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Summary in English 

Most cases of neck pain are classified as non-specific where the underlying pathology is unknown. It is such 

a common condition that at any given time, up to 50 percent of the population reports some level of pain 

or discomfort in the neck within the previous two weeks. In a study on the global burden of disease, neck 

pain is ranked fourth as a contributor to years lived with disability. In Denmark, the societal cost of sick 

leave and treatment is estimated to be around 3 billion DKK per year. 

Neck pain is best understood through a combination of biological, psychological, and social factors. The 

treatment options for neck pain include manual therapy, exercise, and structured advice. However, none of 

the treatment options are superior to others and no clear tools to specify management of neck pain exist. 

For better management of neck pain, targeted intervention has been suggested, but knowledge regarding 

the different elements of neck pain is still needed. Questionnaires are already developed as instruments for 

gathering information about psychological and social factors. However, tools designed for obtaining 

information about biological factors such as quantifying posture, range of motion, and motion speed in a 

clinical or habitual situation do not yet exist. The aim of this thesis was, therefore, to adapt and validate an 

electronic measurement system for measuring postures and movements in the neck. 

To achieve this, we first conducted a systematic review of the literature regarding posture and motion 

factors that differ between people with and without neck pain. We summarized how the measurements 

were obtained, which measurements were used in the literature, and what types of instruments were used. 

We included 37 papers describing 36 unique studies. The studies were divided into four categories: range 

of motion, quality of motion, joint positioning sense, and posture. Range of motion, movement speed, and 

joint positioning accuracy were consistently reported as reduced in people with neck pain. However, no 

consistency was found in the reporting of posture following a movement pattern or conjunct motion. 

 

The next part of the project was to adapt a new sensor system for measuring neck movement (ViMove). 

We used the information from the literature review combined with expert opinions from engineers, tech 

companies, physiotherapists, chiropractors, researchers, and medical doctors to formulate a protocol that 

described how to apply the device to: examine posture and motion, extract the variables from the sensor 

device, and examine the agreement between the new device and a best standard system (Vicon). 
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The ViMove system was successfully adapted for measuring neck motion and could, therefore, be used in 

the agreement study (Paper II) between ViMove and Vicon. 

The objectives for the second study were twofold: one, to investigate the agreement between 

measurements obtained with Vicon and ViMove, and two, to investigate the reproducibility of the 

measurements within Vicon and ViMove. From students at SDU, ten participants without clinically relevant 

neck pain were recruited. A standardized examination procedure, including three postural and seven 

movement examinations, was used to obtain measurements with Vicon and ViMove simultaneously. The 

examinations were repeated one week later at the same time of day. We used a concordance correlation 

coefficient and 95% limits of agreement to examine the agreement between Vicon and ViMove and the 

reproducibility of the measurements from each system. We defined the levels for concordance correlation 

coefficient as: acceptable - above 0.5, good - above 0.75, and excellent - above 0.9. 

The agreement between the two systems was rated, for all postures and motion, as acceptable to 

excellent. However, the limits of agreement between Vicon and ViMove for backward bending were 

considerable (-22.0°, 5.4°). The reproducibility for range of motion and speed was within acceptable limits 

for both Vicon and ViMove, but below the acceptable limit for all posture measurements for ViMove. We, 

therefore, concluded that the motion examination, except for backward bending, could be used in a larger 

scale study examining people with mechanical neck pain. 

The objectives for the third study were first to confirm the agreement between Vicon and ViMove in a 

clinically relevant population, and second, to examine potential impairments in range of motion and 

motion speed in people with neck pain compared to age and sex matched people without neck pain. The 

third objective was to investigate the ability of range of motion and speed measurements to differentiate 

between people with and without neck pain. 

The knowledge from the second study was used to construct an examination protocol that included head 

flexion with self-chosen and maximum speed, and head tilting and rotating, both with self-chosen and 

maximum speed. The examination protocol was used on 21 participants with chronic mechanical neck pain 

and 21 age and gender matched participants. The agreement between systems was analysed with 

interclass correlation coefficient and 95% limits of agreement. We described the mean group difference in 

range of motion and speed between the participants with and without neck pain and tested the 

discriminative ability of the measurements with logistic regression.  
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We found that the agreement between Vicon and ViMove was excellent for both range of motion and 

speed when testing self-chosen movement speed with interclass correlation of above 0.9, however, when 

testing maximum speed, the agreement was poor, below 0.5. 

The people with neck pain had reduced range of motion for all directions examined between 0.5° for upper 

cervical flexion and 10.5° for rotating to the left. However, only rotating to the left had a statistically 

significant difference. Self-chosen motion speed was statistically significant (P<0.05), faster for the 

participants with neck pain compared to the participants without neck pain, except for the upper cervical 

flexion motion. The discriminative ability of the measurements was non-significant for all measurements 

for both systems. 

In conclusion, the results from the literature review showed that range of motion and speed is likely to be 

reduced in comparison between people with and without neck pain. Therefore, measurement of range of 

motion and speed may provide new insight into better management of neck pain. In this thesis, a new 

instrument that can deliver measurement of range of motion and speed has been developed and tested 

with acceptable agreement to the Vicon system. However, the agreement for the fast measurements was 

not acceptable and further testing is needed to determine why. The ViMove system may be used in future 

studies on people's movement patterns in daily living and may provide the insight needed for better 

management of neck pain. 
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Summary in Danish 

De fleste personer med nakkesmerter bliver diagnosticeret med ’ikke-specifikke’ nakkesmerter, hvor den 

underliggende smerte årsag ikke er kendt. Det er en almindelig tilstand, hvor op mod 50 procent af 

befolkningen i løbet af de sidste to uger har oplevet en eller anden form for smerte eller ubehag i nakken. 

På verdensplan er nakkesmerter placeret som den fjerde største kilde til leveår med nedsat funktionsevne. I 

Danmark anslås de samfundsmæssige udgifter til blandt anden sygefravær og behandling at være ca. 3 

milliarder DKK. årligt. 

Det bedste udgangspunkt for håndtering af nakkesmerter er at tage højde for biologiske, psykologiske og 

sociale faktorer. Behandlingsmulighederne for nakkesmerter omfatter manuel terapi, øvelser og 

struktureret rådgivning. Der er imidlertid intet klart førstevalg mellem behandlingsmulighederne, og der 

findes ikke klare redskaber til målrettet håndtering af nakkesmerter. Der er derfor stadig brug for mere 

viden om de forskellige faktorer, der har betydning for nakkesmerter.  

Spørgeskemaer fungerer allerede som instrumenter til indsamling af information om psykologiske og 

sociale faktorer. Imidlertid mangler der redskaber der kan opsamle oplysninger om de biologiske faktorer, 

så som kvantificering af kropsholdning, måle bevægelighed og bevægehastighed i en klinisk eller habituel 

situation. Formålet med denne afhandling er at tilpasse og validere et måleinstrument, der kan kvantificere 

nakkeholdning og bevægelser. 

Derfor gennemførte vi først en systematisk litteraturgennemgang hvor vi undersøgte hvorvidt 

kropsholdning og bevægelses faktorer adskiller sig mellem personer med og uden nakke smerter. 

Vi opsummerede hvordan målingerne blev foretaget, hvilke målinger der blev benyttet i litteraturen, og 

hvilken type måleinstrumenter der blev anvendt.  

I litteraturgennemgangen inkluderede vi 37 artikler, som beskriver 36 unikke undersøgelser. 

Undersøgelserne blev opdelt i fire kategorier: Bevægeudslag, kvalitet i bevægelse, led og stillingssans samt 

holdning. Der var konsensus i studierne om at bevægeudslag, hastighed samt at led og stillingssansen er 

reduceret for personer med nakkesmerter, sammenlignet med personer uden. Vi kunne ikke konkludere 

noget angående nakkens holdning, på grund af uensartet metodevalg i studierne. 

Den næste del af projektet var at adaptere ViMove måleinstrument til brug på nakken. 
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Vi brugte oplysningerne fra litteraturgennemgangen kombineret med faglig ekspertise fra ingeniører, 

teknologiske virksomheder, fysioterapeuter, kiropraktorer, forskere og læger til at formulere en protokol, 

der beskrev hvordan enheden skulle anvendes til at undersøge nakkeholdning og bevægelse. Derudover 

beskrev protokollen hvordan ViMove skulle valideres i forhold til Vicon. 

 ViMove-systemet blev adapteret til måling af nakkebevægelse, og kunne derfor bruges til at undersøge 

overensstemmelsen (artikel to) mellem ViMove og Vicon. 

I artikel 2 udførte vi to trin i valideringen: Det første var at undersøge ligheden mellem hvad Vicon og 

ViMove målte. Den anden del var at undersøge reproducerbarheden af målingerne fra Vicon og ViMove. Vi 

rekrutterede ti forsøgsdeltagere uden nakkesmerter blandt studerende på SDU. Vi anvendte en 

standardiseret undersøgelsesprocedure, med tre kropsholdnings- og syv bevægelses undersøgelser. 

Optagelserne blev udført samtidigt med Vicon og ViMove. Procedurerne blev gentaget en uge senere. Vi 

anvendte concordance correlation coefficient (CCC) og 95% limits of agreements til at undersøge 

overensstemmelse mellem Vicon og ViMove samt reproducerbarheden af målingerne fra hvert system. Vi 

definerede niveauerne for CCC som: Acceptabel - over 0,5. God, - over 0,75 og fremragende - over 0,9. 

Vi fandt acceptabel til fremragende overensstemmelsen mellem de to systemer for alle holdningsmål og 

bevægelsesundersøgelser. Limit of agreement mellem Vicon og ViMove for ekstension var (-22,0 °, 5,4 °). 

Reproducerbarheden for bevægelse og bevægehastighed var inden for acceptable grænser for både Vicon 

og ViMove, men under det acceptable niveau for holdningsmålene. Vi konkluderede derfor, at 

bevægelsesundersøgelserne, bortset fra ekstension, kunne anvendes i en større undersøgelse af personer 

med mekaniske nakkesmerter. 

I den tredje artikel bekræftede vi enighed mellem Vicon og ViMove i en klinisk relevant population. 

Efterfølgende undersøgte vi potentielle forskelle i bevægeudslag og hastighed mellem personer med 

nakkesmerter, og personer som har samme alder og køn, men uden nakkesmerter. Til sidst undersøgte vi 

om bevægeudslag og hastighed kunne bruges til at skelne mellem personer med og uden nakkesmerte. 

Vi anvendte resultaterne fra artikel 2 til at konstruere undersøgelsesprotokollen, som indeholdt følgende 

bevægelser: Fleksion, lateral fleksion og rotation. De fleste bevægelser blev udført med selvvalgt og 

maximal hastighed. Vi inkluderede 21 deltagere med kroniske mekaniske nakkesmerter, og 21 deltagere 

uden nakkesmerter. Overensstemmelsen mellem systemerne blev analyseret med CCC og 95% limits of 
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agreement. Forskellen i bevægelse og bevægehastighed mellem grupperne blev beskrevet med median 

eller gennemsnit. Den diskriminative evne blev beskrevet med logistisk regression.  

I artikel tre fandt vi, at overensstemmelsen mellem Vicon og ViMove var fremragende for både 

bevægeudslag og bevægelseshastighed under ’selvvalgt’ bevægelseshastighed med ICC på over 0,9, men 

ved test af maksimal hastighed fandt vi at overensstemmelsen var uacceptabel på under 0,5. 

Folk med nakkesmerter havde nedsat bevægelse for alle de undersøgte retninger mellem 0,5° for øvre 

nakke fleksion og 10,5° for rotation til venstre. Imidlertid havde kun nakke rotation til venstre en statistisk 

signifikant forskel. Selvvalgt bevægelseshastighed var statistisk signifikant (P <0,05) hurtigere for deltagerne 

med nakkesmerter sammenlignet med deltagerne uden nakkesmerter, bortset fra øvre nakke fleksion. De 

anvendte mål havde en begrænset evne til at se forskel på deltagere med og uden nakke smerter.  

For at opsummere fandt vi i litteraturgennemgangen, at bevægeudslag og bevægelseshastighed var 

reduceret i sammenligning mellem personer med og uden nakkesmerter. Derfor er disse mål særligt 

interessante i relation til håndtering af nakkesmerter. I denne afhandling har vi adapteret et målesystem til 

at kunne måle bevægeudslag og bevægehastighed af nakken. Systemet er testet med acceptabel 

overensstemmelse med Vicon systemet. Overensstemmelsen ved målinger af hurtige bevægelser var 

imidlertid ikke acceptabel, og yderligere undersøgelser er nødvendige for at klarlægge årsagerne. ViMove-

systemet kan anvendes i fremtidig forskning af personers bevægelsesmønster i dagligdagen, hvilket 

muligvis kan give en ny forståelse til bedre håndtering af nakkesmerter.  
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1 Introduction 

1.1 Neck pain 

1.1.1 Definition of non-specific neck pain 

Non-specific neck pain (NP) is a central theme throughout this thesis. NP can be caused by specific diseases 

such as cervical disc herniation, fractures, or inflammatory joint disease but most often, the underlying 

cause of NP is not known and the NP is labelled non-specific NP [1]. In 2010, a conceptual model for NP was 

introduced by the Bone’ and Joint Decade Task Force on NP and its Associated Disorders’ [2] . They defined 

NP as ‘an unpleasant sensory and emotional experience’ between the superior nuchal line and the spine of 

the scapula with or without radiating pain. In the model, NP is not described as a specific disease but rather 

a symptom influenced by multidimensional biopsychosocial factors, which are described later. The task 

force suggests NP be classified into four grades [2] (Table 1).  

Table 1. The Bone and Joint Decade Task Force on Neck Pain and its Associated Disorders classification of neck pain. 

