of those psychological factors on the individual cervical joint motion remain unclear. Additionally, no 

significant difference in the cervical ROM was demonstrated in the thesis. As stated earlier, the observed findings 

of dynamic cervical joint motion in experimental and clinical neck pain may be related to several factors, the study 

was not designed to check the effects of these factors on dynamic cervical joint motion rather than neck pain. 



39 
 

CHAPTER 6. LIMITATIONS  

1. The thesis only investigated dynamic cervical joint motion in the sagittal plane. However, the cervical joint 

motion is three-dimensional. The motion in the sagittal plane is associated with axial rotation and lateral bending 
58, 59, 254, which may have led to discrepancies in the angles extracted via two-dimensional analysis. A solution to 

this limitation would be a better control for the out of plane motion or a method to investigate the differences 

between the 3D multi-planar motion and the uni-planar motion. 

2. Degeneration of cervical structures is an age-related issue which starts from the second decade of life and has 

been shown to affect cervical joint motion80, 255. Similarly, the curvature of the neck was related to cervical joint 

motion80, 204. However, the results of the thesis were not adjusted for these factors due to the small sample sizes. 

A solution for this limitation would be an evaluation of the degeneration status and the curvature of the neck of 

participants and doing subgroup analysis on cervical joint motion according to classifications of the degeneration 

status and the curvature of the neck256. 

3. The manual marking method used in the thesis requires great accuracy, hence one of the most common errors 

in extracting cervical joint motion during flexion and extension is the marking error made by the examiner 257. 

Additionally, the manual marking method is time-consuming. All the fluoroscopic videos were only marked one 

time and only 10 epochs of cervical joint motion during the neck movements were analyzed due to this limitation. 

The limitation could be solved by applying automatic cervical vertebrae tracking techniques. With the application 

of the automatic cervical vertebrae tracking techniques, it would be possible to analyze more epochs and even the 

full image sequences of the neck movements with a shorter time compared with manual marking procedure. 

However, the automatic cervical vertebrae tracking techniques are not well developed and they make large 

measurement errors at present258.  

4. The subjects in study I and study II only represented a young healthy population sample. However, factors such 

as age, gender, and BMI were reported to influence neck motion patterns 121. A solution for this will be evaluating 

the difference in cervical joint motion between different age ranges, gender, and BMI in a larger population. 

Additionally, the healthy subjects in study I-III were recruited if they had no neck pain within the last 3 months. 

There was a risk that those healthy subjects were actually in the remission period of recurrent neck pain, since the 

remission period of patients with recurrent neck pain could last longer than 3 months. However, this may happen 

probably during the first remission episode, when the participant does not realize it is recurrent neck pain. 

Additionally, the participants were screened for the history of cervical muscular disease, which makes the risk 

very low.  

5. The variability of motion baselines existed between different studies and the standard motion baseline was 

absent. Repeated measurements on cervical joint motion in a large healthy sample could help to establish the 

standard motion baseline. 
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CHAPTER 7. FUTURE PERSPECTIVES 

1. The thesis investigated cervical joint motion during experimental pain induced in the extensor muscles and inter-

spinous ligament. However, the cervical spine is a complex structure which includes many muscles, ligaments, 

bones, and discs, etc. Further studies may focus on the effects of pain induced in other cervical structures, such as 

cervical flexors or supra-spinous ligament, on dynamic cervical joint motion. The results may help to indicate the 

potential pain sources of different clinical neck pain conditions. Additionally, clinical neck pain is more complex 

when compared with experimental neck pain. Future studies could investigate the motor effects of more 

complicated neck pain conditions, such as pain induced at bilateral sides of the neck, a combination of extensor 

pain and flexor pain or a combination of ligament pain and muscle pain. 

2. Anti-directional motion is a parameter, which is sensitive to potential motion differences between patients with 

recurrent neck pain and healthy controls in the thesis. However, the thesis only studied patients during their 

recurrence episodes of neck pain. The motion characteristics of the same patient group before they had neck pain 

or during the remission episodes were not available. Further studies should investigate the cervical joint motion in 

patients with recurrent neck pain during both remission and recurrence episodes to check if the motion alterations 

are persistent. The findings may shed new light on the causes of the recurrence of neck pain.  

3. The dynamic cervical joint motion parameters should be further studied in different types of patients with neck 

pain, for instance, acute neck pain, chronic neck pain and whiplash-associated neck pain, etc.14. The results may 

indicate if the anti-directional motion could be applied to subgroup patients with neck pain and design efficient 

target treatments. Further, dynamic cervical joint motion parameters before and after treatments or surgeries on 

patients with neck pain should be investigated. The results may indicate the efficiency of the treatment and surgery. 

Additionally, the results may help to understand the postoperative complications, such as the accelerated adjacent 

disc degeneration after single cervical joint fusion surgery. The accelerated adjacent disc degeneration may be 

related to the altered pattern of anti-directional motion. 

4. The thesis investigated the effects of neck pain on dynamic cervical joint motion and pressure pain sensitivity. 

However, the cervical joint motion is mainly controlled by cervical muscles and the muscle recruitment pattern 

during neck movements may be important for the understanding of cervical joint motion alterations in patients 

with neck pain 217. Therefore, further studies may investigate the cervical muscle activity and dynamic cervical 

joint motion simultaneously. Clarification of the relationship between these two perspectives may help to 

understand the complexity of the neck movements and explain the findings in the thesis.  
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CHAPTER 8. CLINICAL IMPLICATIONS 

The results of the thesis showed some implications for clinical practice and future researches.  

The thesis proposed an alternative motion assessment method of neck pain which may supplement the traditional 

assessment methods in the future. The results indicated that investigations of dynamic cervical joint motion during 

neck movements may reveal the impairments of neck pain which could not be reflected by assessments at static 

and end ranges of the neck movements. Dynamic cervical joint motion parameters, especially the anti-directional 

motion, may be sensitive to neck pain. Although it is too early to state the diagnostic value and further applications 

of this parameter in clinical practice, assessing dynamic cervical joint motion showed the potential to locate the 

motion impairments of neck pain at the individual cervical joint levels, and to some extents, reflect the pain sources 

in the surrounding soft structures. Therefore, assessment of dynamic cervical joint motion may help clinicians to 

identify the pain sources in non-specific neck pain patients or whiplash patients which were supposed to be related 

to soft tissue damage and may provide target treatments and evaluate the effect of treatments in the future. 

However, it should be kept in mind that neck pain is a multifactorial biopsychosocial disease that the parameters 

themselves could not stand alone and should be considered with other assessment parameters to get a 

comprehensive overview of neck pain. 

Previous studies widely demonstrated an altered motor control strategy in patients with neck pain in terms of 

muscle activity114, 157, 210, however, whether the changes in cervical muscle activity affect cervical motion remains 

unclear. The results provided supports to the clinical treatments on deep and superficial cervical muscle 

dysfunctions and implied that the dysfunctions of deep and superficial muscle needed to be addressed in patients 

with neck pain. Additionally, the deep cervical muscles are important for the dynamic stability of individual 

cervical joints during neck movements232.  

The results indicated that the cervical ligament injury also affected the dynamic cervical joint motion. It challenges 

the previous notions that the cervical inter-spinous ligament merely contributes to the restriction of cervical flexion 

at the end of the motion51. The ligament injuries were assumed to be the sources of chronic neck pain, such as 

chronic whiplash disorders259. Therefore, the results may help clinicians to identify the ligament injury in the acute 

phase of neck pain, design target treatments and prevent the pain from becoming chronic in the future.  

The anti-directional motion was able to differentiate patients with recurrent neck pain from healthy controls in the 

thesis. Thus the pattern of anti-directional motion may in the future be used to subgroup patients with neck pain.  

The thesis has shown that pain originating in cervical muscles and ligaments affected dynamic cervical joint 

motion patterns. Therefore, soft tissue damage during cervical spinal surgeries may need to be considered by 

orthopedic surgeons and the emphasis also needs to be on how to reconstruct the cervical structures. Improper 

reconstruction of cervical structures may lead to abnormal cervical joint motion patterns which may contribute to 

postoperative complications and postoperative neck pain.  

The thesis showed that the cervical joint motion patterns during neck movements are nonlinear with scattered anti-

directional motions, which is consistent with previous studies24, 28, 94, 96. The thesis provided biomechanical 

background knowledge of cervical joint motion during neck movements, which may help to design better cervical 

implants in the future. For example, the artificial discs may be required to maintain the dynamic characteristics of 

cervical joint motion during neck movements.     
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CHAPTER 9. CONCLUSIONS 

The results and conclusions of the PhD thesis were summarized in Fig.20, which was in line with the aims in 

Fig.1.  

Three aims of the thesis were: 1) to investigate the effects of deep and superficial cervical muscle pain on dynamic 

cervical joint motion parameters and PPTs over bilateral C2/C3 and C5/C6 facet joints (Study I); 2) to investigate 

the effects of cervical ligament pain on dynamic cervical joint motion parameters and PPTs over bilateral C2/C3 

and C5/C6 facet joints (Study II); 3) to investigate dynamic cervical joint motion parameters and PPTs over 

bilateral C2/C3 and C5/C6 facet joints and right TA between patients with recurrent neck pain and healthy controls 

(Study III). 

The results of study I and study II showed that pain originating from cervical muscles and ligaments affected 

dynamic cervical joint motion. Deep cervical muscle pain and cervical inter-spinous ligament pain both 

significantly affected individual cervical joint motion. Deep cervical muscle pain redistributed anti-directional 

motion between cervical joints during extension and the cervical inter-spinous ligament pain redistributed the anti-

directional motion, and joint motion variability between cervical joints during extension. Superficial cervical 

muscle pain significantly affected the entire neck motion by reducing the overall anti-directional motion, pro-

directional motion and joint motion variability during extension. Moreover, the effects on dynamic cervical joint 

motion were influenced by the pain sources. Additionally, cervical muscle and ligament pain significantly 

increased PPTs over different cervical facet joints. 

The results of study III showed that patients with recurrent neck pain had a significantly different anti-directional 

motion pattern during cervical flexion and extension compared with healthy controls and no significant difference 

in PPTs over cervical facet joints and TA were found between patients with recurrent neck pain and healthy 

controls.  

The findings of the PhD thesis indicated that pain originating in different cervical structures showed different 

effects on dynamic cervical joint motion. The anti-directional motion was the most sensitive motion parameter to 

experimental and clinical neck pain in the thesis. Investigations of anti-directional motion in patients with neck 

pain may contribute to the diagnosis of neck pain with possibilities to reflect the pain sources.  