Grade 1 Neck pain without activity limitations 

Grade 2 Neck pain with considerable activity limitations without radiating pain 

Grade 3 Neck pain with considerable activity limitations with radiating and neurologic signs 

Grade 4 Neck pain that includes all major structural pathology 

 

1.1.2 Prevalence of neck pain   

NP is a common symptom in the general population with an age adjusted global point prevalence of 4.9% 

[3] and a one-year prevalence reported ranging from 4.8% to 79.5% [4] . This variation is most likely due to 

different definitions of NP on duration and intensity [4].   

Women are more prone to NP than men. The majority of studies report a higher prevalence of NP for 

women than for men [5]. The mean overall point prevalence is 27.2% for women and 17.4% for men [4] 

and the rate of recurrence of NP is higher for women [6].  
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Most people will experience debut of NP early in life, as children or adolescents [7, 8] and the point 

prevalence of NP increases with age and peaks in mid-forties [3].  

A cohort study on patients from general practice describes NP has having an episodic nature and 30 % of 

patients reported recovery after one-year of the episode with NP [9]. Up to two-thirds of people with NP 

will report having episodes of NP one - five years later and about another one-third of people with NP will 

experience full recovery of symptoms within a year.    

1.1.3 Burden to society of neck pain 

The amount of people with NP and the recurrence rate of NP leads to a considerable burden on society. 

This is reflected in the global burden of disease assessment ranking NP as fourth in the causes of years lived 

with disability [10]. The burden to society is considerable due to sick leave and health care use. In Denmark, 

NP is estimated to contribute to 16% of annual sick leave, 6% of visits to general practitioners, and 23% of 

visits to physiotherapists and chiropractors [11]. The estimated costs of treatment and lost production are 

about 3 billion Danish crowns each year [11]  

1.1.4 Factors related to neck pain 

When considering the burden of NP to society and on a personal level, it is important to identify factors 

that can influence the risk of developing NP or the outcome when having NP, for example, exposure at 

work to vibration or awkward posture [12, 13] which can be changed by either altering behaviour or work 

environment. Such factors are, therefore, of interest for treating or preventing NP. Other factors such as 

previous history of neck pain, age, and sex cannot be changed but can be used to identify people at risk of 

developing chronic or disabling NP [6].  

The multidimensional factors that are related to neck pain are typically categorized into different domains; 

psychological factors that relate to personal experience and behaviour, e.g., depression, stress or fear; 

social factors that relate to the elements for social lives, for example, culture, employment, and marital 

status; and biological factors that relate to elements, structural, chemical, and physiological factors that 

influence the body [14]. 

Several impairments (biological factors) are routinely used in clinical practice and have been of interest in 

research for their potential link to NP. These impairments include; forward head posture, reduction in 
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active range of motion (ARoM), and alterations in neurological recruitment patterns and control of muscles 

(motor control). 

1.1.4.1 Posture   

Among the arguments that consider forward head posture to be linked to NP is one that states that the 

head centre of mass is shifted anteriorly to the body in a forward head posture. Maintaining a forward 

head posture will, therefore, lead to increased strain to the neck muscles, joints, and ligaments [15, 16]. 

The forward head posture can be a result of normal human variation [17] or it can be controlled by the 

ability to maintain a good posture under different working conditions [18, 19].  

In a cross-sessional study, the pain intensity of NP has been found to be associated with forward head 

posture in people with NP compared to people without [16]. However, studies exploring whether work 

related exposure to forward or flexed head posture is associated with development of NP have found 

limited or no evidence [13, 20]. There is, therefore, a need for further investigation into the importance of 

posture in NP. 

1.1.4.2 Active Range of Motion 

Reduction in ARoM has been shown to be associated with NP, when people with and without NP are 

compared, in general [21-23] and in clinical practice [24, 25] . Reduction in ARoM has also been linked to 

causes of NP, for example in people with whiplash associated disorder (WAD) [26] and potential subgroups 

of NP, for example mechanical NP [27] or myofascial NP [28, 29]. Reduction in ARoM and NP have been the 

topics of mostly cross-sectional studies and as outcome measures in clinical trials [29, 30]. However, it is 

unclear if ARoM is consistently reduced in people with NP [31].   

1.1.4.3 Neuromotor control 

Another area of potential impairment is the neurophysiological processes included in recruitment of 

muscles and motor control. People with NP, compared to people without, have been shown to have 

reduced activation patterns of deep flexor muscles and delayed activation doing postural perturbation tests 

measured with electromyography (EMG) [17, 18]. Other ways of quantifying neuromotor control are by 

measuring movement speed, how steady movements are (jerk), and the ability to follow a movement 
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pattern or relocate to a predefined position (head repositioning). However, alike ARoM, neuromotor 

control has mostly been investigated in cross-sectional studies and consistency of the findings is unclear.  

Even though some studies have reported impairment of posture, ARoM, and motor control, their links to 

NP are not well understood. Therefore, there is a need for a systematic review (Paper I) that summarises 

potential differences in posture, range of motion, and other movement factors and evaluates the methods 

of obtaining the measurements and further investigates the potential role of the impairments in managing 

NP.             

1.1.5 Treatment of non-specific neck pain.  

Traditional treatments of NP have had a focus on treating specific impairments, for example, joint manual 

mobilisation/manipulation for movement restrictions [32] or specific training for improving impairments of 

motor control (activation and control of muscles) [33]. However, systematic reviews of the effect of manual 

therapy or exercise have not found a single treatment modality that is superior to others and no clear test 

method to differentiate between specific impairments that could guide treatment strategies [34-36]. The 

non-specific nature of most NP is a challenge for devising treatment strategies. Therefore, the 

recommendations for treatment combine elements aimed at targeting the biopsychosocial factors [37-39]. 

Some of the biological elements are mentioned above. The psychological and social factors can be 

addressed with coping strategies (reassurance) and patient education. However, a Cochrane review from 

2012 showed that none of the studies on patient education have shown any beneficial effect [40]. In 

summary, we lack the tools to adequately guide treatment of the biological factors.  

1.1.6 Measuring Posture and Motion  

Measurements of impairments in posture and movement of the neck may be part of the tools needed to 

enhance management of NP, but it is necessary to consider how the measurements are obtained and the 

precision and reproducibility of such measurements.         

1.1.6.1 Posture 

In clinical settings, postures are usually measured in the sagittal plane with either photographs or with the 

aid of a plumb line [41], the reported inter- and intra-rater reliability has an interclass coefficient (ICC) 

below 0.75 [42], which is considered acceptable agreement [43].   
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In research, measurement of posture is likewise typically done with a video-based system and photographs. 

For example, Niekerk et al. (2008) compared head and cervical flexion angles measured on photographs to 

similar angles from x-rays in upright, normal, and slouched postures. They found moderate correlation 

between the two systems (r 0.7-0.9) and excellent reproducibility (ICC 0.98) within the photographs for 

both head and cervical angles [44].  

Nonetheless, obtaining measurements is frequently done in situations simulating work conditions, which 

may or may not reflect habitual situations (38-40), and with methods that require a stationary situation 

(41).   

1.1.6.2 Motion  

Range of motion is frequently evaluated in clinical practice mostly with patients in sitting position and by 

clinical observations [21]. Instruments such as inclinometers, which deliver equally reliable measurements 

as more sophisticated laboratory equipment [45], are available for clinical use. The most reliable method of 

obtaining measures of range of motion is by full cycle motion, where motion from one endpoint to the 

endpoint in the opposite direction is measured. However, the full cycle motion measurement loses the 

ability to distinguish between directional specific impairments [21]. Another method is half cycle, where 

motion from neutral to endpoint is measured. Other aspects of motion such as movement speed, conjunct 

motion, and repositioning accuracy, have been investigated. The more advanced instruments required in 

research, for example magnetic tracking devices, ultrasonic motion tracking devices, and video-based 

systems, are usually not feasible for use in clinical practice [21, 46, 47].  

 A common aspect for obtaining measurements of posture and movement in clinical practice and research 

is the controlled setting required to obtain the measurements. Although these measurements are reliable, 

it is unclear how strong the measurements correlate with movement and posture in habitual situations. 

Habitual conditions and workplace observations have, until now, primarily been investigated with 

questionnaires on self-perceived restriction of movement pattern [48]. In summary, impairments of 

movement and posture may be of interest as part of the tools to better manage NP. However, further 

investigation is needed. First, we need a summary of the differences in posture and performance of 

movement between people with and without NP, including how the measurements were obtained, and 

which specific elements of posture and movement have shown the most consistent differences between 

people with and without NP. Second, a measurement tool is necessary to investigate whether 

measurements of posture and movement are relevant in managing NP. This tool has to deliver the 
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measurements in a feasible manner, enabling the measurements to be obtained either in a clinical setting, 

or preferably, in habitual situations. Such a tool was not commercially available at the starting point of this 

project. Therefore, we set out to collaborate with a technology company to develop and test a clinical 

usable sensor system for measuring neck posture and movement.     

1.1.7 Best standard for measuring posture and motion of the neck  

Measuring and understanding posture and motion of the neck is complex. There are eight joint complexes 

from occiput to the first thoracic vertebra where motion can happen in a combination of translation and 

rotation in the three planes [49]. Exact measurements are only obtainable with procedures involving 

radioactive exposure through x-rays or complex instruments where the measurements are conducted lying 

down such as MRI scans, which create an artificial situation and may not reflect normal motion [50].  

Other approaches such as magnetic or video-based tracing systems rely on precise placements of markers 

or sensors for model estimation of joint motion. However, placement of markers and sensors introduces an 

inherent error in the measurements due to difficulty in finding the exact positions of anatomic landmarks 

and skin movement during motion. It is, therefore, questionable to consider magnetic or video-based 

tracking systems as the gold standard [50]. On the other hand, magnetic and video-based tracking systems 

are the most precise instruments for tracking motion when x-rays and MRI are not an option. Our task was, 

therefore, to choose between magnetic or video-based tracking systems as a ‘best standard system’. 

 The most frequently used tools for measurement for neck motion in research are magnetic tracing systems 

[30, 51]. The magnetic tracing systems have shown good reproducibility and inter-rater reliability with an 

ICC of above 0.70 [46]. 

Unfortunately, the magnetic field of the magnetic tracing systems may influence the portable sensor 

system relying on information from, e.g., a magnetron [52].  

Another choice for a best standard motion tracking system is the Vicon system. The Vicon system is an 

infrared camera based 3-D motion tracking system. The system uses reflective spheres to generate 3-D 

coordinates which can be used to generate models of body movement. The system is flexible and can 

measure different aspects of body movement and different recording speeds. Options for combining 

measurement with EMG, accelerometers, or pressure plates are also available. The Vicon system has 

shown similar reliability to the magnetic tracking system [53]. Vicon has also been used to validate motion 

sensors for the lumbar spine [54] and in the development of a video-based analysis system for measuring 



 

7 

 

neck posture in adolescents [55]. We therefore, considered Vicon to be equivalent, reliable, and accurate 

to the magnetic tracking systems and reasonable to be considered as a best standard measuring device. 

 

1.2 The Patient@home framework  

This PhD project was part of the Patient@home project (PATH), the largest welfare-technology research 

and innovation initiative in Denmark, which ended 1 February 2018. PATH had the overall goal to bring 

clinicians, researchers, and technology companies together to develop technologies and services that could 

enhance treatment and rehabilitation of patients outside of clinical settings and hospitals [56].  

PATH consisted of several work packages (Figure 1) which focused on different elements in handling 

patients out of a clinical setting. This PhD project was nested in the rehabilitative training work package; 

the overall frame for the work package was the use of technology to enhance or provide foundation for 

rehabilitation/training of patients. Among the different patient types, chosen in the work package, were 

patients with NP. 

  

Figure 1. Work packages in Patient@home. 
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The different work packages used the same innovation model (Figure 2) for the development of the 

different technologies. This thesis has elements from the first three stages of the innovation model. 

 

Figure 2. The Innovation Model from Patient@home. 

One of the first tasks of this project was to make a short list of possible technologies that could be adapted 

to provide measurement of posture and movement in the simplest fashion possible including video-based 

systems such as Microsoft Kinect or software systems combined with webcams and motion sensor systems 

utilizing an accelerometer, a gyroscope, and a magnetron. The short list was used, through the PATH 

network, to get in touch with companies that possibly could provide technologies to obtain measurement 

of neck posture and movement. Despite the numbers of companies who were a part of the Patient@home 

network, none of them had available technologies that could provide measurement, for our purposes, of 

neck posture and movement, but one company, DorsaVi, had developed a motion sensor system (ViMove) 

for measuring lumbar posture and movement [57]. 
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The ViMove system is an integrated system with two sensor units, a data logging device, and software 

system for analysing the movement data. The sensor units consist of an accelerometer, a gyroscope, and a 

magnetron. In cooperation with DorsaVi, we discussed how to adapt and develop their motion sensor 

system to be used for measurement of posture and motion of the neck and how to validate the adapted 

version of the system. 

  

2 Aim 

The overall aim of the PhD project was to adapt and validate an electronic measurement system for 

measuring postures and movements in the neck.  

The specific objectives of my dissertation were:   

1. To systematically and critically appraise the literature on electronic measurements that have been used 

to study neck posture and movement patterns in people with and without neck pain (Paper I). 

2. To contribute to the adaption of a clinically applicable electronic measurement system (ViMove) for 

measuring neck postures and movements (Adaption of the ViMove system for the neck). 

3.  To assess the agreement and reproducibility of two electronic measurement systems (ViMove and 

Vicon) for neck posture, range of motion, and movement speed in a convenient sample of people 

without neck pain (Paper II). 

4. To determine if it is possible to differentiate between people with and without NP based on neck range 

of motion and movement speed as measured by electronic measurement systems (ViMove and Vicon) 

(Paper III).  

 

3 Materials and methods 

The material and methods section contains, besides the description of the three papers, a description and 

the results of the adaption process of the ViMove system. The adaption process was the basis for 

formulating the procedures used in Studies 2 and 3 as described in Papers II and III. We find it, therefore, 

important to describe the adaption process. 
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3.1 Paper I 

3.1.1 Search strategy 

We used the databases of PubMed and EMBASE to find cross-sectional study populations between 1 

January 2004 and 15 February 2019 that compared or presented any kinds of biomechanical measurement 

on neck motion or posture measured with electronic measurement tools. 

The studies had to present the results separately for people with non-specific NP or cervical radiculopathy 

and people without NP. The inclusion and exclusion criteria are presented in Paper I, Table 1.    

3.1.2 Selection of studies and data extraction   

We used the same work method for selection of studies, data extraction, and quality assessment: two 

authors independently screened titles and abstracts, assessed full text for relevance, extracted the data, 

and assessed the quality of the studies. Disagreement was solved by discussion. If necessary, a third author 

acted as mediator.  

Data extraction was completed under the themes of study population characteristics, testing 

circumstances, device information, and results of the tests. 

3.1.3 Quality assessment 

We adapted the ‘quality assessment of studies of diagnostic accuracy included in systematic reviews 

(QUADAS)’ tool and combined it with ‘Guidelines for Reporting Reliability and Agreement Studies (GRRAS)’ 

in order to assess the quality of the studies.   

The quality assessment was divided into four domains: study population, measuring device, method, and 

statistics. Questions for each domain were specified.  

The quality assessment questions were piloted on three of the excluded studies before the quality 

assessment was done on the included studies.      
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3.2 Adaption of the ViMove system for the neck 

In this section, the adaption of the ViMove system for the neck, the development of the test protocol, and 

how the measurements were compared to Vicon measurements, are described. 

3.2.1 Workshops 

Adapting the ViMove software for measuring neck posture and motion was a substantial part of this thesis. 

We used a process inspired by participatory design [58] where we simultaneously learned how to use the 

sensors, chose the elements that needed to be adapted, evaluated the adaptation, and either incorporated 

the results of the evaluation into the loop or made the decision to either reject or accept the elements. The 

accepted elements were then incorporated into the final procedures and adaptation of the sensors (Figure 

3). 

 

Figure 3. The processes involved in the adaptation of the ViMove system. 

 We, therefore, needed to draw on the experience from experts in different fields to structure the process 

and formulate relevant objectives in the adaptation of the ViMove system. We held three workshops over a 

period from December 2013 to September 2014. A mixture of experts from the fields of engineering, 

physiotherapy, chiropractic, exercise physiology, and epidemiology attended the workshops.  

Learning to use 
the system 

Formulating the 
elements of the 

procedures 

Adaptation of 
ViMove 

Evaluation 

Rejected 

Accepted. 
Ready for 

test 
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Several intermediate objectives were set. First, we had to familiarise ourselves with the system including 

learning the possibilities and limitations of using the ViMove system. Second, we had to devise a method 

for applying the sensor system by finding optimal positioning of the system and finding a stable method of 

placing the sensors. Third, we needed to define specific examination methods for obtaining measurements 

of posture and movement, and finally, we had to choose and define a method of assessing the 

measurement from the new system to a best standard measuring system.  

The objectives formulated at the workshops were either answered or decided on directly at the workshops, 

in between workshops by conducting a simple pilot trial, or after conducting Study 2. The decisions from 

the workshops used in the adaptation of the ViMove software and procedures for conducting Studies 2 and 

3 are presented in Paper II, Table 1. 

Some of the questions regarding how many repetitions of the movement examinations, which angles are 

comparable between the Vicon model and ViMove system, and selection of primary measurements to be 

analysed in Papers II and III could first be answered by analysing the results from Study 2. However, they 

were not included in Paper II but were used in the decisions for the method in Study 3. The results are, 

therefore, presented in the results section ‘Adapting the ViMove for the neck’. 

3.2.2  Workshop One 

The participants for the first two workshops were the same. The participants from the Institute of Sports 

Science and Biomechanics were a PhD student (chiropractor), a research assistant (physiotherapist), three 

senior researchers (epidemiology, physiotherapy, biomechanics and statistics); from the Maersk Mc-Kinney 

Moller Institute, one Post doc (engineer) and one senior researcher (engineer); and from the DorsaVi 

company, the CEO participated as well as an engineer via Skype. 

The purpose of the first workshop was to get an understanding of the sensor system, ViMove, and to 

choose how to apply the sensors. Another objective of the workshop was to initiate the process of choosing 

and defining physical examinations or exercises to be measured with the ViMove.  

Prior to the first workshop, knowledge identified through the systematic review regarding specific posture 

and movement impairments in people with NP and physical examination procedures were summarised and 

a wish-list of measurements to be obtained by the ViMove was formulated following three criteria:   
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1. Physical examination procedures (specific postures and movements) must be obtainable in a 

clinically equivalent setting.  

2. The physical examination must deliver measurements that have been shown to be associated with 

NP or under investigation to be associated with NP. 

3.  The extracted measurements from physical examinations must be measurable with the ViMove 

instrument. 

 Included in the wish-list were: range of motion including speed and jerk measurements of the head and 

neck, measurements of the positioning accuracy for head and neck, measurements of forward head 

posture, quality assessment retraction/ protraction of the head and a perpetuation test to quantify stability 

of the head. 

At the start of the workshop, the synthesised knowledge regarding movement impairments in people with 

NP and clinical knowledge about physical examination procedures used in managing NP, were presented 

along with the wish-list for physical examination procedures and measurements to be embedded in the 

software for the motion sensor system.  

A representative from the DorsaVi company presented the possibilities for the system and the strengths 

and weaknesses of the ViMove system. At that point, the ViMove system contained software intended for 

measuring lumbar lordosis and range of flexion/ extension and lateral bending of the lumbar spine, and it 

was the judgement of the representative from DorsaVi that the ViMove system could deliver some 

measurements of cervical motion but needed further development. Furthermore, the following limitation 

of the system was highlighted:  

1. Angles were measured as the difference from a calibrated position (not as exact angles).  

2. Displacement in movement between the two sensors was not possible to calculate for relatively slow 

movements, for example, as seen in head retraction and protraction exercises.  

3. The accuracy of measuring rotation would probably be low due to magnetic drift.  

4. The sensors recorded at a low recording frequency of 20 Hz compared to Vicon up to 2000 Hz, (standard 

setting 200HZ).  
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3.2.2.1 Placement of sensors  

Through a pragmatic process of placing the sensors in different positions and trying different variations of 

movements, considering how to maximise information from the sensors and stability of the sensors, the 

different approaches for applying the sensors was tried and discussed. It was decided that the most 

pragmatic way of applying the top sensor was to use a headband and place the sensor adjusted to the 

posterior lower part of the head.  

Two options for placing the lower sensor were tried and discussed. The optimal option for maximising 

information from the sensor was to place the sensor above the junction between the neck and the thoracic 

spine; thereby, allowing direct measurements of neck motion. The second option was to place the sensor 

just below the junction between the neck and the thoracic spine and use the sensor to adjust for thoracic 

movement. The size of the sensor resulted in a lack of stability of the sensor. Therefore, the first option was 

abandoned. 

 The decision at the workshop was to place the sensor below the junction between the neck and the 

thoracic spine on top of the third thoracic vertebrae (Paper II, Figure 1).  

3.2.2.2 Defining examination strategy 

To achieve the second objective for the workshop, we tried and discussed how to quantify posture using an 

instrument that did not deliver exact angles, but relative generated angles to a calibrated position. It was 

decided to investigate if ViMove could be used to quantify the two most extreme postures in the cervical 

spine and a position in between. Thereby, we defined the ideal posture as the most upright position 

achievable and used the same position as the calibrated position. The other extreme posture was labelled 

slump position, which was defined as the position where the test participant looks straight ahead and 

rounds the back to maximum. The instruction was to assume the most slump position possible and look 

straight ahead at a target at eye level. The in-between posture was labelled habitual posture and was 

defined as the posture the participant would choose if not instructed to assume a specific posture. The final 

three postures are described in Paper II, Table 1. 

Movement examinations from the wish list were used in a practical and a pragmatic way, where we first 

discussed and tried the different examinations to be embedded in the software. We conducted 

examinations suggested for standardisation of positioning of the participants, wording of instructions, use 

of back support or not, numbers of repetition of the examinations, and speed of the examinations. The 
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results of these discussions are specified in Paper II, Table 1. We decided to examine movement of the neck 

in the primary planes of motion sagittal (head bending forward and backward), frontal plane (head tilt to 

the right and left), and transversal (head rotating right and left) and supplement with motion specific to 

flexion of the upper cervical spine (upper cervical flexion). We concluded that the examination procedures 

needed to be refined and standardised in an examination protocol before the next workshop. 

3.2.2.3 Use of back support 

One of the discussion points at the workshop was the balance between optimal reproducible examinations 

and measurement of clinical/habitual situations. As an example, range of motion measurements can be 

optimised for best reproducibility by strapping the participant’s upper body to a chair restricting thoracic 

movement [59-63], but it may result in an artificial movement pattern and the feasibility of doing range of 

motion measurements that way in clinical practice is questionable. Another consideration for choosing to 

use or not use back support was that the back support may shadow essential reflex spheres needed for 

obtaining measurements with Vicon. The decision at the workshop was, therefore, to conduct all posture 

and motion measurements without back support. 

3.2.2.4 Numbers of repetition 

The numbers of repetition of the different movement examinations was considered; it was suggested that 

repeated movement may influence the range of motion of the lumbar spine [64]. However, we were 

unaware of any consistent reporting of an effect on range of motion by repeating movement cycles in neck 

examinations.  

We, therefore, decided to include this question in the design of Study 2 by repeating the motion cycles 

enough times to evaluate the potential effect of repeating motion cycles. It was decided that five 

repetitions would be enough to evaluate the effect. The results of the analyses are presented at the bottom 

of the ‘Adapting the ViMove’ section. 

3.2.2.5 Speed of movement 

Motion speed is one of the factors that has been reported consistently in people with NP. This occurs 

mostly when testing the participant in maximum speed [65-69]. However, we intended to use the ViMove 

on the population with considerable NP and we were unsure how maximum speed could influence the pain 

level. The decision at the workshop was, therefore, to evaluate movement speed obtained at ‘self-selected’ 
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movement speed, evaluating whether the examination produced any pain and the validity of the 

measurement before conducting maximum speed examinations. 

At the conclusion of the first workshop, the discussion points were summarised, and an action plan was 

decided: 

1. The conclusions from the workshop were used in drafting a protocol and describing the procedures and 

examinations to be used in the comparison between Vicon and ViMove measurements.  

2. Pilot studies before Workshop 2 were used to refine wording of instructions and the procedures for 

examinations.  

3. The investigation of the influence of numbers of repetition on the motion variables were to be included 

in the analysis of the results from Study 2. 

3.2.3 Workshop Two  

The first objective of Workshop 2 was to define variables from Vicon and ViMove. The second objective was 

to choose a method for comparison between Vicon and ViMove and the final objective was to investigate 

how to synchronise data between Vicon and ViMove systems. 

The draft protocol was presented at the second workshop along with the objectives to define variables to 

be extracted from the ViMove system. Also discussed was how measurements from Vicon and ViMove 

were to be compared and how to synchronise the recordings between Vicon and ViMove. The workshop 

was conducted in a combination of theoretical discussions and practical use of the examination’s 

procedures in the Vicon lab. The participants of the workshop either approved or came with suggestions for 

improvement of the procedures.  

3.2.3.1 Defining Variables  

The chosen variables were dictated by the placement of the sensors and how to conduct the posture and 

movement examinations. 

 The ViMove system delivers three sets of angles: 1) measurements from the upper sensor labelled occiput 

(O), 2) measurements from the lower sensor labelled third thoracic vertebra (T3), and 3) the calculation of 

difference in angles between the two sensors labelled cervical spine (C). Each angle will have an additional 
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label for the direction of the motion flexion/extension (F/E) for movement in the sagittal plane, lateral 

flexion (LF) for movement in the frontal plane, and rotation (R) for movement in the transverse plane. 

Angles from the Vicon system are defined according to the neck model (see Table 2). For each angle, range 

of motion, and average and maximum motion speed was specified for the movement out and back. The 

calculations are specified in Paper II, Table 1. 

3.2.3.2 Comparison method between Vicon and ViMove  

The primary challenge of comparing ViMove measurements with Vicon is that the systems essentially 

measure in two different ways. The ViMove system measures how the two sensors are orientated in space 

relative to a calibrated position, and the Vicon system measures reflex spheres as coordinates in a three-

dimensional coordinated system. Therefore, there are some inherent limitations to the ViMove system. For 

example, the accelerometers built in the sensors are only able to provide information on displacement of 

one sensor relative to the other in the case of fast movements [70]. This limitation is not seen in 

measurements obtained by the Vicon system. 

Two options for comparison between systems were discussed. The first option was to use a method the 

DorsaVi company used in the development of the ViMove system for the lower back. They used a 

customised frame to apply the Vicon reflex spheres onto the ViMove sensors, which allowed direct 

comparison between angles, and thereby, optimised the measurements from ViMove in relation to Vicon 

measurements. The second option was to compare the variables calculated from the ViMove 

measurements to comparable variables from the Vicon system using a standard neck model designed to 

capture neck posture and motion.  