The studies in the thesis are basic descriptive studies (Phase 1). The results in the thesis could not be applied 

directly to the clinical practice. Although the motion difference was demonstrated between patients with neck pain 

and healthy controls in the thesis, the results should not be over-interpreted. There is a long way for a parameter 

to be transferred from the basic science to clinical practice. 
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Figure 20. The summary of the results in the thesis.  
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CHAPTER 10. APPENDICES 

Appendix A: Overview of studies investigating dynamic motion of the cervical spine 
 

The appendix A is a summary of studies investigating dynamic motion of the cervical spine in both patients with 

cervical spine disorders and healthy controls by applying different devices. The types of patients include chronic 

nonspecific neck pain, whiplash associated disorder (WAD) and patients after single-level anterior arthrodesis 

surgery. The devices include Cineradiography, Video-fluoroscopy, Electromagnetic tracking system, Virtual 

reality (VR) assessment system, Biplane X-ray system, Dual fluoroscopic system, and Robotic DSA system.  

Authors Title Participants Parameters 

Devices used to 

assess neck 

movement 

Hino et al. 

1999 

Dynamic Motion 

Analysis of Normal and 

Unstable Cervical 

Spines Using 

Cineradiography 

Patients with 

cervical spine 

disorders & 

Healthy controls 

Angular motion pattern 

& longitudinal 

displacement pattern 

Cineradiography 

(Arritechno 35, 

Arritechno, 

Germany) 

Wu et al. 

2007 

The quantitative 

measurements of the 

intervertebral 

angulation and 

translation during 

cervical flexion and 

extension 

Healthy 

participants 
Intervertebral translation  

Video-

fluoroscopy 

system 

(Diagnost 97, 

Philips 

Corporation) 

Woodhouse et 

al. 2008 

Altered motor control 

patterns in whiplash 

and chronic neck pain 

Whiplash 

associated 

disorder (WAD) 

patients & 

Chronic neck 

pain patients & 

Healthy controls 

Conjunct motion in the 

two associated planes & 

ROM-variability & 

3 Space Fastrak 

(Polhemus, Inc, 

Colchester, 

Vermont, USA) 

Sjolander et al. 

2008 

Sensorimotor 

disturbances in chronic 

neck pain--range of 

motion, peak velocity, 

smoothness of 

movement, and 

repositioning acuity 

Insidious neck 

pain patients & 

Whiplash 

associated 

disorder (WAD) 

patients & 

Healthy controls 

Range of motion and 

peak velocity & 

Smoothness of 

movement & ROM-

Variability & 

Repositioning acuity and 

bias & 

Electromagnetic 

tracking system 

(FASTRAKTM, 

Polhemus Inc, 

USA) 

Bahat et al. 

2010 

The effect of neck pain 

on cervical kinematics, 

as assessed in a virtual 

environment 

Chronic neck 

pain patients & 

Healthy controls 

Response time & Peak 

and mean velocity & 

Number of velocity 

peaks & Time to peak 

velocity percentage 

Virtual reality 

(VR) assessment 

system 

Wu et al. 

2010 

Segmental percentage 

contributions of 

cervical spine during 

Healthy 

participants 

Percentage contribution 

of each segmental level 

to overall ROM 

Video-

fluoroscopy 

system 

(Diagnost 97, 
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different motion ranges 

of flexion and extension 

Philips 

Corporation) 

Anderst et al. 

2013 

Cervical motion 

segment percent 

contributions to 

flexion-extension 

during continuous 

functional movement in 

control subjects and 

arthrodesis patients 

Single-level 

(C5/C6) anterior 

arthrodesis 

patients & 

Healthy controls 

Cervical motion segment 

contributions for every 

1% increment of total 

ROM 

Biplane X-ray 

system & High-

resolution CT 

scans 

Anderst et al. 

2013 

Six-degrees-of-freedom 

cervical spine range of 

motion during dynamic 

flexion-extension after 

single-level anterior 

arthrodesis: comparison 

with asymptomatic 

control subjects. 

Single-level 

(C5/C6) anterior 

arthrodesis 

patients & 

Healthy controls 

Maximum and minimum 

range of motion and 

translation during static 

and dynamic flexion and 

extension 

Biplane X-ray 

system & High-

resolution CT 

scans 

Tsang et al. 

2013 

Movement coordination 

and differential 

kinematics of the 

cervical and thoracic 

spines in people with 

chronic neck pain 

Chronic neck 

pain patients & 

Healthy controls 

Angular displacement & 

Velocity & Acceleration 

Electromagnetic 

tracking device 

(Fastrak, 

Polhemus Inc., 

Colchester, VT, 

USA) 

 

Anderst et al. 

2013 

Motion path of the 

instant center of 

rotation in the cervical 

spine during in vivo 

dynamic flexion-

extension: Implications 

for artificial disc design 

and evaluation of 

motion quality after 

arthrodesis 

Single-level 

(C5/C6) anterior 

arthrodesis 

patients & 

Healthy controls 

Motion Path of the 

Instant Center of 

Rotation 

Biplane X-ray 

system & High-

resolution CT 

scans 

Anderst et al. 

2013 

Cervical spine 

intervertebral 

kinematics with respect 

to the head are different 

during flexion and 

extension motions 

Healthy 

participants 

Relative angle at each 

intervertebral motion 

segment for every 1% 

increment of head 

motion. 

Biplane X-ray 

system & High-

resolution CT 

scans 

Anderst et al. 

2014 

Continuous cervical 

spine kinematics during 

in vivo dynamic 

flexion-extension 

Single-level 

(C5/C6) anterior 

arthrodesis 

patients & 

Healthy 

participants 

Continuous motion path 

Biplane X-ray 

system & High-

resolution CT 

scans 
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Lin et al. 

2014 

In vivo three-

dimensional 

intervertebral 

kinematics of the 

subaxial cervical spine 

during seated axial 

rotation and lateral 

bending via a 

fluoroscopy-to-CT 

registration approach 

Healthy 

participants 

Coupled intervertebral 

motions 

Biplane 

fluoroscope 

(Allura Xper 

FD10/10, Philips 

Medical 

Systems, 

Netherlands) & 

CT scan 

Bahat et al. 

2015 

Interactive cervical 

motion kinematics: 

Sensitivity, specificity 

and clinically 

significant values for 

identifying kinematic 

impairments in patients 

with chronic neck pain 

Chronic neck 

pain patients & 

Healthy controls 

Peak and mean velocity 

& 

Number of velocity 

peaks & Time to peak 

velocity percentage & 

Head movement 

accuracy 

Virtual reality 

(VR) assessment 

system 

Meisingset et 

al. 2015 

Evidence for a general 

stiffening motor control 

pattern in neck pain: A 

cross sectional  

Pathophysiology of 

musculoskeletal 

disorders 

Neck pain 

patients & 

Healthy controls 

Trajectory movement 

control 

Liberty 

electromagnetic 

motion tracker 

system 

(Polhemus, Inc, 

Colchester, 

Vermont, USA) 

Anderst et al. 

2015 

Three-dimensional 

intervertebral 

kinematics in the 

healthy young adult 

cervical spine during 

dynamic functional 

loading 

Healthy 

participants 

Range of motion & 

Helical axis of motion 

(HAM) 

Biplane X-ray 

system & High-

resolution CT 

scans 

Anderst et al. 

2015 

Cervical motion 

segment contributions 

to head motion during 

flexion\ extension, 

lateral bending, and 

axial rotation 

Healthy 

participants 

Cervical motion segment 

contributions to the 

primary head rotation 

Biplane X-ray 

system & High-

resolution CT 

scans 

Mao et al. 

2016 

Dimensional changes of 

the neuroforamina in 

subaxial cervical spine 

during in vivo dynamic 

flexion-extension 

Healthy 

participants 

Dimensional changes of 

cervical neuroforamina 

Dual 

fluoroscopic 

system (BV 

Pulsera, Phillips, 

Bothell, WA, 

USA) & MRI 

scan 

Seo et al. 

2016 

Dynamic intervertebral 

body angle of the lower 

cervical spine during 

protracted head 

extension using 

Healthy 

participants 

Cobb angle of cervical 

joint 

Video-

fluoroscopy 

system 

(ARCADIS 

Orbic, Siemens, 

USA) 
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measured by 

fluoroscopy 

Tsang et al. 

2016 

Relationship between 

neck acceleration and 

muscle activation in 

people with chronic 

neck pain: Implications 

for functional disability 

Chronic neck 

pain patients & 

Healthy controls 

Acceleration/deceleration 

of cervical spine 

Electromagnetic 

tracking device 

(Fastrak, 

Polhemus Inc. 

Colchester, VT, 

USA) 

Ren et al. 

2016 

The Study of Cobb 

Angular Velocity in 

Cervical Spine during 

Dynamic Extension–

Flexion 

Healthy 

participants 

Cobb angular velocity 

(CAV) 

Robotic DSA 

system 

(Artis_one 

XA82008; 

Siemens 

Medical 

Solution, 

Germany) 

Wang et al. 

2017 

Cervical flexion and 

extension include anti-

directional cervical 

joint motion in healthy 

adults 

Healthy 

participants 

Anti-directional motion 

& Pro-directional motion 

Video-

fluoroscopy (BV 

Libra, Philips, 

Netherlands) 

Wang et al. 

2017 

Repeatability of 

Cervical Joint Flexion 

and Extension Within 

and Between Days 

Healthy 

participants 

Repeatability of cervical 

motions within-day or 

between-day 

Video-

fluoroscopy (BV 

Libra, Philips, 

Netherlands) 

Chang et al. 

2017 

Dynamic measurements 

of cervical neural 

foramina during neck 

movements in 

asymptomatic young 

volunteers 

Healthy 

participants 

Dimensional changes of 

cervical neuroforamina 

Biplane X-ray 

system & High-

resolution CT 

scans 

College et al. 

2017 

Ranges of Cervical 

Intervertebral Disc 

Deformation During an 

In Vivo Dynamic 

Flexion – Extension of 

the Neck 

Healthy 

participants 

Disc height and range of 

motion of individual 

cervical joint 

Dual 

fluoroscopic 

imaging system 

(BV PulseraVR, 

Phillips, Bothell, 

WA) & MR scan 

Lemmers et al. 