At the workshop, we chose the second option because the measurement from each system would be 

independent from the other system and the comparison would be between a standardised way of 

measuring neck posture and motion and the new system. Another important argument for not choosing 

the first option was that DorsaVi uses the method of direct Vicon measurements on top of the ViMove 

system’s measurements to optimise the system software. It is, therefore, reasonable to assume that by 

using the same method, the estimate of the agreement between Vicon and ViMove would be artificially 

enhanced.  

The model we chose to use has previously been used in monitoring sitting posture and in the development 

of a system for measuring posture in adolescents [55, 71]. The system is a complex model adjusting for the 
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centre of rotation of the joints delivering the motion. The angles from the model are described in Table 2, 

and the variable calculation from the model and which angles are potentially comparable between Vicon 

and ViMove are specified in Paper II, Table 1.  

Table 2. Vicon neck model. 

  
A1. Head flexion (HF): The angle between a 
line drawn from the Cyclops to the OC1 and 
the vertical axis. 

A2. Neck flexion (NF): The angle between a line drawn 
from the OC1 to the C7 SP and the vertical axis. 

  
A3. Cranio-cervical angle (CC): The angle 
between a line drawn from the Cyclops to 
the OC1 to the C7 SP. 

A4. Cervico-thoracic angle (CT): The angle between a line 
drawn from the OC1 to the C7 SP to the T5 SP. 

  
A5. Upper thoracic flexion angle (UTF): The 
angle between a line drawn from C7 SP to 
T5 spinous process and vertical line going 

A6. Head lateral bending (HLB): The lateral angle between 
a line drawn from the OC1 to the tragus, with the vertical 
line going through the OC1 (negative to the left). 
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through C7 SP (not part of the original 
model). 

  
A7. Neck lateral bending (NLB): The angle 
between a line drawn from the OC1 to the 
C7 SP, with the vertical axis going through 
C7 in the frontal plane. 

A8. Head rotation (HR): The angle between a line drawn 
from the OC1 to the Cyclops, with the anterior axis in the 
transverse plane (negative to the left). 

Angles 1-8 are illustrated. ViMove sensors placed at the base of the skull and the second at T3 level. The reflex sphere (bright 
points): 1. the outer edges of the eyes (cantus), 2. tragus of the ears, 3. spinous process C7, 4. spinous process T5, 5. Upper edge 
of the sternum, 6. the lateral edges of acromion, 7. directional sphere over the right scapular. Green points illustrate the two 
computer generated points, 8. Cyclops (middle point between each cantus), and 9. OC1 (middle point between the two tragi). 

3.2.3.3 Which angles are comparable between Vicon and ViMove? 

With the choice of using the neck model in the comparison between Vicon and ViMove a new question 

arose: To what degree were the different angles in the neck model comparable to the ViMove angles? This 

was, of course, a part of the agreement study (Study 2) between Vicon and ViMove.  

We used the results from Study 2 in exploration of which angles were comparable between Vicon and 

ViMove. The agreement was analysed with concordance correlation coefficients (CCC), mean difference, 

and 95% limits of agreement as tools. The interpretation of the values from CCCs were adapted from the 

interpretation of ICC as [43]: below 0.5 as poor, from 0.5 to 0.75 as acceptable, from 0.75 to 0.9 as good, 

and above 0.9 as excellent.  

3.2.3.4 Synchronisation between systems 

It is a challenge to synchronise data across two systems recording at different frequencies and methods, 

and it becomes even more difficult when the ViMove system records with a non-constant frequency, which 

we learned through the workshops and pilot studies and verified in an agreement study between Vicon and 

ViMove on the lumbar spine [72]. This led to the decision not to compare data point to data point between 

the systems but to compare the relevant variables between the systems. However, it was still important to 
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get the data synchronised as well as possible. The first method that was tried was to add an accelerometer 

to the Vicon system. We used the accelerometer at the start of the recording to flick the skin between the 

accelerometer and the bottom ViMove sensor. This was supposed to deliver notable readings in the raw 

accelerometer data in both systems. Unfortunately, the reading was non-consistent in the ViMove system.  

The second method used a definition of when a motion starts or stops by setting a threshold of 4% of 

maximum speed. This method was used to deliver both average speed and ARoM. However, the method 

had one substantial drawback; if the subject moved slowly, the motion speed could cross the threshold 

several times in the initial and the final stages of movement. Another uncertainty to the method was that it 

may underestimate ARoM. Therefore, a third method was also tested. A baseline segment of non-

movement, before the first repetition, was defined in the data from which ARoM was calculated. The 

baseline was indicated in the ViMove data while recording and post-recording in the Vicon data. 

The challenge of synchronisation between Vicon and ViMove was discussed at the workshop and solutions 

were suggested. However, the final decision on how to synchronise the data was based on the analyses of 

data from Study 2 

At the end of the workshop, the final procedures were summarised, and we agreed upon the framework 

for the next steps in the adaptation and validation of the ViMove. First, the DorsaVi company used the 

examination protocol in the development of software adaptation for measuring neck posture and motion 

by the ViMove system This was done by conducting a trial with 10 participants were examination 

procedures from protocol was used but with the reflex spheres for the Vicon system placed on top of the 

ViMove sensors. Algorithms for obtaining neck measurements were optimised in the ViMove system based 

on comparisons to the Euler angles calculated in the Vicon system. The second step was delivery of the 

updated version of the ViMove system (Workshop 3).  

3.2.4 Workshop Three 

The participants for the third workshop were: from the Institute of Sports Science and Biomechanics, one 

PhD student, one master’s student (physiotherapy), two senior researchers (epidemiology, physiotherapy 

and biomechanics); one Post doc (engineer) from the Maersk Mc-Kinney Moller Institute; and one sales 

representative and one engineer on Skype from the DorsaVi company. 

Workshop 3 was the delivery of the adapted version of the ViMove system. The purpose of the workshop 

was to learn how to use the system and finalise examination procedure. 
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Workshop 3 was the delivery of the adapted version of the ViMove system. The purpose of the workshop 

was to learn how to use the system and finalise examination procedure. 

The workshop was conducted as a pilot trial of the agreement study between Vicon and ViMove. We 

applied both the Vicon and ViMove systems to a participant. Every step in the protocol describing the 

examination procedures was tried and if needed, improved, until the step could be approved by the 

participants of the workshop. We could not make a direct comparison between the systems at the 

workshop. However, graphic output from both Vicon and ViMove indicated that we could proceed with the 

study of agreement between Vicon and ViMove used in measurements of neck posture and movement. 

The result of the third workshop was a final version of the procedure for Study 2 (see Paper II Table 1).  

3.3 Paper II  

3.3.1 Participants  

We chose a small sample size of 10 participants who were not seeking care for NP. The participants were 

recruited by post on Facebook and in the networks at SDU. The inclusion and exclusion criteria are 

presented in Table 3. 

Table 3. Inclusion and exclusion criteria for studies. 

Inclusion criteria Exclusion criteria 

• Older than 18 years 
• No history of seeking care for NP 

 

• Generalized pain (pain in more than 3 body regions) 
• Inflammatory joint disease 
• Previous surgery of the cervical spine 
• Serious health conditions (such as current cancer) 
• Physical or mental handicap that prevents the 

subjects from performing neck exercises 
• Known congenital malformations in the neck 
• Pregnancy 
• Not understand written and oral Danish. 

3.3.2 Questionnaires 

For the purpose of describing the included population and evaluating the level of disability and fear of 

movement, we gathered the following information with questionnaires: age, sex, the amount of days with 

NP/discomfort within the previous year, pain intensity for both neck and arms on average over the past 

two weeks and on the day of answering the questionnaire as measured on a scale from 0 to 10 [73]. To 
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measure the participant’s attitude towards movement while having pain, we used the Danish version of the 

Tampa Scale for Kinesiophobia (TSK) [74].   

3.3.3 Procedures 

Before ViMove sensors and Vicon reflex spheres were applied, height and weight were measured. The 

Vicon and ViMove systems were both calibrated simultaneously by placing the test participant on a stool 

and placing the participant in an upright position. All examinations were done in the same order, 

instructions were read out loud to the participants, and the participants were encouraged to train the 

movement before recording. The examination procedures and order of the examinations are described in 

Paper II, Table 2. The examinations were repeated one week later at the same time of day. 

3.3.4 Statistics 

The demographics and information from the questionnaires were summarised as means and standard 

deviations (SD). The results of the examinations were presented as means and SD. For agreement between 

systems and reproducibility within systems, we used 95% limits of agreement (LOA) [75] and a concordance 

correlation coefficient (CCC)[76].  

3.3.4.1 Interpretation 

If all the ANOVA assumptions for ICC are met, ICC and CCC will provide equal values [77]. Therefore, we 

decided to interpret CCCs with the same cut-points that had been suggested for intraclass correlation: 

below 0.5 as poor, between 0.5 and 0.75 as moderate, between 0.75 and 0.9 as good and above 0.9 as 

excellent [43]. 

 

3.4 Paper III 

3.4.1 Participants 

The participants for the Paper III consisted of 20 participants with NP and 20 age and sex matched 

participants without NP. The participants with NP, were recruited in local physiotherapy and chiropractic 

clinics. Because the process of recruiting participants with NP from local clinics was slow, we also recruited 
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by post on Facebook. The participants without NP were recruited by post on Facebook and in the networks 

at SDU. The inclusions criteria are specified in Table 4. The exclusion criteria were the same as for Paper II. 

Table 4. Inclusion criteria Paper III. 

Participants with neck pain Participants without neck pain 
• Pain or discomfort in the neck 
• Pain while maintaining a posture or by 

specific movements   
• More than 30 days within the past year 
• Average pain intensity ≥5 during the past 

two weeks 
• If radiating arm pain: NP ≥ arm pain 

• Less than 8 days of NP within the past year  
• Pain intensity in the neck NPRS=0 past two 

weeks prior to testing 
• Age and sex match to participants with neck 

pain 

 

Sample size calculation indicated that we needed 18 participants with and without neck pain for 80 % 

power and statistics significant level at 5%. The calculation was based on the results of one high-quality 

study[78]. 

3.4.2 Questionnaires 

The Neck Disability Index, eight questions version, (NDI (8)) [79] and questions about type of work and 

physical exposure at work was added to the questionnaire in Paper III. Otherwise, the questionnaires were 

identical between Papers II and II.  

3.4.3 Procedures 

The same examination procedures were used as in Paper II, but the postural examination and head 

extension was not included in Paper III and we added ‘as fast as possible’ to examinations for flexion and 

rotation to each side in Paper III (Paper II, Table 2 and Paper III, Table 1). The examination was not repeated 

and the participates sat on a box (Figure 4). The lab assistants were blinded to information regarding pain 

status. 
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Figure 4. Setup in the Vicon lab. 

3.4.4 Statistics 

Demographics and information from the questionnaires were summarised as medians and 95% confidence 

intervals (CI), separate for each group. We analysed the agreement between Vicon and ViMove Bland 

Altman plots , 95% LOA, and ICC2.1 agreement [43]. 

The results of the examinations were presented as means or medians and confidence intervals, separate 

for each group. We used logistic regression expressed as an odds ratio (OR) and as area under the receiver 

operating characteristics curves (AUC) to examine the ability of the movement examinations to distinguish 

between people with and without NP. 

 

4 Summary of results 

4.1 Paper I 

The literature search was conducted on 5 November 2014 and updated on 19 September 2017 and on 15 

February 2019. Of the 3334 studies identified, 37 papers reporting on 36 studies met the inclusion criteria. 
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The flow of included studies is illustrated in Figure 5.  

 

Figure 5. Prisma flow diagram of included studies. 

4.1.1 Risk of bias in included studies 

In a general assessment of the studies, description of test device, recording method, test procedures, and 

statistical analyses were adequate in almost all the studies. However, most studies did not adequately 

describe how study size was chosen, the study population, the people handling tests procedures or 
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whether there was blinding to the status of the participants. For details of the risk of bias assessment see 

Paper I, Table 2. 

4.1.2 The biomechanical measurements 

The most frequently reported measure was ARoM followed by quality of motion, proprioception and 

posture. ROM was consistently reported reduced in people with NP compared to people without NP, and 

the differences were more substantial for full cycle ARoM or pooled ARoM. Likewise, reduction in 

movement speed for people with NP was reported as consistent throughout the studies. The results of the 

biomechanical measurements are presented in Paper I, Tables 2- 6 and summarised in Table 7. 
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Table 5. Summary of biomechanics measurements from included studies.  

Measurement Numbers 
of studies 

Measurement 
type 

Findings: case group compared to 
controls 

Significant*/ Not 
significant  

ROM 11 Half cycle motion Reduced range of motion was found 
in all studies. Six reported on three 
planes of motion, four reported on 
flexion and extension, and five 
studies reported on left and right 
rotation 

Six studies/ Five 
studies 

12 Full cycle motion Reduced range of motion was 
reported in all studies. Four studies 
reported on motion in three planes, 
three studies reported on sagittal 
plane of motion, and two studies on 
transversal plane 

Ten studies/ Two 
studies 

2 Upper and lower 
cervical motion 

One study reported reduced sagittal 
plane of motion for upper and lower 
cervical spine and one study reported 
that lower cervical spine went into 
flexion under total extension 
movement 

One study/ One study 

Quality of 
motion 

5 Mean speed  Reduced speed in all studies Three studies/ Two 
studies 

7 Peak speed Reduced speed in all studies Four studies/ Three 
studies 

3 Number of 
velocity peaks 

Two studies reported fewer and one 
reported more 

Three studies/ Zero 
studies 

6 Conjunct motion Three studies reported less, two 
studies reported more and in one 
study, the differences were mixed. 

(Two studies ↓ and 
one ↑)/ (One 
study↓, one study ↑ 
and one mixed) 

2 Jerk index or root 
mean square of 
jerk 

 Two studies reported jerk  One study/ One study  

1 Coefficient of 
variance 

 Larger values in the three planes  One study/ Zero 

1 Helical axis 
variance 

Less variation  One study / Zero 

Joint 
positioning 

sense 

9 Repositioning 
task 

Seven studies reported more, and 
two studies reported mixed results 

Three studies with 
more error/ Six 
studies 

5 Follow a 
movement 
pattern 

Three studies reported less error and 
two studies reported more error 

Five studies/ Zero 

Posture 5 Habitual situation No consistency in angles reported   

* Statistically or not statistically significant difference between groups in at least one variable 
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4.2 Adaption of the ViMove system for the neck 

4.2.1 Does the sequence in repetition influence the ARoM and speed measurements?  

In order to be able to investigate if there is an adaptation or learning effect when repeating neck 

movements, neck movements were repeated five times with a 1 to 2 second delay between each. 