2018 

Three-dimensional 

kinematics of the 

cervical spine using an 

electromagnetic 

tracking device. 

differences between 

healthy subjects and 

subjects with non-

specific neck pain 

Non-specific 

neck pain 

patients & 

Healthy controls 

Range of motion & 

Motion coupling patterns 

& Ratio & Speed, 

acceleration and rhythm 

& Jerk motion 

Flock of Birds 

electromagnetic 

tracking system 

(Ascension 

Technologies, 

Shelburne, 

USA©) 
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Appendix B: Overview of studies investigating PPTs in patients with neck pain and 
healthy controls.  
 

The appendix B is a summary of studies comparing PPTs between neck pain patients and healthy controls. All the 

studies investigated the PPTs of the neck in different measurement sites and most of the studies investigated the 

PPTs at distal measure site (TA). 

Authors Title Participants Measurement sites 

Sterling et al. 

2002 

Pressure pain thresholds in 

chronic whiplash associated 

disorder: further evidence of 

altered central pain processing 

Patients with chronic 

whiplash-associated 

disorders& Healthy controls 

Bilateral C1/C2, C2/C3 

and C5/C6 facet joint & 

Greater occipital nerve 

& Median nerve trunk 

& Radial nerve trunk & 

Ulnar nerve trunk & TA 

Sterling et al. 

2003 

Sensory hypersensitivity 

occurs soon after whiplash 

injury and is associated with 

poor recovery 

Whiplash patients & 

Healthy controls 

Bilateral C2/C3 and 

C5/C6 facet joint & 

Median nerve & TA 

Sterling et al.  

2004 

Characterization of acute 

whiplash-associated disorders 

Whiplash patients & 

Healthy controls 

Bilateral C2/C3 and 

C5/C6 facet joint & 

Median nerve & TA 

Scott et al. 

2005 

Widespread sensory 

hypersensitivity is a feature of 

chronic whiplash-associated 

disorder but not chronic 

idiopathic neck pain 

Patients with chronic 

whiplash-associated 

disorders & Patients with 

chronic idiopathic neck pain 

& Healthy controls. 

C2/C3 and C5/C6 facet 

joint & Median, radial, 

and ulnar nerves & TA 

Johnston et al. 

2008 

Quantitative sensory measures 

distinguish office workers with 

varying levels of neck pain and 

disability 

Female office workers with 

neck pain & Healthy 

controls 

Median nerve site & 

levator scapulae & 

trapezius muscles & 

posterior neck & TA 

Chien et al.  

2008 

Whiplash (Grade II) and 

cervical radiculopathy share a 

similar sensory presentation: 

An investigation using 

quantitative sensory testing 

Chronic whiplash & 

Patients with cervical 

radiculopathy & Healthy 

controls 

Bilateral C5/C6 facet 

joints & Median nerve 

& TA 

Chien et al.  

2009 

Hypoaesthesia occurs with 

sensory hypersensitivity in 

chronic whiplash–further 

evidence of a neuropathic 

condition 

Chronic whiplash & 

Healthy controls 

Bilateral C2/C3 and 

C5/C6 facet joint & 

Median nerve & TA 

Javanshir et al.  

2010 

Exploration of somatosensory 

impairments in subjects with 

mechanical idiopathic neck 

pain: A preliminary study. 

Patients with acute neck 

pain & Patients with chronic 

neck pain & Healthy 

controls  

Supraorbital, mental, 

median, ulnar and radial 

nerves & C5/C6 Facet 

joint & The second 

metacarpal & TA 
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Chien et al.  

2010 

Sensory hypoaesthesia is a 

feature of chronic whiplash but 

not chronic idiopathic neck 

pain 

Patients with chronic WAD 

& Patients with chronic 

idiopathic neck pain & 

Healthy controls 

Bilateral C5/C6 Facet 

joint & Nerve trunk of 

the median nerve & TA 

La Touche et al. 

2010 

Bilateral Mechanical-Pain 

Sensitivity Over the 

Trigeminal Region in Patients 

with Chronic Mechanical Neck 

Pain ´ 

Patients with neck pain & 

Healthy controls 

Bilateral masseter, 

temporalis, and upper 

trapezius muscle & 

C5/C6 facet joint & TA 

Tampin et al. 

2012 

Quantitative sensory testing 

somatosensory profiles in 

patients with cervical 

radiculopathy are distinct from 

those in patients with 

nonspecific neck–arm pain 

Patients with cervical 

radiculopathy & patients 

with nonspecific neck–arm 

pain associated with 

heightened nerve 

mechanosensitivity & 

patients with fibromyalgia 

(FM) & Healthy controls 

Maximal pain area & 

Dermatome & Foot 

Fernández-Pérez et 

al.  

2012 

Muscle trigger points, pressure 

pain threshold, and cervical 

range of motion in patients 

with high level of disability 

related to acute whiplash 

injury 

Acute whiplash-associated 

disorders (WADs) & 

Healthy controls 

Bilateral C5/C6 facet 

joints & Second 

metacarpal & TA 

Schomacher et al.  

2013 

Localized pressure pain 

sensitivity is associated with 

lower activation of the 

semispinalis cervicis muscle in 

patients with chronic neck pain 

Chronic nonspecific neck 

pain patients & Healthy 

controls 

C2/C3 and C5/C6 facet 

joint 

Uthaikhup et al.  

2015 

Altered pain sensitivity in 

elderly women with chronic 

neck pain 

Patients with idiopathic 

neck pain & Healthy 

controls 

C5/C6 facet joints & 

TA 

Madrid et al. 

2016 

Widespread pressure pain 

hyperalgesia in chronic 

nonspecific neck pain with 

neuropathic features: A 

descriptive cross-sectional 

study. 

Chronic nonspecific neck 

pain patients with and 

without neuropathic features 

& Healthy controls 

Suboccipital muscle & 

Upper trapezius muscle 

& Lateral epicondyle & 

TA 
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Appendix C: Figures showing no changes in joint motion parameters 
 

Figure 13 showed the total joint motion during cervical extension with different pain conditions. No difference 

was found for individual and overall total joint motion during cervical extension between any experimental pain 

condition and their baseline (Study I and Study II). There was no difference found in total joint motion during 

cervical extension between patients with recurrent neck pain and healthy controls (Study III).  

 

Figure 16. Total joint motion during cervical extension with different pain conditions. Hyper: hypertonic saline; Mul: multifidus muscle; 

Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. Data were 

obtained from Study I-III. 
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Figure 14 showed the total joint motion during cervical flexion with different pain conditions. No difference was 

found for individual and overall total joint motion during cervical flexion between any experimental pain condition 

and their baseline (Study I and Study II). There was no difference found in total joint motion during cervical 

flexion between patients with recurrent neck pain and healthy controls (Study III). 

 

Figure 17. Total joint motion during cervical flexion with different pain conditions. Hyper: hypertonic saline; Mul: multifidus muscle; 

Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. Data were 

obtained from Study I-III. 
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Figure 15 showed the joint motion variability during cervical flexion with different pain conditions. No difference 

was found for individual and overall joint motion variability during cervical flexion between any experimental 

pain condition and their baseline (Study I and Study II). There was no difference found in joint motion variability 

during cervical flexion between patients with recurrent neck pain and healthy controls (Study III). 

 

Figure 18. Joint motion variability during cervical flexion with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. Data 

were obtained from Study I-III. 
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Figure 16 showed the pro-directional motion during cervical flexion with different pain conditions. No difference 

was found for individual and overall pro-directional motion during cervical flexion between any experimental pain 

condition and their baseline (Study I and Study II). There was no difference found in pro-directional motion during 

cervical flexion between patients with recurrent neck pain and healthy controls (Study III). 

 

Figure 19. Pro-directional motion during cervical flexion with different pain conditions. Hyper: hypertonic saline; Mul: multifidus 

muscle; Tra: trapezius muscle; Inter: inter-spinous ligament; Control: healthy control; Patients: patients with recurrent neck pain. Data 

were obtained from Study I-III. 

 

  



54 
 

CHAPTER 11. LITERATURE LIST 

1. Guzman J, Hurwitz EL, Carroll LJ, et al. A new conceptual model of neck pain: Linking onset, course, and care: 

The bone and joint decade 2000–2010 task force on neck pain and its associated disorders. J Manipulative Physiol 

Ther. 2009;32:S17-S28. 

2. Ferrari R, Russell AS. Neck pain. Best Practice & Research Clinical Rheumatology. 2003;17:57-70. 

3. Manchikanti L, Singh V, Datta S, Cohen SP, Hirsch JA, American Society of Interventional Pain Physicians. 

Comprehensive review of epidemiology, scope, and impact of spinal pain. Pain Physician. 2009;12:E35-70. 

4. Côté P, Kristman V, Vidmar M, et al. The prevalence and incidence of work absenteeism involving neck pain. 

European Spine Journal. 2008;17:192-198. 

5. Fejer R, Kyvik KO, Hartvigsen J. The prevalence of neck pain in the world population: A systematic critical 

review of the literature. European spine journal. 2006;15:834-848. 

6. Hogg-Johnson S, Van Der Velde G. The burden and determinants of neck pain in the general population. 

European Spine Journal. 2008;17:39-51. 

7. Hoy D, March L, Woolf A, et al. The global burden of neck pain: Estimates from the global burden of disease 

2010 study. Annals of the Rheumatic Diseases. 2014;73:1309. 

8. James SL, Abate D, Abate KH, et al. Global, regional, and national incidence, prevalence, and years lived with 

disability for 354 diseases and injuries for 195 countries and territories, 1990–2017: A systematic analysis for the 

global burden of disease study 2017. The Lancet. 2018;392:1789-1858. 

9. Hoy D, Protani M, De R, Buchbinder R. The epidemiology of neck pain. Best Practice & Research Clinical 

Rheumatology. 2010;24:783-792. 

10. Carroll LJ, Hogg-Johnson S, van der Velde G, et al. Course and prognostic factors for neck pain in the general 

population: Results of the bone and joint decade 2000–2010 task force on neck pain and its associated disorders. 

J Manipulative Physiol Ther. 2009;32:S87-S96. 



55 
 

11. Vardeh D, Mannion RJ, Woolf CJ. Toward a mechanism-based approach to pain diagnosis. The Journal of 

Pain. 2016;17:T50-T69. 

12. Cohen SP. Epidemiology, diagnosis, and treatment of neck pain. 2015;90:284-299. 

13. Borghouts JA, Koes BW, Bouter LM. The clinical course and prognostic factors of non-specific neck pain: A 

systematic review. Pain. 1998;77:1-13. 

14. Misailidou V, Malliou P, Beneka A, Karagiannidis A, Godolias G. Assessment of patients with neck pain: A 

review of definitions, selection criteria, and measurement tools. Journal of chiropractic medicine. 2010;9:49-59. 