We used ANOVA for repeated measures to reveal any significant difference between any of the five 

repeats.  

From each examination type, the variables ARoM, ‘from start to maximum’ and ‘speed out’ as derived from 

the Vicon system were used in the analyses. 

ARoM for forward head flexion was the only measurement that had at least one repetition that was 

statistically significant and different from one of the other repetitions. The mean and 95 confidence 

intervals for ARoM in head flexion indicated an effect, where the first repetition had the lowest value and 

increased for each repetition (Table 8). However, because we only saw this tendency for head flexion, we 

concluded that it was feasible to use the mean of three repetitions (in Paper III) instead of five (Paper II). 

The means and 95% confidence intervals from each repetition from the different movements are presented 

in Appendix B, Tables 1-6.     

Table 6. Repetitions for head flexion measured with Vicon.  

Repetition ARoM  Mean speed 
 

Mean [95% CI] Mean [95% CI] 

1 59.4° [57.0°, 61.8°] 20.8°/s [14.4°/s, 27.1°/s] 

2 63.7° [61.3°, 66.0°] 22.3°/s [15.9°/s, 28.7°/s] 

3 65.9° [63.5°, 68.3°] 22.0°/s [15.6°/s, 28.4°/s] 

4 66.6° [64.2°, 69.0°] 23.9°/s [17.5°/s, 30.2°/s] 

5 67.2° [64.8°, 69.6°] 24.8°/s [18.5°/s, 31.2°/s] 

Abbreviations: CI= confidence interval; s= seconds  

4.2.2 Which angles are comparable between Vicon and ViMove?  

The neck flexion angle (A1-A5) from Vicon compared to CF/E from ViMove had poor CCC (Figure 6). 

Agreement between Vicon and ViMove angles for the other motions evaluated with CCCs had good to 
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excellent values. However, the confidence intervals for head extension, lateral flexion right (A7 vs CLF), 

lateral flexion left (A7 vs CLF), and left rotation included values below the poor limit (Figure 6). 

 

Figure 6. Concordance correlation coefficients (black dots) and 95% confidence intervals, for range of motion angles between 
Vicon and ViMove. Motion examinations: Head flexion (F), back ward head bending (E), upper cervical flexion (U), lateral flexion 
right (TR), lateral flexion left (TL), rotation right (RR) and rotation left (LR). Angles from Vicon A1-A8 are explained in Table 2. OC is 
occiput and C are cervical ViMove angles; F/E= flexion/extension; LF= lateral flexion; R= rotation. Colour red: Poor, yellow: 
Acceptable, light green: Good, and dark green: Excellent agreement.   

The mean differences and LOA between Vicon and ViMove analyses of range of motion in the different 

motion directions revealed the largest bias of above five degrees for head flexion, head extension, and left 

turning which also had the largest limits of agreement (Figure 7).  
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Figure 7. Bias (green dot) and 95 % limits of agreement for range of motion angles between Vicon and ViMove. Motion 

examinations: Head flexion (F), head extension (E), upper cervical flexion (U), lateral flexion right (LR), lateral flexion left (LL), 

rotation right (RR), and rotation left (LR). Angles from Vicon A1-A8 are explained in Table 2. OC is occiput and C are cervical ViMove 

angles: F/E= flexion/extension; LF= lateral flexion; R= rotation.   

The analyses on active range of motion were representative of all the sub-analyses between Vicon and 

ViMove (Paper II, Appendix A). However, mean speed variables had relatively smaller bias, smaller limits of 

agreement, and larger CCCs values than range of motion (Paper II, Appendix A). 

4.2.3 Selection of angles and variables to be analysed in Papers II and III 

If we were to analyse all angles from each system and all motion variables between systems (Papers II and 

III), and between participants with and without NP (Paper III), the number of comparisons would be 77 

between systems and 217 within the two systems (Paper II), and 98 between systems and 161 between 

participants (Paper III). The numbers of analyses would result in statistical uncertainties with a considerable 

number of false-positives in the statistical tests. We, therefore, limited the numbers of angles and variables 

to be analysed. 

Criteria used in the choice of angles and variables in prioritised order were: 1) clinically relevant angles, 2) 

highest CCC value between Vicon and ViMove, and 3) best reproducibility of variables. We, therefore, 
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chose to use the measurement from baseline to maximum range as ARoM, the measurement of mean 

speed and max speed for the motion from neutral to in point as mean, and max speed for the primary 

analysis in Papers II and III. 

 

4.3 Results Paper II 

4.3.1 Demographics 

Ten eligible participants: two females and eight males, were tested. Twenty percent of the participants 

reported more than 7 days of NP in the previous year. Characteristics of the participants is shown in table 7. 

Table 7. Characteristics of the participants in Paper II.  

Characteristics of the participants Mean SD 

Age  25.3 3.4 

Height 177.7 cm 11.8 

Weight 78.6 kg 14.7 

Present NP 0.5 1.2 

Average NP the past two weeks 0.6 1.6 

Worst NP the past two weeks 1 2.2 

TSK 34.2 6.6 

Neck pain (NP) is measured on a 0-10 scale, Tampa scale of Kinesiophobia scores between 17 and 68. 

4.3.2 Agreement between Vicon and ViMove 

In the comparison between Vicon and ViMove, the mean difference was under 1° for the postural 

measurements with the upper thoracic flexion angle from Vicon and T3F/E from ViMove examinations 

(Paper II, Table 2). The LOA were largest for slump posture and the CCCs were between 0.74 ideal and 0.9 

slump. 

For the ARoM and speed measurements, head extension and rotation left had the largest mean difference 

and the largest limits of agreement between Vicon and ViMove (Paper II, Table 2).  
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The CCCs for ARoM rotation left were acceptable. All other measurements had good to excellent CCCs. 

However, the 95% CI had lower values, down in the poor or acceptable range, for all ARoM measurements 

except for upper cervical flexion. 

   

4.3.3 Reproducibility  

The reproducibility for the posture measurements had mean differences between sessions of under 3° with 

largest LOA for habitual (±15° from ViMove) and slump (±19° from ViMove) postures (Paper II, Table 2). The 

CCCs for posture examinations between sessions were poor for all measurements, except for slump OF/E, 

from Vicon.  

Head extension had the largest mean differences between sessions for Vicon (6°) and ViMove (7°). Between 

sessions for ARoM, for the other movement directions, the differences were under 3° (Paper II, Table 2). 

Movement speed had mean differences between sessions of under 5° for all directions, but the LOA for 

both ARoM and movement speed were up to ±19° for ARoM rotation right and ±15°/s.  

Rotating left had poor CCCs for ARoM (Paper II, Table 2), whereas the other CCCs for ARoM were between 

acceptable to excellent and good for speed measurements. However, all the 95% CIs were large with 

several that included values below the poor limits.   

 

4.4 Results Paper III 

We recruited 42 participants: 30 females and 12 males, for the study. One participant was excluded 

because the participant gave inconsistent answers in the questionnaire and the recruitment interview 

regarding duration of pain, average pain level the past two weeks, and sex. Of the remaining 41 

participants, 20 age and sex matched pairs were created. 

The participants with NP had higher functional limitations, levels of arm pain, fear of movement, and body 

mass index (Paper III, Table 2).  
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4.4.1 Agreement between Vicon and ViMove 

The agreements between Vicon and ViMove were, for both ARoM and ‘self-selected’ movement speed, 

were good to excellent with an ICC between 0.84 to 0.98 (Paper III, Table 3), and mean differences between 

Vicon and ViMove for ARoM were under two degrees and under five degrees per second respectively for 

[‘self-selected’ movement speed. However, the agreement for ‘as fast as possible’ movement speed was 

poor with an ICC between 0.13 to 031 for all three directions. The Bland Altmann plots are presented in 

Appendix B, Figure 1-3.    

4.4.2 Vicon and ViMove ability to differentiate between participants with and without neck pain 

The participants with NP had reduced range of motion, faster ‘self-selected’ movement speed and slower 

‘as fast as possible’ movement speed compared to participants without NP (Paper III, Table 4). 

Furthermore, statistically significant differences were found for ARoM for rotating left and all ‘self-selected’ 

motion speed measurements except for upper cervical flexion. The largest AUC were found for ARoM 

rotating left and right and mean speed for tilt to the left and right and rotating right (Paper III, Table 5).   

 

5  Discussion 

The focus of this PhD project was to adapt and validate an electronic measurement system for measuring 

postures and movements in the neck. 

Through the literature review, we learned that people with neck pain have a clear tendency towards 

reduced ARoM, reduced movement speed, and altered joint positioning sense. No conclusion in relation to 

posture could be reached. The information from the review was in combination with results from the 

workshops used to adapt the ViMove system to obtain measurement of posture and motion of the neck. 

Good to excellent agreement was found between the ViMove and the optoelectronic measuring system for 

posture measurements, ARoM and ‘self-selected’ movement speed. However, the movement speed 

criterion ‘as fast as possible’ measurements were unreliable for the ViMove system. Investigation of the 

reproducibility of the measurements revealed that ARoM and speed had acceptable to good 

reproducibility, but it was poor for posture. In the comparison of ARoM and speed measurements between 

participants with and without neck pain, we found reduced rotation range and faster ‘self-selected’ 
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movement speed for participants with NP. However, the measurements from the two systems were not 

able to distinguish between people with NP and matched controls without NP 

The processes involved in this work can be divided into two stages. The first stage involved the choice of 

technology and the adaptation of the technology, which had consequences for the later stages of 

measurements and procedures. The formulation of procedures and specifications for the adaption of the 

ViMove system were based on both information from the literature review and opinions of experts from 

different fields as well as practical knowledge gained during the workshops. The second stage was 

validation of the ViMove system, which is important for both clinicians and researchers to establish if we 

can trust the measurements from a new tool. More specifically, we evaluated whether the angles were 

measured correctly, whether the measured angles were in agreement with a best standard instrument, and 

whether the angle measurements were reproducible. The most important question of which we only 

scratched the surface was: What relevance do measurements of movement and posture have for people 

with neck pain [80]? 

 

5.1 Adaptation of the ViMove system 

The needs and definitions regarding examination procedures and measurements were embedded into a 

new software for the ViMove system that made it ready for the validation process. Choices were, however, 

limited by the framework of PATH because the provider of the technology had to be partner in PATH. We 

were, therefore, not able to review the market for devices/systems for obtaining neck motion and posture 

and it is possible that more feasible and more developed products for measuring neck motion and posture 

are available. However, the ViMove system was a feasible choice, with the core of the system being an IMU 

that is relatively small and flexible to apply and thus provides the foundation for measurements of posture 

and movement. The IMU we were presented with cannot measure exact angles but angles relative to the 

calibrated position. Development of a method for quantifying posture with an IMU was, therefore, needed. 

The first step in the adaption of the ViMove system was to formulate what we wanted the ViMove to be 

able to do. We used a method inspired by participatory design [58] and the PATH innovation model. 

We diverted from the normal use of participatory design by not including people with neck pain in the 

process [58]. However, because the purpose of the measurements has yet to be established, it can be 

argued that in our case the end-users are not people with neck pain but researchers and, maybe, clinicians. 
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 An essential part of formulating the needs for the ViMove system was the information from the literature 

regarding which measurements of posture and movement are of interest in relation to NP. By identifying all 

the different types of measurements used and summarising the ones with most consistent findings, we 

could limit the measurements to the most relevant. These were ARoM, movement speed, and JPE [81-83].  

We intended to adapt the examination procedures used in the literature review for our studies. 

However, there was no consensus in the literature regarding these specific methods used for obtaining the 

measurements and there was a lack of reporting in several studies. We, therefore, had to broaden the 

discussion for the needs to include definitions of examination procedures and measurements. 

A lesson learned from using the participatory design in the workshops was that when formulating 

possibilities and needs, time consumption for implementation is not always considered. These types of 

misunderstandings could be due to differences in culture and language in different professions. We also 

learned that it is challenging to combine several stakeholders in the designing phase because the 

foundation for discussions tended to be based on results from previous research, which may restrict the 

possibility of finding new ways and out-of-the-box thinking. However, there are also strengths in combining 

opinions from different professions in highlighting potential weaknesses, finding solutions, and formulating 

the procedures. 

 

5.2 Validation of the ViMove system 

The validation of a new measuring tool is usually done at different levels. First, the precision of the angle 

measurements for each sensor is established compared to the best standard system (internal validity) [84]. 

This was done by the DorsaVi Company by using the examination procedure specified at the workshops and 

comparing the angle measurements from the sensors to angle measurements calculated in the Vicon 

system. They placed the reflective spheres on top of the sensors which allowed direct comparison of Euler 

angles. There is, of course, inherent conflict of interest embedded in the results of the internal validity from 

the DorsaVi company. However, their results were in line with internal validity found for measurement on 

the lumbar spine [72]. 