15. Childs JD, Cleland JA, Elliott JM, et al. Neck pain: Clinical practice guidelines linked to the international 

classification of functioning, disability, and health from the orthopaedic section of the american physical therapy 

association. Journal of Orthopaedic & Sports Physical Therapy. 2008;38:A1-A34. 

16. Vincent K, Maigne J, Fischhoff C, Lanlo O, Dagenais S. Systematic review of manual therapies for nonspecific 

neck pain. Joint Bone Spine. 2013;80:508-515. 

17. Bertozzi L, Gardenghi I, Turoni F, et al. Effect of therapeutic exercise on pain and disability in the management 

of chronic nonspecific neck pain: Systematic review and meta-analysis of randomized trials. Phys Ther. 

2013;93:1026-1036. 

18. Gross A, Kay TM, Paquin J, et al. Exercises for mechanical neck disorders. Cochrane Database of Systematic 

Reviews. 2015. 

19. Fritz JM, Brennan GP. Preliminary examination of a proposed treatment-based classification system for 

patients receiving physical therapy interventions for neck pain. Phys Ther. 2007;87:513-524. 

20. Siegmund GP, Winkelstein BA, Ivancic PC, Svensson MY, Vasavada A. The anatomy and biomechanics of 

acute and chronic whiplash injury. Traffic injury prevention. 2009;10:101-112. 

21. Binder A. The diagnosis and treatment of nonspecific neck pain and whiplash. Europa medicophysica. 

2007;43:79-89. 

22. Haldeman S, Carroll L, Cassidy JD. Findings from the bone and joint decade 2000 to 2010 task force on neck 

pain and its associated disorders. Journal of occupational and environmental medicine. 2010;52:424-427. 



56 
 

23. Branney J, Breen AC. Does inter-vertebral range of motion increase after spinal manipulation? A prospective 

cohort study. Chiropractic & manual therapies. 2014;22:24. 

24. Qu N, Lindstrøm R, Hirata RP, Graven-Nielsen T. Origin of neck pain and direction of movement influence 

dynamic cervical joint motion and pressure pain sensitivity. Clin Biomech. 2018;61:120-128. 

25. Anderst W, Baillargeon E, Donaldson W, Lee J, Kang J. Motion path of the instant center of rotation in the 

cervical spine during in vivo dynamic flexion-extension: Implications for artificial disc design and evaluation of 

motion quality after arthrodesis. Spine (Phila Pa 1976). 2013;38:E594-601. 

26. Anderst WJ, Donaldson WF,3rd, Lee JY, Kang JD. Cervical motion segment percent contributions to flexion-

extension during continuous functional movement in control subjects and arthrodesis patients. Spine (Phila Pa 

1976). 2013;38:E533-9. 

27. Wu SK, Kuo LC, Lan HC, Tsai SW, Su FC. Segmental percentage contributions of cervical spine during 

different motion ranges of flexion and extension. J Spinal Disord Tech. 2010;23:278-284. 

28. Qu N, Lindstrøm R, Graven-Nielsen T, Hirata RP. Experimental cervical interspinous ligament pain altered 

cervical joint motion during dynamic extension movement. Clin Biomech. 2019;65:65-72. 

29. Scott D, Jull G, Sterling M. Widespread sensory hypersensitivity is a feature of chronic whiplash-associated 

disorder but not chronic idiopathic neck pain. Clin J Pain. 2005;21:175-181. 

30. Madrid A, López-de-Uralde-Villanueva I, La Salle C. Widespread pressure pain hyperalgesia in chronic 

nonspecific neck pain with neuropathic features: A descriptive cross-sectional study. Pain physician. 2016;19:77-

87. 

31. Tampin B, Slater H, Hall T, Lee G, Briffa NK. Quantitative sensory testing somatosensory profiles in patients 

with cervical radiculopathy are distinct from those in patients with nonspecific neck–arm pain. PAIN®. 

2012;153:2403-2414. 

32. Chien A, Eliav E, Sterling M. Whiplash (grade II) and cervical radiculopathy share a similar sensory 

presentation: An investigation using quantitative sensory testing. Clin J Pain. 2008;24:595-603. 



57 
 

33. Sterling M, Jull G, Vicenzino B, Kenardy J. Sensory hypersensitivity occurs soon after whiplash injury and is 

associated with poor recovery. Pain. 2003;104:509-517. 

34. Javanshir K, Ortega-Santiago R, Mohseni-Bandpei MA, Miangolarra-Page JC, Fernández-de-las-Peñas C. 

Exploration of somatosensory impairments in subjects with mechanical idiopathic neck pain: A preliminary study. 

J Manipulative Physiol Ther. 2010;33:493-499. 

35. Chien A, Sterling M. Sensory hypoaesthesia is a feature of chronic whiplash but not chronic idiopathic neck 

pain. Man Ther. 2010;15:48-53. 

36. Gibson W, Arendt-Nielsen L, Graven-Nielsen T. Referred pain and hyperalgesia in human tendon and muscle 

belly tissue. Pain. 2006;120:113-123. 

37. Izumi M, Petersen KK, Arendt-Nielsen L, Graven-Nielsen T. Pain referral and regional deep tissue 

hyperalgesia in experimental human hip pain models. PAIN®. 2014;155:792-800. 

38. Palsson TS, Graven-Nielsen T. Experimental pelvic pain facilitates pain provocation tests and causes regional 

hyperalgesia. PAIN®. 2012;153:2233-2240. 

39. Swartz EE, Floyd RT, Cendoma M. Cervical spine functional anatomy and the biomechanics of injury due to 

compressive loading. J Athl Train. 2005;40:155-161. 

40. Rao R. Neck pain, cervical radiculopathy, and cervical myelopathy: Pathophysiology, natural history, and 

clinical evaluation. JBJS. 2002;84:1872-1881. 

41. Steilen D, Hauser R, Woldin B, Sawyer S. Chronic neck pain: Making the connection between capsular 

ligament laxity and cervical instability. Open Orthop J. 2014;8:326-345. 

42. Lindstrøm R, Schomacher J, Farina D, Rechter L, Falla D. Association between neck muscle coactivation, 

pain, and strength in women with neck pain. Man Ther. 2011;16:80-86. 

43. Falla DL, Jull GA, Hodges PW. Patients with neck pain demonstrate reduced electromyographic activity of 

the deep cervical flexor muscles during performance of the craniocervical flexion test. Spine. 2004;29:2108-2114. 

44. Solomonow M, Zhou B, Harris M, Lu Y, Baratta RV. The ligamento‐muscular stabilizing system of the spine. 

Spine. 1998;23:2552-2562. 



58 
 

45. Panjabi MM. The stabilizing system of the spine. part I. function, dysfunction, adaptation, and enhancement. 

J Spinal Disord. 1992;5:383-383. 

46. Izzo R, Guarnieri G, Guglielmi G, Muto M. Biomechanics of the spine. part I: Spinal stability. Eur J Radiol. 

2013;82:118-126. 

47. Hauser R, Blakemore P, Wang J, Steilen D. Structural basis of joint instability as cause for chronic 

musculoskeletal pain and its successful treatment with regenerative injection therapy (prolotherapy). The Open 

Pain Journal. 2014;7:9-22. 

48. Hauser RA, Woldin BA. Joint instability as the cause of chronic musculoskeletal pain and its successful 

treatment with prolotherapy. in anatomy, posture, prevalence, pain, treatment and interventions of musculoskeletal 

disorders. 2018;Chapter 5. 

49. Blouin JS, Siegmund GP, Carpenter MG, Inglis JT. Neural control of superficial and deep neck muscles in 

humans. J Neurophysiol. 2007;98:920-928. 

50. Schomacher J, Falla D. Function and structure of the deep cervical extensor muscles in patients with neck pain. 

Man Ther. 2013;18:360-366. 

51. Hartman RA, Tisherman RE, Wang C, et al. Mechanical role of the posterior column components in the 

cervical spine. European Spine Journal. 2016;25:2129-2138. 

52. Hendershot B, Bazrgari B, Muslim K, Toosizadeh N, Nussbaum MA, Madigan ML. Disturbance and recovery 

of trunk stiffness and reflexive muscle responses following prolonged trunk flexion: Influences of flexion angle 

and duration. Clin Biomech. 2011;26:250-256. 

53. Dyhre-Poulsen P, Krogsgaard MR. Muscular reflexes elicited by electrical stimulation of the anterior cruciate 

ligament in humans. J Appl Physiol. 2000;89:2191-2195. 

54. Chu D, LeBlanc R, D’Ambrosia P, D’Ambrosia R, Baratta RV, Solomonow M. Neuromuscular disorder in 

response to anterior cruciate ligament creep. Clin Biomech. 2003;18:222-230. 

55. Boyd-Clark L, Briggs C, Galea M. Muscle spindle distribution, morphology, and density in longus colli and 

multifidus muscles of the cervical spine. Spine. 2002;27:694-701. 



59 
 

56. Falla D, Farina D, Dahl MK, Graven-Nielsen T. Muscle pain induces task-dependent changes in cervical 

agonist/antagonist activity. J Appl Physiol (1985). 2007;102:601-609. 

57. Cheng C, Cheng HK, Chen CP, et al. Altered co-contraction of cervical muscles in young adults with chronic 

neck pain during voluntary neck motions. Journal of physical therapy science. 2014;26:587-590. 

58. Woodhouse A, Vasseljen O. Altered motor control patterns in whiplash and chronic neck pain. BMC 

musculoskeletal disorders. 2008;9:90. 

59. Meisingset I, Woodhouse A, Stensdotter A, et al. Evidence for a general stiffening motor control pattern in 

neck pain: A cross sectional study. BMC musculoskeletal disorders. 2015;16:56. 

60. Sterling M, Jull G, Wright A. The effect of musculoskeletal pain on motor activity and control. The Journal of 

Pain. 2001;2:135-145. 

61. Bahat HS, Weiss PL, Laufer Y. The effect of neck pain on cervical kinematics, as assessed in a virtual 

environment. Arch Phys Med Rehabil. 2010;91:1884-1890. 

62. Jull G, Falla D, Vicenzino B, Hodges P. The effect of therapeutic exercise on activation of the deep cervical 

flexor muscles in people with chronic neck pain. Man Ther. 2009;14:696-701. 

63. Falla D, O’leary S, Farina D, Jull G. The change in deep cervical flexor activity after training is associated 

with the degree of pain reduction in patients with chronic neck pain. Clin J Pain. 2012;28:628-634. 

64. Grigg P. Peripheral neural mechanisms in proprioception. J Sport Rehab. 1994;3:2-17. 

65. Proske U, Gandevia SC. The proprioceptive senses: Their roles in signaling body shape, body position and 

movement, and muscle force. Physiol Rev. 2012;92:1651-1697. 

66. Röijezon U, Clark NC, Treleaven J. Proprioception in musculoskeletal rehabilitation. part 1: Basic science and 

principles of assessment and clinical interventions. Man Ther. 2015;20:368-377. 

67. Strimpakos N. The assessment of the cervical spine. part 1: Range of motion and proprioception. J Bodywork 

Movement Ther. 2011;15:114-124. 



60 
 

68. Kulkarni V, Chandy MJ, Babu KS. Quantitative study of muscle spindles in suboccipital muscles of human 

foetuses. Neurol India. 2001;49:355-359. 

69. Peck D, Buxton D, Nitz A. A comparison of spindle concentrations in large and small muscles acting in parallel 

combinations. J Morphol. 1984;180:243-252. 

70. Jiang H, Russell G, Raso VJ, Moreau MJ, Hill DL, Bagnall KM. The nature and distribution of the innervation 

of human supraspinal and interspinal ligaments. Spine (Phila Pa 1976). 1995;20:869-876. 

71. Izzo R, Popolizio T, D’Aprile P, Muto M. Spinal pain. Eur J Radiol. 2015;84:746-756. 

72. Nordin M, Carragee EJ, Hogg-Johnson S, et al. Assessment of neck pain and its associated disorders: Results 

of the bone and joint decade 2000–2010 task force on neck pain and its associated disorders. J Manipulative 

Physiol Ther. 2009;32:S117-S140. 

73. Dall’Alba PT, Sterling MM, Treleaven JM, Edwards SL, Jull GA. Cervical range of motion discriminates 

between asymptomatic persons and those with whiplash. Spine. 2001;26:2090-2094. 

74. Rudolfsson T, Björklund M, Djupsjöbacka M. Range of motion in the upper and lower cervical spine in people 

with chronic neck pain. Man Ther. 2012;17:53-59. 

75. Kim JH, Lee HS, Park SW. Effects of the active release technique on pain and range of motion of patients with 

chronic neck pain. Journal of physical therapy science. 2015;27:2461-2464. 

76. Fernández-Pérez AM, Villaverde-Gutiérrez C, Mora-Sánchez A, Alonso-Blanco C, Sterling M, Fernández-de-

las-Peñas C. Muscle trigger points, pressure pain threshold, and cervical range of motion in patients with high 

level of disability related to acute whiplash injury. journal of orthopaedic & sports physical therapy. 2012;42:634-

641. 

77. Lee H, Nicholson LL, Adams RD. Cervical range of motion associations with subclinical neck pain. Spine. 

2004;29:33-40. 

78. Puglisi F, Ridi R, Cecchi F, Bonelli A, Ferrari R. Segmental vertebral motion in the assessment of neck range 

of motion in whiplash patients. Int J Legal Med. 2004;118:235-239. 

79. Falla D. Unravelling the complexity of muscle impairment in chronic neck pain. Man Ther. 2004;9:125-133. 



61 
 

80. Miyazaki M, Hong SW, Yoon SH, et al. Kinematic analysis of the relationship between the grade of disc 

degeneration and motion unit of the cervical spine. Spine (Phila Pa 1976). 2008;33:187-193. 

81. Lan HH, Chen H, Kuo L, You J, Li W, Wu S. The shift of segmental contribution ratio in patients with herniated 

disc during cervical lateral bending. BMC musculoskeletal disorders. 2014;15:273. 

82. Reitman CA, Hipp JA, Nguyen L, Esses SI. Changes in segmental intervertebral motion adjacent to cervical 

arthrodesis: A prospective study. Spine. 2004;29:E221-E226. 

83. Bible JE, Biswas D, Miller CP, Whang PG, Grauer JN. Normal functional range of motion of the lumbar spine 

during 15 activities of daily living. J Spinal Disord Tech. 2010;23:106-112. 

84. Anderst WJ, Lee JY, Donaldson WF,3rd, Kang JD. Six-degrees-of-freedom cervical spine range of motion 

during dynamic flexion-extension after single-level anterior arthrodesis: Comparison with asymptomatic control 

subjects. J Bone Joint Surg Am. 2013;95:497-506. 

85. Kauther MD, Piotrowski M, Hussmann B, Lendemans S, Wedemeyer C. Cervical range of motion and strength 

in 4,293 young male adults with chronic neck pain. European Spine Journal. 2012;21:1522-1527. 

86. Tsang SM, Szeto GP, Lee RY. Movement coordination and differential kinematics of the cervical and thoracic 

spines in people with chronic neck pain. Clin Biomech (Bristol, Avon). 2013;28:610-617. 

87. Gore DR, Sepic SB, Gardner GM, Murray MP. Neck pain: A long-term follow-up of 205 patients. Spine (Phila 

Pa 1976). 1987;12:1-5. 

88. Elsig JPJ, Kaech DL. Imaging‐based planning for spine surgery. Minimally Invasive Therapy & Allied 

Technologies. 2006;15:260-266. 

89. Gilbert JW, Wheeler GR, Lingreen RA, et al. Imaging in the position that causes pain. Surg Neurol. 

2008;69:463-465. 

90. Sjolander P, Michaelson P, Jaric S, Djupsjobacka M. Sensorimotor disturbances in chronic neck pain--range 

of motion, peak velocity, smoothness of movement, and repositioning acuity. Man Ther. 2008;13:122-131. 

91. Anderst WJ, Donaldson WF, Lee JY, Kang JD. Cervical spine intervertebral kinematics with respect to the 

head are different during flexion and extension motions. J Biomech. 2013;46:1471-1475. 



62 
 

92. Anderst WJ, Donaldson WF, Lee JY, Kang JD. Cervical motion segment contributions to head motion during 

flexion\ extension, lateral bending, and axial rotation. The Spine Journal. 2015;15:2538-2543. 

93. Wang X, Lindstroem R, Carstens NPB, Graven-Nielsen T. Cervical spine reposition errors after cervical 

flexion and extension. BMC musculoskeletal disorders. 2017;18:102. 

94. Wang X, Lindstroem R, Plocharski M, Østergaaard LR, Graven-Nielsen T. Cervical flexion and extension 

includes anti-directional cervical joint motion in healthy adults. The Spine Journal. 2017;18:147-154. 

95. Wu S, Kuo L, Lan HH, Tsai S, Chen C, Su F. The quantitative measurements of the intervertebral angulation 

and translation during cervical flexion and extension. European Spine Journal. 2007;16:1435-1444. 

96. Wang X, Lindstroem R, Plocharski M, Østergaard LR, Graven-Nielsen T. Repeatability of cervical joint 

flexion and extension within and between days. Journal of Manipulative & Physiological Therapeutics. 

2018;41:10-18. 

97. Merskey H, Bogduk N. International association for the study of pain. task force on taxonomy. classification 

of chronic pain: Descriptions of chronic pain syndromes and definitions of pain terms. Seattle; IASP Press. 1994. 

98. Arendt-Nielsen L, Yarnitsky D. Experimental and clinical applications of quantitative sensory testing applied 

to skin, muscles and viscera. The Journal of Pain. 2009;10:556-572. 

99. Ylinen J. Pressure algometry. Aust J Physiother. 2007;53:207. 

100. Johnston V, Jimmieson NL, Jull G, Souvlis T. Quantitative sensory measures distinguish office workers with 

varying levels of neck pain and disability. PAIN®. 2008;137:257-265. 

101. Edwards RR, Sarlani E, Wesselmann U, Fillingim RB. Quantitative assessment of experimental pain 

perception: Multiple domains of clinical relevance. Pain. 2005;114:315-319. 

102. Walton D, MacDermid J, Nielson W, Teasell R, Reese H, Levesque L. Pressure pain threshold testing 

demonstrates predictive ability in people with acute whiplash. journal of orthopaedic & sports physical therapy. 

2011;41:658-665. 

103. Reddy KS, Naidu MU, Rani PU, Rao TR. Human experimental pain models: A review of standardized 

methods in drug development. J Res Med Sci. 2012;17:587-595. 



63 
 

104. Staahl C, Drewes AM. Experimental human pain models: A review of standardised methods for preclinical 

testing of analgesics. Basic & clinical pharmacology & toxicology. 2004;95:97-111. 

105. Graven‐Nielsen T. Fundamentals of muscle pain, referred pain, and deep tissue hyperalgesia. Scand J 

Rheumatol. 2006;35:1-43. 

106. Woolf CJ, Salter MW. Neuronal plasticity: Increasing the gain in pain. Science. 2000;288:1765-1769. 

107. Curatolo M, Petersen-Felix S, Arendt-Nielsen L, Giani C, Zbinden AM, Radanov BP. Central hypersensitivity 

in chronic pain after whiplash injury. Clin J Pain. 2001;17:306-315. 

108. Sterling M. Differential development of sensory hypersensitivity and a measure of spinal cord 

hyperexcitability following whiplash injury. Pain. 2010;150:501-506. 

109. Tsao H, Tucker KJ, Coppieters MW, Hodges PW. Experimentally induced low back pain from hypertonic 

saline injections into lumbar interspinous ligament and erector spinae muscle. Pain. 2010;150:167-172. 

110. Tucker KJ, Fels M, Walker SR, Hodges PW. Comparison of location, depth, quality, and intensity of 

experimentally induced pain in 6 low back muscles. Clin J Pain. 2014;30:800-808. 

111. Sterling M, Jull G, Vicenzino B, Kenardy J, Darnell R. Physical and psychological factors predict outcome 

following whiplash injury. Pain. 2005;114:141-148. 

112. Christensen SW, Hirata RP, Graven-Nielsen T. The effect of experimental neck pain on pressure pain 

sensitivity and axioscapular motor control. The Journal of Pain. 2015;16:367-379. 

113. Christensen SW, Hirata RP, Graven‐Nielsen T. Bilateral experimental neck pain reorganize axioscapular 

muscle coordination and pain sensitivity. European Journal of Pain. 2017;21:681-691. 

114. Falla D, Farina D. Neuromuscular adaptation in experimental and clinical neck pain. Journal of 

Electromyography and Kinesiology. 2008;18:255-261. 

115. Côté P, Cassidy JD, Carroll LJ, Kristman V. The annual incidence and course of neck pain in the general 

population: A population-based cohort study. Pain. 2004;112:267-273. 