 The next step was to establish the agreement between measurements from the ViMove system on 

posture, range of motion, and speed compared to angles from a neck model measured with Vicon. We 
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assumed the measurements from Vicon were a best standard, without first establishing if Vicon can be 

regarded as such. However, Vicon has been used in several studies as a reference standard in the 

comparison between optoelectronic measurements and other instruments for obtaining measurements of 

neck motion or posture [55, 71, 85, 86] and has been widely used as a reference standard in angle 

measurements related to gait analyse or lumbar movement [53, 72, 87-91]. Furthermore, we used a neck 

model designed to describe posture of the neck and head [55, 71]. This model has not been validated for 

measurement of head and neck motion. However, the model is built on reasonable assumptions of joint 

motion and provides a framework for detailed description of head and neck motion relative to either 

gravity or two other segments in the body. The use of gravity and magnetic field is also utilised in more 

simple devices such as the cervical range of motion (CROM) device which has been found to be as reliable 

as more sophisticated instruments through several reviews [30, 45, 92]. Furthermore, we found that 

several different methods were used to calculate head and neck motion angles in the studies included in 

the literature review. We, therefore, found it reasonable to use a model that was able to deliver both 

posture measurements and range of motion at the same time.  

The agreement in Paper II between Vicon and ViMove was acceptable to excellent when measuring ARoM, 

mean speed, and posture. The agreement between Vicon and ViMove was even better in the larger study 

including participants with and without NP evaluated with ICC, mean difference and 95% LOA for ARoM and 

‘self-selected’ speed. Our results are in line with other studies investigating neck measurements obtained 

with an IMU compared to a reference system [93-95]. However, in Study III, ‘as fast as possible’ speed was 

found to be unreliable in the ViMove system in comparison to Vicon. To our knowledge, we were the first 

to examine the agreement between measurements obtained with an IMU and reference system for ‘fast as 

possible’ neck measurements. 

We have not investigated why fast motions were measured slower in the ViMove system compared to 

Vicon. However, a likely cause is the relative low record frequency at 20 hertz in the ViMove system 

compared to Vicon where we used 200 hertz. This difference in recording frequency would result in 

underestimated maximum velocity. Furthermore, other causes for the lower agreement cannot be ruled 

out, for example, problems with the software in the ViMove system or instability of the sensors from 

ViMove while moving. 

The next phase of the validation of the ViMove system examined reproducibility of the measurements for 

both the ViMove and Vicon systems. The agreement between the two sessions was analysed using 

concordance correlation coefficient, mean difference, and 95 percent limits of agreement. Both CCC and 
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ICC have some weaknesses; for example, low variation within the groups measured will result in low ICC 

and large variation within groups, as seen in Papers II and III, will result in large ICC [43]. However, the CCC 

and ICC are good instruments to evaluate the combination of agreement and correlation [43].  

The analysis of the 95% limits of agreement of the reproducibility in Paper II, delivers an estimate of the 

variation expected if repeating the measurements on participants that have not changed NP status. The 

variation can be seen as a result of normal human variation [56, 82], placements of sensors [83, 84], error 

in the calibration´s position, and variation in applying examination procedures. It is reasonable to assume 

that the variation found in this study would be at the same magnitude in a clinical situation. Therefore, the 

95% limits of agreement will reflect the magnitude of real change a patient with NP must have before it can 

be measured with certainty by the ViMove system using the same procedures.   

In both Papers II and III, there were large variations within each group for the measurements of ARoM and 

speed which are among the reasons for the high ICC and CCC found. The same is true for the reproducibility 

in Paper II where the variation within the group may have diminished the effect of the variation between 

the sessions, which is not reflected in the CCC values. However, the variation between the sessions were 

highlighted by the 95 percent LOA. Because of this, large changes in the measurements would be needed if 

the measurements were to be used as outcome measures in clinical studies. 

The reproducibility for posture measurements was poor for both Vicon and ViMove. The method we 

applied to quantify neck posture failed to generate reproducible measurements and the angles we chose to 

describe posture were not the optimal ones to describe forward head posture. It is typically measured with 

an angle between a line from the spinous process of seven cervical vertebra (C7) to the Tragus of the ear 

and either the vertical or horizontal line [18, 96-101]. Yet, it may not be that important if people choose 

different postures from time to time, but it may be more important depending how long a posture is 

maintained [102].  

To quantify the posture over time with IMU, it is important to be able to calibrate the system to the same 

position each time the sensors are applied. Afterward, we have considered that there may be several 

possibilities for optimising the calibration procedure, for example, by using a back support or placing the 

participant with the back and neck against a wall.  

The final phase was to determine if it were possible to differentiate between people with and without NP 

based on the range of motion and speed measurements obtained with both Vicon and ViMove. Based on 
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the literature review, we made a strict selection of measurements to be included in Paper III and further 

reduced the number based on the results from Study 2. There were different reasons for the exclusion; for 

example, our examination setup was not optimised for recording joint positioning error, which has been 

consistently reported reduced in people with neck pain compared to people without [82, 103]. Another 

example was the posture measurements, where we judged that the examination method needed to be 

improved before the measurements would have a potential for further use.  

The ‘self-selected’ motion speed finding was surprising; in the literature review, studies reported either 

non-significant differences or slower speed in participants with NP. Nevertheless, methodological 

differences like: not using a backrest, not strapping the participant to the backrest, and use of the upright 

posture while measuring the motion are likely contributors to the difference in findings.  

ARoM for left rotation, ‘self-selected’ motion speed for lateral flexion right and left, and rotation right, had 

some ability to differentiate between participants with and without NP, but the AUCs were low. We, 

therefore, concluded that the measurements had poor ability to differentiate between participants with 

and without neck pain.   

 

5.3 The use of the measurements 

The small differences between people with and without NP found in Paper III raises the question what role, 

if any, measurements of ARoM and movement speed play in NP. One explanation for our findings of low 

could be that we had heterogeneous recruitment. The recruitment of participants with NP was a challenge. 

Our intention was to recruit participants from physiotherapy and chiropractic clinics, but because of time 

restrictions, we were forced to change the recruitment strategy to also include use of social media.  

In hindsight, we have realised that we missed important information about potential treatment of the 

participants from Facebook. We can, therefore, not rule out if the different participants had heterogeneous 

adaptation to pain and muscular activation and thereby, diluted the differences in ARoM and speed found 

between participants with and without NP. On the other hand, the variations within the participants with 

and without NP were at the same magnitude as in the literature review. 

Further to this, there is the possibility that only a subgroup of people with NP have altered motion. 

However, we cannot be sure that these subgroups were present in our sample. Nevertheless, the size of 
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the difference in ARoM and speed between people with and without neck pain found in Paper III, and in the 

literature review, combined with the variation within the groups, does not support that ARoM or 

movement speed in itself can be used to differentiate.  

Yet, all of these results come from cross-sectional studies. These can only be used for establishing if the 

motion measurements are associated with pain status at that specific time point. Therefore, we cannot 

draw any conclusions regarding whether changes in ARoM and speed have a role in predicting episodes of 

neck pain, act as prognostic factors, or if there exist subgroups in NP that can be identified by limitation in 

active range of motion and speed.  

Furthermore, it is stated in clinical practice guidelines from 2017 that AROM in the neck should be assessed 

and used to classify patients based on mobility impairments or movement coordination impairments [37]. 

Further to this, Meisingset et al. found in a prospective cohort study among NP patients that improvement 

in ARoM and movement speed is associated with improvement in neck pain status [104] and specific 

training with the aim of improving kinematic impairments or posture has demonstrated relief of symptoms 

for patients with NP and cervical radiculopathy [19, 33, 97, 105].  

This highlights that there are good reasons for further research into whether motion and posture 

measurements are related to the cause of NP and prognosis of NP. However, the tools needed to conduct 

large-scale longitudinal studies have, until now, not been feasible. The easy to use and inexpensive tools 

such as the CROM device are not able to deliver multiple types of measurements and do not have data-

logging ability. On the other hand, more sophisticated instruments require highly trained personnel and, in 

some cases, a laboratory environment. IMU are relatively easy to use, can provide multiple measurements 

and have datalogging ability. 

Our studies were conducted in the Vicon lab which does not resemble the clinical surroundings. It could 

therefore be argued that we have not tested if the ViMove system is ready for clinical use. However, the 

only reason for conducting the studies in the lab was to accommodate the Vicon system. There is no 

restriction in the ViMove system that requires a lab environment. 

5.4 Strengths and limitations 

One of the strengths of this thesis was the connection between the different elements. The literature 

review, which was conducted in accordance with recommended guidelines, included a broad and thorough 
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search of the literature and detailed extraction of information regarding the instruments, methods, and 

participants of studies; thereby, strengthening the adaptation of the ViMove system. The collaboration 

between technical and healthcare partners in the adaptation of the software insured that most facets of 

using an IMU for measuring posture and neck were considered. The validation of the ViMove system was 

conducted with a standardised protocol used in both Papers II and III, and compared to a state-of-the-art 

optoelectronic system. It was also a strength that the participants in Paper II did not change NP status 

between the two sessions. The participants in Paper III were a clinically relevant population with the same 

or higher NP level as in previous studies [22, 26, 27, 67, 69, 78, 106-108] 

The limitation presented for Paper I is mostly related to the level of evidence from the studies included in 

the literature review and not to the review procedure itself. Considerable heterogeneous methods were 

reported across the included studies which weakened possible conclusions drawn from the studies, and 

most studies were rated as having a high risk of bias because of lack of adequate description of participants 

and methods used in the studies. The strengths of our conclusions were, therefore, limited by the high risk 

of bias, inconsistent method used, and lack of reporting in the included studies.  

 There are three themes in the limitations for Papers II and III: 1) The participants in the studies, 2) the 

comparison between Vicon and ViMove, 3) the amount of analyses completed. 

It is also important to consider the consequence of the limitations. The small sample size in Paper II results 

in uncertainties which are reflected in the 95 percent limits of agreement for both the agreement between 

Vicon and ViMove and between the two test sessions. This may have led to underestimating the actual 

agreement. However, the agreement between Vicon and ViMove was confirmed in Paper III. The 

heterogeneous neck pain group, included in Paper III, can be regarded as a strength and a limitation. The 

variation within the group is representative of what is seen in clinical practice and therefore, provides 

external validity. On the other hand, it is important to consider whether a heterogeneous participant 

population make it more difficult to find statistically significant differences. The limitations of the 

comparison between ViMove and Vicon were also addressed in the discussion of the validation of the 

ViMove system: the small sample size in Paper II, not validated best standard and neck model used in both 

Papers II and III, heterogeneous age, and recruitment, and cause of NP in participants with NP in Paper III. 

The amount of analyses done in Papers II and III may have resulted in not finding present differences or 

agreement and the opposite finding differences or agreement where there were none. 
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6 Conclusions  

6.1 Paper I  

Current literature indicates that people with varying types of neck pain have reduced active range of 

motion, reduced movement speed, and impaired head repositioning accuracy when compared with people 

without neck pain. Due to poor and inconsistent reporting regarding test methods, test subjects, blinding of 

examiners, and examiner background and training, these results should be interpreted with caution. 

Longitudinal studies are necessary to investigate the underlying factors for movement impairments and 

their potential to guide clinical interventions. 

 

6.2 Adaption of the ViMove system for the neck 

The ViMove system was successfully adapted for applying to the neck. In this process, we created a 

protocol describing placement of sensors, calibration procedures, how to examine motion and posture, the 

required numbers of repetition for motion examinations and how to compare measurements from the 

ViMove system to an optoelectronic system. 

 

6.3 Paper II 

ViMove can be used in a clinical setting to assess range of motion and speed in the neck. Further work will 

determine if the systems can detect differences in the posture and movements of people with and without 

neck pain. 

6.4 Paper III 

The ViMove system was proven to agree with measurements from a ‘state of the art’ optoelectronic 

motion tracing system and can be used in future studies investigating ARoM and ‘self-selected’ movement 

speed in clinical practice. The agreement between Vicon and ViMove was excellent for measurement of 

range of motion and ‘self-selected’ movement speed. However, there was poor agreement between Vicon 
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and ViMove for measurements of maximum speed. Measurements from both systems had poor ability to 

discriminate between people with neck pain and people without neck pain.  

 

6.5 Overall Conclusion 

Measurements of range of motion and speed obtained with IMU can be used in clinical practice. However, 

the clinical meaning and relevance of these measurements needs further investigation. Further 

development is needed for updating of the software for measuring fast movements. However, the IMU is a 

feasible and reliable instrument that can be used in further studies: for exploring habitual variation of neck 

motion; to determine limits for normal and abnormal measurements, potential temporal, and causal 

relationships between the measurements and NP; and to potentially identify subgroups within non-specific 

neck pain patients. 

 

7 Perspective 

In moving forward, it is reasonable to consider whether we chose the right measurements and have 

gathered the right information. The measurements were chosen using participatory design. However, 

people with neck pain were not invited into the workshops. It is, therefore, possible that people with NP 

may have identified other measurements that may better reflect what people with neck pain experience. 

This should be considered in future development of gathering motion and posture measurements. 

The limitations regarding ‘as fast as possible’ movement speed may already be outdated. New units can 

measure with much higher recording frequency, but it is important for developers to be aware of potential 

problems with the software used for measuring fast movements. The ViMove system is just one system in 

an emerging field of IMU, which are continuously getting smaller, have better software, and are getting 

cheaper and easier to apply, for example, by being built into headphones and smartphones.  