64 
 

116. McLean SM, May S, Klaber-Moffett J, Sharp DM, Gardiner E. Risk factors for the onset of non-specific neck 

pain: A systematic review. J Epidemiol Community Health. 2010;64:565-572. 

117. Hill J, Lewis M, Papageorgiou AC, Dziedzic K, Croft P. Predicting persistent neck pain: A 1-year follow-up 

of a population cohort. Spine. 2004;29:1648-1654. 

118. MacDonald D, Moseley GL, Hodges PW. Why do some patients keep hurting their back? evidence of ongoing 

back muscle dysfunction during remission from recurrent back pain. PAIN®. 2009;142:183-188. 

119. Hodges P, van den Hoorn W, Dawson A, Cholewicki J. Changes in the mechanical properties of the trunk in 

low back pain may be associated with recurrence. J Biomech. 2009;42:61-66. 

120. MacDonald D, Moseley GL, Hodges PW. People with recurrent low back pain respond differently to trunk 

loading despite remission from symptoms. Spine. 2010;35:818-824. 

121. Malmström E, Karlberg M, Fransson PA, Melander A, Magnusson M. Primary and coupled cervical 

movements: The effect of age, gender, and body mass index. A 3-dimensional movement analysis of a population 

without symptoms of neck disorders. Spine. 2006;31:E44-E50. 

122. Puglisi F, Strimpakos N, Papathanasiou M, et al. Cervical spine segmental vertebral motion in healthy 

volunteers feigning restriction of neck flexion and extension. Int J Legal Med. 2007;121:337-340. 

123. Hodges PW, Smeets RJ. Interaction between pain, movement, and physical activity: Short-term benefits, 

long-term consequences, and targets for treatment. Clin J Pain. 2015;31:97-107. 

124. Graven-Nielsen T, Babenko V, Svensson P, Arendt-Nielsen L. Experimentally induced muscle pain induces 

hypoalgesia in heterotopic deep tissues, but not in homotopic deep tissues. Brain Res. 1998;787:203-210. 

125. Graven-Nielsen T, Svensson P, Arendt-Nielsen L. Effects of experimental muscle pain on muscle activity 

and co-ordination during static and dynamic motor function. Electroencephalography and Clinical 

Neurophysiology/Electromyography and Motor Control. 1997;105:156-164. 

126. Graven-Nielsen T, Arendt-Nielsen L. Assessment of mechanisms in localized and widespread 

musculoskeletal pain. Nature Reviews Rheumatology. 2010;6:599-606. 



65 
 

127. Capra NF, Ro JY. Human and animal experimental models of acute and chronic muscle pain: Intramuscular 

algesic injection. Pain. 2004;110:3-7. 

128. Kellgran J. Observation on referred pain arising from muscle. Clin Sci. 1938;3:175-190. 

129. Gizzi L, Muceli S, Petzke F, Falla D. Experimental muscle pain impairs the synergistic modular control of 

neck muscles. PloS one. 2015;10:e0137844. 

130. Falla D, Farina D, Graven-Nielsen T. Experimental muscle pain results in reorganization of coordination 

among trapezius muscle subdivisions during repetitive shoulder flexion. Experimental brain research. 

2007;178:385-393. 

131. Javanshir K, Amiri M, Mohseni-Bandpei MA, Rezasoltani A, Fernández-de-las-Peñas C. Ultrasonography of 

the cervical muscles: A critical review of the literature. J Manipulative Physiol Ther. 2010;33:630-637. 

132. Stokes M, Hides J, Elliott J, Kiesel K, Hodges P. Rehabilitative ultrasound imaging of the posterior paraspinal 

muscles. journal of orthopaedic & sports physical therapy. 2007;37:581-595. 

133. Lee J, Wang C, Shau Y, Wang S. Measurement of cervical multifidus contraction pattern with ultrasound 

imaging. Journal of Electromyography and Kinesiology. 2009;19:391-397. 

134. Kristjansson E. Reliability of ultrasonography for the cervical multifidus muscle in asymptomatic and 

symptomatic subjects. Man Ther. 2004;9:83-88. 

135. Yahia L, Newman N. A scanning electron microscopic and immunohistochemical study of spinal ligaments 

innervation. Ann Anat. 1993;175:111-114. 

136. Ferreira-Valente MA, Pais-Ribeiro JL, Jensen MP. Validity of four pain intensity rating scales. Pain®. 

2011;152:2399-2404. 

137. Hawker GA, Mian S, Kendzerska T, French M. Measures of adult pain: Visual analog scale for pain (vas 

pain), numeric rating scale for pain (nrs pain), mcgill pain questionnaire (mpq), short‐form mcgill pain 

questionnaire (sf‐mpq), chronic pain grade scale (cpgs), short form‐36 bodily pain scale (sf‐36 bps), and measure 

of intermittent and constant osteoarthritis pain (icoap). Arthritis care & research. 2011;63:S240-S252. 



66 
 

138. Wang WT, Olson SL, Campbell AH, Hanten WP, Gleeson PB. Effectiveness of physical therapy for patients 

with neck pain: An individualized approach using a clinical decision-making algorithm. American journal of 

physical medicine & rehabilitation. 2003;82:203-218. 

139. Vernon H, Mior S. The neck disability index: A study of reliability and validity. J Manipulative Physiol Ther. 

1991;14:409-415. 

140. Vernon H. The neck disability index: State-of-the-art, 1991-2008. J Manipulative Physiol Ther. 2008;31:491-

502. 

141. Ernst MJ, Crawford RJ, Schelldorfer S, et al. Extension and flexion in the upper cervical spine in neck pain 

patients. Man Ther. 2015;20:547-552. 

142. Bahat HS, Weiss PLT, Sprecher E, Krasovsky A, Laufer Y. Do neck kinematics correlate with pain intensity, 

neck disability or with fear of motion? Man Ther. 2014;19:252-258. 

143. Meisingset I, Stensdotter A, Woodhouse A, Vasseljen O. Neck motion, motor control, pain and disability: A 

longitudinal study of associations in neck pain patients in physiotherapy treatment. Man Ther. 2016;22:94-100. 

144. Paintal A. Functional analysis of group III afferent fibres of mammalian muscles. J Physiol (Lond ). 

1960;152:250-270. 

145. Marchettini P, Simone DA, Caputi G, Ochoa J. Pain from excitation of identified muscle nociceptors in 

humans. Brain Res. 1996;740:109-116. 

146. Arendt-Nielsen L, Fernández-de-las-Peñas C, Graven-Nielsen T. Basic aspects of musculoskeletal pain: From 

acute to chronic pain. Journal of Manual & Manipulative Therapy. 2011;19:186-193. 

147. Thompson JM. Muscle pain: Understanding its nature, diagnosis, and treatment. 2001;76:962. 

148. Mense S. Nociception from skeletal muscle in relation to clinical muscle pain. Pain. 1993;54:241-289. 

149. Bjur D, Alfredson H, Forsgren S. The innervation pattern of the human achilles tendon: Studies of the normal 

and tendinosis tendon with markers for general and sensory innervation. Cell Tissue Res. 2005;320:201-206. 

150. Schaible H, Richter F, Ebersberger A, et al. Joint pain. Experimental brain research. 2009;196:153-162. 



67 
 

151. Korkala O, Gronblad M, Liesi P, Karaharju E. Immunohistochemical demonstration of nociceptors in the 

ligamentous structures of the lumbar spine. Spine (Phila Pa 1976). 1985;10:156-157. 

152. Ge H, Madeleine P, Wang K, Arendt‐Nielsen L. Hypoalgesia to pressure pain in referred pain areas triggered 

by spatial summation of experimental muscle pain from unilateral or bilateral trapezius muscles. European Journal 

of Pain. 2003;7:531-537. 

153. Graven‐Nielsen T, Jansson Y, Segerdahl M, et al. Experimental pain by ischaemic contractions compared 

with pain by intramuscular infusions of adenosine and hypertonic saline. European journal of pain. 2003;7:93-

102. 

154. Minaki Y, Yamashita T, Takebayashi T, Ishii S. Mechanosensitive afferent units in the shoulder and adjacent 

tissues. Clinical Orthopaedics and Related Research®. 1999;369:349-356. 

155. Slaterl H, Gibsonl W, Graven‐Nielsenl T. Sensory responses to mechanically and chemically induced tendon 

pain in healthy subjects. European Journal of Pain. 2011;15:146-152. 

156. Qerama E, Fuglsang‐Frederiksen A, Kasch H, Bach FW, Jensen TS. Evoked pain in the motor endplate region 

of the brachial biceps muscle: An experimental study. Muscle Nerve. 2004;29:393-400. 

157. Johnston V, Jull G, Souvlis T, Jimmieson NL. Neck movement and muscle activity characteristics in female 

office workers with neck pain. Spine. 2008;33:555-563. 

158. Ylinen J, Salo P, Nykänen M, Kautiainen H, Häkkinen A. Decreased isometric neck strength in women with 

chronic neck pain and the repeatability of neck strength measurements. Arch Phys Med Rehabil. 2004;85:1303-

1308. 

159. Osborn W, Jull G. Patients with non-specific neck disorders commonly report upper limb disability. Man 

Ther. 2013;18:492-497. 

160. Silva, Andréia Cristina de Oliveira, Biasotto-Gonzalez DA, Santos DMd, et al. Evaluation of the immediate 

effect of auricular acupuncture on pain and electromyographic activity of the upper trapezius muscle in patients 

with nonspecific neck pain: A randomized, single-blinded, sham-controlled, crossover study. Evidence-Based 

Complementary and Alternative Medicine. 2015;2015. 



68 
 

161. Schomacher J, Farina D, Lindstroem R, Falla D. Chronic trauma-induced neck pain impairs the neural control 

of the deep semispinalis cervicis muscle. Clinical Neurophysiology. 2012;123:1403-1408. 

162. Zakharova-Luneva E, Jull G, Johnston V, O'leary S. Altered trapezius muscle behavior in individuals with 

neck pain and clinical signs of scapular dysfunction. J Manipulative Physiol Ther. 2012;35:346-353. 

163. Rahnama L, Rezasoltani A, Zavieh MK, NooriKochi F, Baghban AA. Differences in cervical multifidus 

muscle thickness during isometric contraction of shoulder muscles: A comparison between patients with chronic 

neck pain and healthy controls. J Manipulative Physiol Ther. 2015;38:210-217. 

164. Grondin F, Hall T, Laurentjoye M, Ella B. Upper cervical range of motion is impaired in patients with 

temporomandibular disorders. Cranio®. 2015;33:91-99. 

165. Ruhe A, Fejer R, Walker B. On the relationship between pain intensity and postural sway in patients with 

non-specific neck pain. Journal of back and musculoskeletal rehabilitation. 2013;26:401-409. 

166. La Touche R, Fernández-de-las-Peñas C, Fernández-Carnero J, Díaz-Parreño S, Paris-Alemany A, Arendt-

Nielsen L. Bilateral mechanical-pain sensitivity over the trigeminal region in patients with chronic mechanical 

neck pain. The Journal of Pain. 2010;11:256-263. 

167. Schmidt-Hansen PT, Svensson P, Jensen TS, Graven-Nielsen T, Bach FW. Patterns of experimentally induced 

pain in pericranial muscles. Cephalalgia. 2006;26:568-577. 

168. Keating L, Lubke C, Powell V, Young T, Souvlis T, Jull G. Mid-thoracic tenderness: A comparison of 

pressure pain threshold between spinal regions, in asymptomatic subjects. Man Ther. 2001;6:34-39. 

169. Ge H, Wang K, Madeleine P, Svensson P, Sessle BJ, Arendt-Nielsen L. Simultaneous modulation of the 

exteroceptive suppression periods in the trapezius and temporalis muscles by experimental muscle pain. Clinical 

neurophysiology. 2004;115:1399-1408. 

170. Sinclair D, Feindel W, Weddell Gt, Falconer MA. The intervertebral ligaments as a source of segmental pain. 

The Journal of bone and joint surgery.British volume. 1948;30:515-521. 

171. Yoganandan N, Kumaresan S, Pintar FA. Geometric and mechanical properties of human cervical spine 

ligaments. J Biomech Eng. 2000;122:623-629. 



69 
 

172. Andersen LL, Hansen K, Mortensen OS, Zebis MK. Prevalence and anatomical location of muscle tenderness 

in adults with nonspecific neck/shoulder pain. BMC Musculoskeletal Disorders. 2011;12:169. 

173. Smart KM, Blake C, Staines A, Thacker M, Doody C. Mechanisms-based classifications of musculoskeletal 

pain: Part 1 of 3: Symptoms and signs of central sensitisation in patients with low back (±leg) pain. Man Ther. 

2012;17:336-344. 

174. Walton D, MacDermid J, Nielson W, Teasell R, Nailer T, Maheu P. A descriptive study of pressure pain 

threshold at 2 standardized sites in people with acute or subacute neck pain. journal of orthopaedic & sports 

physical therapy. 2011;41:651-657. 

175. Kinser AM, Sands WA, Stone MH. Reliability and validity of a pressure algometer. The Journal of Strength 

& Conditioning Research. 2009;23:312-314. 

176. Chesterton LS, Sim J, Wright CC, Foster NE. Interrater reliability of algometry in measuring pressure pain 

thresholds in healthy humans, using multiple raters. Clin J Pain. 2007;23:760-766. 

177. Ylinen J, Nykänen M, Kautiainen H, Häkkinen A. Evaluation of repeatability of pressure algometry on the 

neck muscles for clinical use. Man Ther. 2007;12:192-197. 

178. Walton D, MacDermid J, Nielson W, Teasell R, Chiasson M, Brown L. Reliability, standard error, and 

minimum detectable change of clinical pressure pain threshold testing in people with and without acute neck pain. 

journal of orthopaedic & sports physical therapy. 2011;41:644-650. 

179. Sá S, Silva AG. Repositioning error, pressure pain threshold, catastrophizing and anxiety in adolescents with 

chronic idiopathic neck pain. Musculoskeletal Science and Practice. 2017;30:18-24. 

180. Melia M, Schmidt M, Geissler B, et al. Measuring mechanical pain: The refinement and standardization of 

pressure pain threshold measurements. Behavior research methods. 2015;47:216-227. 

181. Binderup AT, Arendt-Nielsen L, Madeleine P. Pressure pain sensitivity maps of the neck-shoulder and the 

low back regions in men and women. BMC musculoskeletal disorders. 2010;11:234. 



70 
 

182. Ozcan A, Tulum Z, Pinar L, Baskurt F. Comparison of pressure pain threshold, grip strength,dexterity and 

touch pressure of dominant and non-dominant hands within and between right-and left-handed subjects. J Korean 

Med Sci. 2004;19:874-878. 

183. Goubert D, Danneels L, Graven-Nielsen T, Descheemaeker F, Coppieters I, Meeus M. Differences in pain 

processing between patients with chronic low back pain, recurrent low back pain and fibromyalgia. Pain physician. 

2017;20:307-318. 

184. Schenk P, Laeubli T, Klipstein A. Validity of pressure pain thresholds in female workers with and without 

recurrent low back pain. European Spine Journal. 2007;16:267-275. 

185. Treede R, Rolke R, Andrews K, Magerl W. Pain elicited by blunt pressure: Neurobiological basis and clinical 

relevance. Pain. 2002;98:235-240. 

186. Christensen SW, Hirata RP, Graven‐Nielsen T. Altered pain sensitivity and axioscapular muscle activity in 

neck pain patients compared with healthy controls. European Journal of Pain. 2017;21:1763-1771. 

187. Sterling M, Jull G, Vicenzino B, Kenardy J. Characterization of acute whiplash-associated disorders. Spine. 

2004;29:182-188. 

188. Walton DM, Kwok TS, Mehta S, et al. Cluster analysis of an international pressure pain threshold database 

identifies 4 meaningful subgroups of adults with mechanical neck pain. Clin J Pain. 2017;33:422-428. 

189. Ge H, Vangsgaard S, Omland Ø, Madeleine P, Arendt-Nielsen L. Mechanistic experimental pain assessment 

in computer users with and without chronic musculoskeletal pain. BMC musculoskeletal disorders. 2014;15:412. 

190. Smith AD, Jull G, Schneider G, Frizzell B, Hooper RA, Sterling M. A comparison of physical and 

psychological features of responders and non-responders to cervical facet blocks in chronic whiplash. BMC 

musculoskeletal disorders. 2013;14:313. 

191. Chien A, Eliav E, Sterling M. Hypoaesthesia occurs with sensory hypersensitivity in chronic whiplash–further 

evidence of a neuropathic condition. Man Ther. 2009;14:138-146. 

192. Malfliet A, Kregel J, Cagnie B, et al. Lack of evidence for central sensitization in idiopathic, non-traumatic 

neck pain: A systematic review. Pain physician. 2015;18:223-235. 



71 
 

193. Sarig-Bahat H, Weiss PL, Laufer Y. Cervical motion assessment using virtual reality. Spine. 2009;34:1018-

1024. 

194. Descarreaux M, Blouin J, Teasdale N. A non-invasive technique for measurement of cervical vertebral angle: 

Report of a preliminary study. European Spine Journal. 2003;12:314-319. 

195. Williams MA, McCarthy CJ, Chorti A, Cooke MW, Gates S. A systematic review of reliability and validity 

studies of methods for measuring active andPassive cervical range of motion. J Manipulative Physiol Ther. 

2010;33:138-155. 

196. Frobin W, Leivseth G, Biggemann M, Brinckmann P. Sagittal plane segmental motion of the cervical spine. 

A new precision measurement protocol and normal motion data of healthy adults. Clin Biomech. 2002;17:21-31. 

197. Bifulco P, Cesarelli M, Romano M, Fratini A, Sansone M. Measurement of intervertebral cervical motion by 

means of dynamic x-ray image processing and data interpolation. Journal of Biomedical Imaging. 2013;2013:21. 

198. Plocharski M, Lindstroem R, Lindstroem CF, Østergaard LR. Motion analysis of the cervical spine during 

extension and flexion: Reliability of the vertebral marking procedure. Med Eng Phys. 2018;61:81-86. 

199. Hsu WH, Chen YL, Lui TN, et al. Comparison of the kinematic features between the in vivo active and 

passive flexion-extension of the subaxial cervical spine and their biomechanical implications. Spine (Phila Pa 

1976). 2011;36:630-638. 

200. Rutledge B, Bush TR, Vorro J, et al. Differences in human cervical spine kinematics for active and passive 

motions of symptomatic and asymptomatic subject groups. Journal of applied biomechanics. 2013;29:543-553. 

201. Morphett AL, Crawford CM, Lee D. The use of electromagnetic tracking technology for measurement of 

passive cervical range of motion: A pilot study. J Manipulative Physiol Ther. 2003;26:152-159. 

202. Chen J, Solinger AB, Poncet JF, Lantz CA. Meta-analysis of normative cervical motion. Spine. 1999;24:1571. 

203. Panjabi MM. The stabilizing system of the spine. part II. neutral zone and instability hypothesis. Clinical 

Spine Surgery. 1992;5:390-397. 

204. Takeshima T, Omokawa S, Takaoka T, Araki M, Ueda Y, Takakura Y. Sagittal alignment of cervical flexion 

and extension: Lateral radiographic analysis. Spine. 2002;27:E348-E355. 



72 
 

205. Wu S, Lan HH, Kuo L, Tsai S, Chen C, Su F. The feasibility of a video-based motion analysis system in 

measuring the segmental movements between upper and lower cervical spine. Gait Posture. 2007;26:161-166. 

206. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics. 1977:159-

174. 

207. McGill SM, Grenier S, Kavcic N, Cholewicki J. Coordination of muscle activity to assure stability of the 

lumbar spine. Journal of electromyography and kinesiology. 2003;13:353-359. 

208. Kulkarni V, Chandy MJ, Babu KS. Quantitative study of muscle spindles in suboccipital muscles of human 

foetuses. Neurol India. 2001;49:355-359. 

209. Ylinen J, Takala E, Kautiainen H, et al. Association of neck pain, disability and neck pain during maximal 

effort with neck muscle strength and range of movement in women with chronic non‐specific neck pain. European 

journal of pain. 2004;8:473-478. 

210. O'Leary S, Cagnie B, Reeve A, Jull G, Elliott JM. Is there altered activity of the extensor muscles in chronic 

mechanical neck pain? A functional magnetic resonance imaging study. Arch Phys Med Rehabil. 2011;92:929-

934. 

211. Yoo W. Comparison of upper cervical flexion and cervical flexion angle of computer workers with upper 

trapezius and levator scapular pain. Journal of physical therapy science. 2014;26:269-270. 

212. Schwab JS, Diangelo DJ, Foley KT. Motion compensation associated with single-level cervical fusion: Where 

does the lost motion go? Spine (Phila Pa 1976). 2006;31:2439-2448. 