The method of quantifying neck posture using IMU still needs to be improved before use in further 

research. The main challenge is the calibration procedure. We suggest that the calibration can simply be 

improved by doing the calibration with participants placed against a wall and ensuring that the participant 

looks straight ahead. 
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 There are several potential roles in using IMU in future management of NP. One possibility is to use the 

instruments in biofeedback, for example, for people with mechanical NP, by registering neck position 

where exposure over time provokes pain. The system can be setup to tell when that position is reached and 

give an alarm if the position is maintained over a prolonged period. Biofeedback has previously been shown 

to change participants´ posture in the neck [18] and has been investigated as a treatment intervention for 

the lumbar spine with positive results [109]. Biofeedback has the potential to be used in accordance with 

the guidelines for treating neck pain. It can be used to encourage staying active and to address the fear of 

movement by informing about safe limits of movement. 

IMU may play an important role in future research into NP, for example, to use the IMU to identify 

subgroups within people with NP. Through large-scale cohort studies information from the IMU, NDI, and 

TSK can be used in latent class and analysis to identify possible subgroups within people with NP [110]. The 

next step would then be to establish if identified subgroups respond differently to specific forms of 

treatment. Another element that may be explored in longitudinal studies with the IMU are the potential 

changes in ARoM and movement speed over time on an individual level and the association of these 

changes to neck pain. 

Another area of unknown potential of the IMU measurements is the normal and abnormal use of range of 

motion and speed in habitual situations and whether NP for some people will change the behaviour. The 

next step in that line of questioning would be to determine if changes in behaviour are associated with the 

outcomes or recovery of episodes of NP. 
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1 Abstract 21 

Background 22 

Neck pain is a major public health problem. Our objective was to describe differences in measures of movement and 23 

posture between people with and without neck pain. 24 

 Methods 25 

Pubmed and Embase were searched before 15th February 2019 for studies comparing people with neck pain with 26 

controls using electronic measurements of neck movement and/or posture. Data were extracted on participants, 27 

device, test methods, active range of motion (RoM) and quality of motion, joint positioning sense and posture. Study 28 

quality was assessed using the quality assessment of studies of diagnostic accuracy included in systematic reviews 29 

(QUADAS) and guidelines for Reporting Reliability and Agreement Studies (GRRAS) guidelines.  30 

Results  31 

Thirty-six studies were included: 24 studies included measurement of active RoM, 15 quality of motion, 12 joint 32 

positioning sense, and 5 cervical spine posture. Measurements and test methods were heterogeneous. The reporting 33 

of study populations and methods were poor, whereas devices and statistics were well described. All studies on RoM 34 

showed reduced active RoM in people with neck pain when compared with controls, 5 of 10 studies reported reduced 35 

movement speed for people with neck pain, and 5 of 9 studies reported significantly greater joint positioning error for 36 

people with neck pain compared with controls. Due to heterogeneous test parameters and methods, no conclusion 37 

regarding differences in conjunct motion, tracking a motion pattern and measures of posture could be drawn. 38 

Conclusions 39 



 

People with neck pain appear to have reduced active RoM, movement speed, and head repositioning accuracy when 40 

compared with controls. However, quality of reviewed studies was low and better descriptions of participants and 41 

methods are required before firm conclusions can be drawn.   42 

2 Keywords 43 
 Neck pain; Range of motion; Motor control; Posture; Kinesthetic; Kinematics 44 

 45 

3 Background 46 

Neck pain is a common condition with a reported point prevalence of between 0.4% and 41.5% and a lifetime 47 

prevalence ranging from 14.2% to 71.0%, depending on its definition [1-3]. Neck pain is ranked fourth highest 48 

contributor to years lived with disability [4]. In Denmark, 6% of all visits to general practitioners and 23% of all visits to 49 

chiropractors or physiotherapist are due to neck pain [5]. More than 300 definitions of neck pain have been used in 50 

the epidemiological literature [6-12]. In 2009 the Joint Decade 2000–2010 Task Force on neck pain  introduced a 51 

conceptual model of neck pain, defining neck pain as pain or discomfort between  the superior nuchal line and the 52 

spine of the scapula [6]. Treatment approaches such as acupuncture, patient education, multidisciplinary 53 

rehabilitation, joint mobilisation, manipulation, and exercise have been shown to be effective treatments, but effect 54 

sizes have been small to moderate [7-13] and there is no clear evidence for any treatment being superior to another. 55 

One way to potentially improve the effect of treatment could be to target interventions to specific impairments that 56 

clearly discriminate between different types of patients with neck pain or between people with and without neck pain 57 

[14]. Existing classification systems build on pain distribution and neurological findings [15], severity and impact of 58 

neck pain [16, 17], whereas only one system of targeting treatment has been suggested [18]. However, none of these 59 

systems has been rigorously tested for its ability to clearly distinguish between people with and without neck pain. 60 

 61 



 

Exercise treatment is widely used and has the ability to target specific impairments of the neck [19] or limit potential 62 

harmful postures such as carrying the head in a forward position [19]. Other parameters such as active range of 63 

motion [20-25], neck movement speed [27], conjunct motion [27], smoothness of motion [25, 28], and kinaesthetic 64 

sense [25, 29-35] have been used to guide how exercises are delivered and performed in individual patients.  65 

Assessment of these factors requires that the measurements are reliable and valid in order to correctly guide 66 

interventions. Often these measurements were obtained using electronic devises capable of continuous 67 

measurements or movement impairments such as impaired joint position sense. To our knowledge, only one review 68 

has addressed movement impairments (joint positioning sense) in people with neck pain [36]. Therefore, there is a 69 

need for an overview of the different movement impairments in the neck pain population, measured with electronic 70 

devices, in order to provide clinicians and researchers with state-of-the-art knowledge about electronic measurements 71 

of neck impairments, the reliability and diagnostic value of these measures, considering the technology and practical 72 

application of the movement test, and the type of neck patients.   73 

 74 

Therefore, the overall aim of this systematic review was to determine whether people with neck pain have different 75 

movement patterns when compared with people without neck pain. Firstly, we summarised the electronic devices 76 

used, the measurement methods and the definitions of people with and without neck pain. Secondly, we compared 77 

electronic measurements of active range of motion, quality of neck motion, joint repositioning accuracy, and posture 78 

in people with and without neck pain.  79 

 80 

 81 

 82 

 83 

 84 



 

4 Methods 85 
 86 

4.1 Study design 87 

This study was a systematic literature review based on criteria adapted from Cochrane diagnostic studies [38] and 88 

reported according to the Preferred Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) guidelines 89 

[39] (Additional file 1). 90 

4.2 Setting 91 

This study was conducted at Department of Sports Science and Clinical Biomechanics on University of Southern 92 

Denmark as part of the welfare tech project “patient@home”.  93 

4.3 Search strategy 94 

We identified relevant studies from the databases Pubmed and EMBASE. The search strategy was tailored with the 95 

assistance of an experienced research librarian. We limited the search to include only publications in English or Danish 96 

published between 1st January 2004 and 15th February 2019. the reference lists of all included papers were closely 97 

scrutinized for eligible studies. For the full search strategy, see Additional file 2. 98 

4.4 Inclusion criteria 99 

We included cross-sectional studies where the case population was judged to have non-specific neck pain, whiplash 100 

associated disorder (WAD), cervical radiculopathy or acute, sub-acute or chronic neck pain of any duration. 101 

Furthermore, the study had to report at least one electronic measure of a movement impairment, joint position sense, 102 

or posture. The inclusion and exclusion criteria are specified in Table 1. 103 



 

 104 

 105 

 106 

Table 1. Inclusion and exclusion criteria used for selecting studies   107 

  Inclusion criteria  Exclusion criteria 

1) Participant 

Cervical radiculopathy 
Whiplash Associated Disorders  
Non-specific neck pain 
Acute, sub-acute and chronic neck 
pain of all durations and severity 

Congenital malformations 
Any kind of neck surgery 
No controls without neck pain 
Younger than 18 years 
Neck pain caused by fractures, inflammatory joint 
disease, connective tissue diseases, infection or 
tumours 

2) Type of 
measurements 

Active range of motion Primary measurement obtained with MRI or X-ray 
Neck posture  
Movement speed  
Acceleration   
Jerk (smoothness of motion)   
Head repositioning accuracy   
Kinematic    
Kinaesthetic   

3) Device 
  
  
  

Non-electronic measurement device 
No description of the measurement instrument 
No presentation of result for each group 
   

4) Language Danish or English   
 108 

4.5 Selection of studies 109 

The results from the literature searches were imported into EndNote© and duplicates were removed.  Three authors 110 

(BBH, HR and PK) where involved in the screening process. Three authors (BBH and HR/PK) independently screened 111 

the titles and abstracts for relevance. If it was not possible to decide from title and abstract, a full text screening was 112 

performed. In case of disagreement, a third author (PK/JH) was consulted.  113 



 

4.6 Data extraction 114 

BBH, PK and JH did the data extraction independently. This included information about study population, testing 115 

circumstances and test device. The results from the impairment measures were extracted, including active range of 116 

motion, movement speed, acceleration, jerk, head repositioning accuracy, and posture.  117 

4.7 Quality assessment 118 

The quality of the included studies was assessed using a purposeful tailoring of the quality assessment of studies of 119 

diagnostic accuracy included in systematic reviews (QUADAS) and guidelines for Reporting Reliability and Agreement 120 

Studies (GRRAS) guidelines [39, 40] where we remodelled the element relating to a reference standard, and questions 121 

about case control design. We piloted the modified tool using articles that we had excluded from the review. 122 

Quality assessment was done in two sets where one half of the included studies were evaluated by BBH and PK and 123 

the second half by BBH and JH. Disagreements between the authors were discussed and consensus sought, and 124 

continued disagreements were then resolved by JH for the first half and PK for the second half.  125 

4.8 Data reporting and analysis 126 

Agreement in selecting studies and rating risk of bias were determined using Cohens Kappa [42]. The results, including 127 

risk of bias, were grouped by type of measurement and reported for subgroups of different types of neck pain. For 128 

comparable measures and homogeneous studies, the results were presented as forest plots. For measures where 129 

studies were too heterogeneous for that, data were narratively summarised.  130 

5 Results  131 

5.1 Description of included studies 132 

The literature search was conducted on the 5th November 2014, updated on the 19th September 2017 and again 15th  133 

February 2019. We identified 2,835 unique studies after excluding 559 duplicates. A total of 90 papers were retrieved 134 

in full text of which 53 were excluded (see Additional file 3 for a list of excluded studies). An overview of the selection 135 



 

process and reasons for exclusion are shown in Figure 1. We identified a total of 37 papers reporting on 36 studies [21, 136 

27, 29, 30, 34, 42-67]. These studies had case populations ranging between 7 and 120 participants with an average of 137 

33 participants, and control populations ranging between 11 and 150 with an average of 35 participants. In twenty-138 

seven studies [22, 28, 30, 31, 35, 43, 45-51, 54-60, 62-64, 66, 69-71, 74], patients with neck pain were described as 139 

chronic or with pain duration of more than 3 months. In six studies [43, 51, 52, 59, 60], there was no description of 140 

pain duration. Definition of chronicity varied from no specification [29], duration of pain longer than 6 weeks [44] to 141 

neck pain lasting more than 2 years [30].  142 

In 12 studies, patients with WAD defined as Québec Task Force grades type I-III [68] were included [27, 34, 42, 45, 46, 143 

48-50, 53, 57, 66]. A total of 15 studies included  people with non-specific neck pain labelled idiopathic neck pain [47, 144 

71], non-specific neck pain [54, 67], no traumatic neck pain [66], myofascial neck pain [60], unilateral posterior neck 145 

pain [57], insidious neck pain [58], neck or shoulder disorder [44], or simply neck pain [47]. One study [48] defined 146 

postural neck pain as pain in the neck aggravated by postural load and relieved with postural modification.    147 

 148 

 149 

5.2 Quality of included studies 150 

The initial inter-rater reliability of the risk of bias assessment between BBH and PK had an agreement of 76.4% and a 151 

kappa score of 0.59. Between BBH and JH, the agreement was 60.6% with a kappa score of 0.38. The total agreement 152 

was 68.5% with a kappa score of 0.48. After discussion, consensus was reached for all items.  153 

Most of the studies had insufficient description of sample size, study population, characteristics of raters, and blinding 154 

of raters for clinical information and previous findings. In contrast, the description of measurement devices, tests, 155 

recording methods and statistical analyses were generally adequately reported. Detailed results of the risk of bias 156 

assessments are presented in Table 2.  157 

 158 



 

Insert Table 2 approximately here. 159 

 160 

5.3 Range of motion measures 161 

Active range of motion was reported in 24 studies [21, 27, 30, 42, 45, 46, 48-55, 57, 59-61, 64, 67, 69] (Table 3). There 162 

were three different ways of reporting range of motion: half cycle range of motion, which is the range from neutral 163 

starting position to end position in a given direction; full cycle range of motion, which is the range from end point in 164 

one direction to the opposite end point; and a division between upper and lower cervical range of motion in the 165 

sagittal plane. The mean difference for half cycle range of motion is presented in Figures 2-6. Across all 24 studies, 166 

people with neck pain had a smaller range of motion when compared with healthy controls.    167 

 168 

Insert Table 3 approximately here  169 

 170 

5.4 Quality of motion 171 

Quality of motion was addressed in 15 studies [27, 29, 30, 44, 45, 48-51, 54, 57, 59, 63, 64] (Table 4). Cervical 172 

movement speed was reported as peak velocity in seven studies [44, 45, 48, 54, 57, 63, 64] and average movement 173 

velocity in six [29, 30, 44, 50, 57, 63]. In five studies [44, 45, 50, 63, 64] significantly lower movement speed was 174 

reported for the neck pain groups compared with the healthy controls whereas in the remaining studies, the 175 

differences between groups were not statistically significant. Of the six  studies on conjunct motion [27, 48, 51, 54, 64] 176 

two studies [27, 64] reported less conjunct motion for the neck pain groups compared with the healthy controls. In the 177 

remaining four studies, no differences between the groups were found.  178 

 179 

Insert Table 4 approximately here   180 

 181 



 