213. Miyazaki M, Hymanson HJ, Morishita Y, et al. Kinematic analysis of the relationship between sagittal 

alignment and disc degeneration in the cervical spine. Spine. 2008;33:E870-E876. 

214. Cagnie B, O'leary S, Elliott J, Peeters I, Parlevliet T, Danneels L. Pain-induced changes in the activity of the 

cervical extensor muscles evaluated by muscle functional magnetic resonance imaging. Clin J Pain. 2011;27:392-

397. 

215. Abboud J, Nougarou F, Descarreaux M. Muscle activity adaptations to spinal tissue creep in the presence of 

muscle fatigue. PLos One. 2016;11:e0149076. 



73 
 

216. Yoganandan N, Kumaresan S, Pintar FA. Biomechanics of the cervical spine part 2. cervical spine soft tissue 

responses and biomechanical modeling. Clin Biomech. 2001;16:1-27. 

217. Du Rose A, Breen A. Relationships between paraspinal muscle activity and lumbar inter-vertebral range of 

motion. 2016;4:4. 

218. Auerbach JD, Anakwenze OA, Milby AH, Lonner BS, Balderston RA. Segmental contribution toward total 

cervical range of motion: A comparison of cervical disc arthroplasty and fusion. Spine (Phila Pa 1976). 

2011;36:E1593-9. 

219. Takasaki H, Hall T, Kaneko S, Ikemoto Y, Jull G. A radiographic analysis of the influence of initial neck 

posture on cervical segmental movement at end-range extension in asymptomatic subjects. Man Ther. 2011;16:74-

79. 

220. Côté JN, Bement MKH. Update on the relation between pain and movement: Consequences for clinical 

practice. Clin J Pain. 2010;26:754-762. 

221. Sjölander P, Johansson H, Djupsjöbacka M. Spinal and supraspinal effects of activity in ligament afferents. 

Journal of Electromyography and Kinesiology. 2002;12:167-176. 

222. Holm S, Indahl A, Solomonow M. Sensorimotor control of the spine. Journal of electromyography and 

Kinesiology. 2002;12:219-234. 

223. Solomonow M. Sensory–motor control of ligaments and associated neuromuscular disorders. Journal of 

Electromyography and Kinesiology. 2006;16:549-567. 

224. Stubbs M, Harris M, Solomonow M, Zhou B, Lu Y, Baratta R. Ligamento-muscular protective reflex in the 

lumbar spine of the feline. Journal of Electromyography and Kinesiology. 1998;8:197-204. 

225. Choi HW, Kim YE. Contribution of paraspinal muscle and passive elements of the spine to the mechanical 

stability of the lumbar spine. International Journal of Precision Engineering and Manufacturing. 2012;13:993-

1002. 

226. Woodhouse A, Stavdahl Ø, Vasseljen O. Irregular head movement patterns in whiplash patients during a 

trajectory task. Experimental brain research. 2010;201:261-270. 



74 
 

227. Elsig S, Luomajoki H, Sattelmayer M, Taeymans J, Tal-Akabi A, Hilfiker R. Sensorimotor tests, such as 

movement control and laterality judgment accuracy, in persons with recurrent neck pain and controls. A case-

control study. Man Ther. 2014;19:555-561. 

228. Falla D, Bilenkij G, Jull G. Patients with chronic neck pain demonstrate altered patterns of muscle activation 

during performance of a functional upper limb task. Spine. 2004;29:1436-1440. 

229. Saavedra-Hernández M, Castro-Sánchez AM, Cuesta-Vargas AI, Cleland JA, Fernández-de-las-Peñas C, 

Arroyo-Morales M. The contribution of previous episodes of pain, pain intensity, physical impairment, and pain-

related fear to disability in patients with chronic mechanical neck pain. American journal of physical medicine & 

rehabilitation. 2012;91:1070-1076. 

230. Karayannis NV, Smeets RJ, van den Hoorn W, Hodges PW. Fear of movement is related to trunk stiffness in 

low back pain. PloS one. 2013;8:e67779. 

231. Anderst WJ, Donaldson WF, Lee JY, Kang JD. Continuous cervical spine kinematics during in vivo dynamic 

flexion-extension. The Spine Journal. 2014;14:1221-1227. 

232. Cholewicki J, Vanvliet Iv JJ. Relative contribution of trunk muscles to the stability of the lumbar spine during 

isometric exertions. Clin Biomech. 2002;17:99-105. 

233. Cheng C, Lin K, Wang J. Co-contraction of cervical muscles during sagittal and coronal neck motions at 

different movement speeds. Eur J Appl Physiol. 2008;103:647. 

234. Muceli S, Falla D, Farina D. Reorganization of muscle synergies during multidirectional reaching in the 

horizontal plane with experimental muscle pain. American Journal of Physiology-Heart and Circulatory 

Physiology. 2014. 

235. Penning L. Kinematics of cervical spine injury. European Spine Journal. 1995;4:126-132. 

236. Bogduk N, Amevo B, Pearcy M. A biological basis for instantaneous centres of rotation of the vertebral 

column. Proc Inst Mech Eng Part H J Eng Med. 1995;209:177-183. 

237. Hwang H, Hipp JA, Ben-Galim P, Reitman CA. Threshold cervical range-of-motion necessary to detect 

abnormal intervertebral motion in cervical spine radiographs. Spine (Phila Pa 1976). 2008;33:E261-7. 



75 
 

238. Engel GL. The need for a new medical model: A challenge for biomedicine. Science. 1977;196:129-136. 

239. George E, Engel L. The clinical application of the biopsychosocial model. Am J Psychiatry. 1980;137:535-

544. 

240. Weiner BK. Spine update: The biopsychosocial model and spine care. Spine. 2008;33:219-223. 

241. De Pauw R, Coppieters I, Kregel J, De Meulemeester K, Danneels L, Cagnie B. Does muscle morphology 

change in chronic neck pain patients?–A systematic review. Man Ther. 2016;22:42-49. 

242. Elliott J, Jull G, Noteboom JT, Darnell R, Galloway G, Gibbon WW. Fatty infiltration in the cervical extensor 

muscles in persistent whiplash-associated disorders: A magnetic resonance imaging analysis. Spine (Phila Pa 

1976). 2006;31:E847-55. 

243. Tsang SM, Szeto GP, Lee RY. Altered spinal kinematics and muscle recruitment pattern of the cervical and 

thoracic spine in people with chronic neck pain during functional task. Journal of Electromyography and 

Kinesiology. 2014;24:104-113. 

244. Lindstrom R, Schomacher J, Farina D, Rechter L, Falla D. Association between neck muscle coactivation, 

pain, and strength in women with neck pain. Man Ther. 2011;16:80-86. 

245. De Pauw R, Coppieters I, Palmans T, Danneels L, Meeus M, Cagnie B. Motor impairment in patients with 

chronic neck pain: Does the traumatic event play a significant role? A case-control study. The Spine Journal. 

2018;18:1406-1416. 

246. Woodhouse A, Vasseljen O. Altered motor control patterns in whiplash and chronic neck pain. BMC 

Musculoskelet Disord. 2008;9:90-2474-9-90. 

247. Meisingset I, Woodhouse A, Stensdotter A, et al. Evidence for a general stiffening motor control pattern in 

neck pain: A cross sectional study. BMC musculoskeletal disorders. 2015;16:56. 

248. De Pauw R, Coppieters I, Meeus M, Caeyenberghs K, Danneels L, Cagnie B. Is traumatic and non-traumatic 

neck pain associated with brain alterations?: A systematic review. Pain physician. 2017;20:245-260. 



76 
 

249. Carstensen TB, Frostholm L, Oernboel E, et al. Post-trauma ratings of pre-collision pain and psychological 

distress predict poor outcome following acute whiplash trauma: A 12-month follow-up study. Pain. 2008;139:248-

259. 

250. De Pauw R, Kregel J, De Blaiser C, et al. Identifying prognostic factors predicting outcome in patients with 

chronic neck pain after multimodal treatment: A retrospective study. Man Ther. 2015;20:592-597. 

251. Ariëns GA, van Mechelen W, Bongers PM, Bouter LM, van der Wal G. Psychosocial risk factors for neck 

pain: A systematic review. Am J Ind Med. 2001;39:180-193. 

252. Lindstroem R, Graven-Nielsen T, Falla D. Current pain and fear of pain contribute to reduced maximum 

voluntary contraction of neck muscles in patients with chronic neck pain. Arch Phys Med Rehabil. 2012;93:2042-

2048. 

253. Muñoz-García D, Gil-Martínez A, López-López A, Lopez-de-Uralde-Villanueva I, La Touche R, Fernández-

Carnero J. Chronic neck pain and cervico-craniofacial pain patients express similar levels of neck pain-related 

disability, pain catastrophizing, and cervical range of motion. Pain research and treatment. 2016;2016. 

254. Anderst WJ, Donaldson III WF, Lee JY, Kang JD. Three-dimensional intervertebral kinematics in the healthy 

young adult cervical spine during dynamic functional loading. J Biomech. 2015;48:1286-1293. 

255. Lemmers G, Heijmans M, Scafoglieri A, et al. Three-dimensional kinematics of the cervical spine using an 

electromagnetic tracking device. differences between healthy subjects and subjects with non-specific neck pain 

and the effect of age. Clin Biomech. 2018;54:111-117. 

256. Johansson MP, Liane MSB, Bendix T, Kasch H, Kongsted A. Does cervical kyphosis relate to symptoms 

following whiplash injury? Man Ther. 2011;16:378-383. 

257. Frobin W, Brinckmann P, Leivseth G, Biggemann M, Reikerås O. Precision measurement of segmental 

motion from flexion—extension radiographs of the lumbar spine. Clin Biomech. 1996;11:457-465. 

258. Lecron F, Benjelloun M, Mahmoudi S. Cervical spine mobility analysis on radiographs: A fully automatic 

approach. Comput Med Imaging Graphics. 2012;36:634-642. 



77 
 

259. Siegmund GP, Winkelstein BA, Ivancic PC, Svensson MY, Vasavada A. The anatomy and biomechanics of 

acute and chronic whiplash injury. Traffic injury prevention. 2009;10:101-112. 

  



ISSN (online): 2246-1302
ISBN (online): 978-87-7210-439-3

E
X

P
E

R
IM

E
N

TA
L A

N
D

 C
LIN

IC
A

L N
E

C
K

 PA
IN

N
IN

g
 Q

u


	Omslag_Ning_Qu.pdf
	PHD_SHORT_Ning_Qu_TRYK2.pdf
	Blank Page

	Omslag_Ning_Qu
	Blank Page