5.5 Proprioception  182 

Joint reposition sense was reported in 12 studies [27, 30, 34, 42, 47-49, 62-64, 66], and characteristics are described in 183 

Table 5. In eight studies, a neutral task [27, 30, 42, 47-49, 62, 64] including variables of absolute error [42, 48, 49, 62], 184 

constant error [30, 42], variable global error [30, 42], root mean square error, and [30], maximal overshoot [49] was 185 

reported. In two studies, a mid-range task reporting on absolute [43, 69], constant and variable global error was 186 

reported, and in three papers[48, 64, 65], no specification of the error measurement parameter was reported. All nine 187 

studies showed smaller joint positioning error for the healthy controls compared with the neck pain groups, the 188 

difference was statistically significant in five studies [27, 34, 47, 64]. In four studies, a task of following a motion 189 

pattern was assessed [34, 63, 64, 66], three of which [34, 63, 66] reported a significantly smaller degree of error for 190 

the healthy controls and the fourth [64], a significantly smaller degree of error for the neck patient group. 191 

 192 

Insert Table 5 approximately here 193 

5.6 Posture 194 

In five studies [43, 47, 56, 58], measures of posture were assessed. The characteristics of the studies are described in 195 

Table 6.  In three of these studies [43, 58], a working task of typing/ computer work was assessed. In another one of 196 

these studies [47], the postural task of habitual sitting posture and perceived ‘good’ posture were evaluated, and in 197 

the remaining study [57], habitual standing posture was measured. ‘Sagittal plane angle of head tilt’ was the only 198 

parameter that was reported in all five studies. In two studies [44, 74], no difference between the measured angles in 199 

the different groups was found, and in the three other studies, between one [57] and two angles [47, 58] differed 200 

between the groups. However, none of the differences were consistent across the studies.  201 

 202 

Insert Table 6 approximately here 203 

 204 



 

6 Discussion  205 

Regardless of definition, people with varying types of neck pain have reduced active range of motion, reduced 206 

movement speed and impaired head repositioning accuracy when compared with people without neck pain. However, 207 

due to lack of consistency in measurement parameters and variation in the postural tasks examined, it was not 208 

possible to quantify differences between people with and without neck pain for several of the included measures. We 209 

found substantial heterogeneity in the included studies regarding types of patients, types of measurements and types 210 

of technology, and many studies had poor reporting, which resulted in high risk of bias.  211 

Consequently, results of this review must be interpreted with caution. Firstly, study populations were poorly 212 

described, i.e. in 15 studies the age and gender distribution were uneven across groups; secondly, the description of 213 

the neck pain groups was heterogeneous with eight different definitions of non-specific neck pain, and only five 214 

studies adequately reported the power calculation for their sample size. Furthermore, we found a general lack of 215 

description of the examiners’ background and training, which may influence patient handling and application of 216 

measurement devices as most of the measurement devices are dependent on the examiners’ ability to palpate 217 

landmarks on the subject, which is a challenge even for experienced clinicians [70, 71]. Also, blinding of assessors is 218 

mostly not reported in the articles, which may be a concern because body language and communication generally may 219 

be affected if the assessors have knowledge of clinical information and previous test results. Lastly, the variation in 220 

test methods and measurement parameters was large, making it unfeasible to do meta-analyses. This heterogeneity in 221 

test condition is most likely contributing to the large degree of variation in the measured values for people without 222 

neck pain. For example, cervical flexion ranged between 32° [29] and 65.3° [50] and extension between 28° [29] and 223 

79.4° [51]. 224 

The complexity of delivering measurements of active range of motion has been the subject of several systematic 225 

reviews [36, 72, 73]. Williams et al. [79] concluded that the simple non-electronic measurement devices were more 226 

reliable when measuring cervical range of motion when compared with more sophisticated electronic devices, 227 

whereas Micheils et al. [73] found that electronic devices were more reliable and valid in assessing motion patterns 228 



 

(the fly) and that neck pain patients had a greater degree of error when compared with people without neck pain. We 229 

found conflicting results with three studies having a greater degree of error and one with a lesser degree of error for 230 

the neck pain patients. Lastly, de Vries et al. [36] reviewed the literature dealing with joint positioning sense in people 231 

with neck pain and people without neck pain and concluded that joint positioning error was greater for people with 232 

neck pain, which corresponds with our findings, although they also included non-electronic measurement devices.  233 

To our knowledge, this is the first systematic review combining studies dealing with measurements of movement in 234 

people with different types of neck pain and different types of movement and postural impairments. We adhered to 235 

criteria adapted from the Cochrane diagnostic studies handbook and reported our work according to the PRISMA 236 

guidelines. We searched literature in Pubmed and Embase databases and closely scrutinized the reference list of the 237 

included studies. Due to the development of technologies and the ability to obtain more than one measurement in 238 

one test, we chose only to include studies using an electronic measurement device. The same argument was used in 239 

the choice of inclusion period for the studies.  240 

We assessed the quality of the studies by adapting the Quadas 2 tool for our purposes. Quadas 2 is designed to assess 241 

diagnostic studies [39, 74]. According to their criteria, the case-control design has inherited risk of bias. However, 242 

when looking for how motion parameters differ between people with and without neck pain, the case-control design 243 

is feasible, but here the inclusion of cases and controls is a potential source of bias. We took this into account in the 244 

assessment of the quality of the studies by assessing the way in which sample sizes were estimated, the recruitment 245 

strategy and the description of both cases and controls. Another aspect we modified was the blinding of assessor to 246 

knowledge of clinical information and previous test results. Lastly, we included all studies regardless of risk of bias 247 

because we wanted to describe the body of literature comprehensively. 248 

Clinical implications of this review include the potential for measures of movement impairments to be used as a tool 249 

for subgrouping and as a guiding intervention for neck pain patients. Targeting interventions to movement 250 

impairments may result in better outcomes of treatment. For example, Meisingset et al. [82] showed that improving 251 

postural control and neck flexibility were associated with a decrease in neck pain over a 2-month course of 252 



 

physiotherapy, whereas this was not the case for movement speed and positioning sense [83]. Importantly, however, 253 

targeting movement impairments alone is unlikely to be the ‘magic bullet’ in treating people with neck pain because of 254 

the potential underlying psychological and social factors, but it may still be a valuable addition [84]. Cross-sectional 255 

studies included in this literature review do not give insight into the underlying reasons for movement impairments, 256 

but they do provide evidence for their presence in people with neck pain. 257 

Future research into movement impairments should apply uniform test methods and measurement parameters and a 258 

set of consensus guidelines would greatly improve comparison of studies. In addition, there is a need to assess the 259 

clinical usefulness of these measures in longitudinal cohort studies and as outcome measures in randomised clinical 260 

trials. Finally, wearable sensors built into headphones, smartphones, wristbands, patches or clothes may provide new 261 

possibilities for investigating both the underling factors involved in movement impairments and the influence of these 262 

impairments on activities of daily living. 263 

7 Conclusion 264 

People with varying types of neck pain have reduced active range of motion, reduced movement speed and impaired 265 

head repositioning accuracy when compared with people without neck pain.  Due to poor and inconsistent reporting 266 

regarding test methods, test subjects, blinding of examiners, and examiner background and training, these results 267 

should be interpreted with caution. Longitudinal studies are necessary to investigate the underlying factors for 268 

movement impairments and their potential to guide clinical interventions. 269 
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9 Figures 515 

 516 

Figure 1. PRISMA flow diagram for inclusion of studies.   517 



 

 518 

Figure 2.  Right rotation. Mean difference in neck right rotation between people with neck pain and healthy controls. 519 

 520 

 521 



 

 522 

Figure 3. Left rotation. Mean difference in neck left rotation between people with neck pain and healthy 523 

controls. 524 
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 525 

Figure 4. Flexion. Mean difference in neck flexion between people with neck pain and healthy controls.  526 
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Figure 5. Extension. Mean difference in neck extension between people with neck pain and healthy controls. 528 
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 529 

Figure 6. Full range flexion to extension. Mean difference in neck flexion/extension between people with neck pain 530 

and healthy controls. 531 
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Alahmari 2017                

Alsultan 2019                
Armstrong 2005                
Arvidsson  2006                
Bahat 2010                
Bahat  2015                
Baydal 2011                
Cagnie 2007                
Cheng 2009                
De Pauw 2018                
Dugailly 2015                
Edmondston 2007                
Feipel 2006                
Grip  2007                
Grip  2008                
Guo 2012                
Harvie  2016                
Kristjansson 2004                
Kristjansson 2010                
Law 2013                



 

Lemmers 2018                
Meisingset 2015                
Park  2017                
Prushansky 2006                
                 
Rudolfsson 2012                
Rudolfsson 2017              NR  
Sarig-Bahat 2010                
Silva 2009                
Sjølander 2008                
Szeto 2005                
Tsang 2013                
Vogt 2007                
Waeyaert  2016                
Woodhouse  2008                
Xie Yf 2018                

Grading for Risk of bias items:  =yes, the item is sufficiently described; =no, the item is not sufficiently described; 536 

= unclear, a clear decision on the item cannot be made, NR not relevant. a Demographic, recruitment strategy and 537 

pain description. b Demographic and recruitment strategy.  c Reference to studies of reliability for the device. d 538 

Profession, training and experience.  e Time interval between measurements and sequence of tests. f Is statistical 539 

method sufficient in answering the research question?  540 



 

Table 3. Description of studies measuring active range of neck motion. 541 

 

Study population Testing circumstances Device Comparison of Range of motion 

First 
author, 

year, 
design 

Type of neck 
pain, Pain 

duration, Pain 
intensity, Sex 

(♂,♀), mean age 
(SD), mean BMI 

(SD), recruitment, 
occupation 

Controls 
Sex (♂,♀), 
mean age 

(SD), mean 
BMI (SD), 

recruitment, 
occupation 

Examiners 
professional 
background, 

training, 
blinding 

Instructions 
standardized, 
type of test, 

training, 
repeated, 

restrictions 
applied* 

Type, Sample rate 
(Hz), Measurement 
error, LOA, ICC, SEM 

Neck pain 
group I, type, 
degrees (SD) 

Neck 
pain 

group II, 
type, 

degrees 
(SD) 

Healthy 
controls, 

type, 
degrees 

(SD) 

Armstrong 
2005, Case 

control 

WAD II and III, 
28.5(19.5) months, 
NPRS 4.7 (1.6), 8♂, 

15♀, 41.2 (11.9), 24.7 
(4.7), local 

newspaper, NR 

10♂, 13♀, 33.9 
(12.1), 23.4 
(3.2), local 

newspaper, NR 

NR, NR, NR yes, AROM and 
JPE, NR, NR, 
Sitting, back 

support, no, to 
pain limit, NR, 

blindfolded 

3-Space Fastrak, 40Hz, 
0,2, NR, >0,96, NR 

WAD. F:34.6 (8.8), 
E:48.2 (13.4), 
LR:61.0 (9.0), 
RR:60.5 (9.3), 
LLF:33.9 (7.5), 
RLF:33.2 (7.0) 

 
HC. F:37.5 

(7.5), 
E:60.1(9.7), 

LR:69.1  
(8.8), 

RR:67.4  
(8.2), 

LLF:37.2  
(7.5), 

RLF:37.3  
(6.8) 

Baydal 
2011, case 

control 

WAD II and III, >6 
month<12months, NR 
(NR), 15♂, 15♀, (NR), 

NR (NR), 
Rehabilitation Unit, 
NR. Simulators, NR 

(NR), non-
symptomatic (NR), 
15♂, 14♀, NR (NR), 

15♂, 15♀, NR 
(NR), NR (NR), 

NR, NR 

NR, NR, NR yes, repetitive 
flexion–extension, 

Yes, no, sitting, 
back support, 

fixed to the back 
support, NR, self-

selected, no 

video-photogrammetry 
system, NR, NR, NR, NR, 

NR 

WAD. F/E:90 (22)  WAD 
simulators.  
F/E:55 (24) 

b 

HC. F/E:119 
(17) ac 



 

NR (NR), IBV 
database., NR 

Cagnie 
2007, case 

control 

INP, >6 months, NR 
(NR), 0♂, 14♀, 28.3 
(5.4), NR (NR), local 
advertisement, NR. 
WAD II, >6 months 
(NR), NR (NR), 0♂, 
16♀, 27.2 (4.8), NR 

(NR), local 
advertisement, NR 

48♂, 48♀, NR 
(NR), NR (NR), 

NR, NR 

NR, NR, NR NR, AROM, yes, 
yes, sitting with no 
back support, no, 
end range, self-

selected, no 

Zebris CMS 70P US-based 
motion analysis system, 

NR, NR, NR, 
0.8<intra<0.87, 

0.92<inter<0.94, 
5.47<intra <7.88, 
4.25<inter<5.78 

WAD.  
F/E:≈113 (≈24), 
R:≈137 (≈24), 
LF:≈81 (≈16) 

INP. 
F/E:≈145c 

(≈32), 
R:≈153 
(≈20), 

LF:≈97c 
(≈16) 

HC. 
F/E:≈153a 

(≈16), 
R:≈198ab 

(≈16), 
LF:≈97 
(≈16) 

Cheng 2009, 
case control 

CNP, 4.4(2.2) years, 
NPRS 3.7 (0.8), 6♂, 
6♀, 25.4 (2.1), NR 

(NR), NR, graduated 
students, teachers, or 

clinicians 

7♂, 5♀, 24.9 
(1.8), NR (NR), 
NR, graduated 

students 

NR, NR, NR NR, neck flexion/ 
extension, yes, NR, 

sitting, back 
support, yes, not 
end range, self-

selected, no 

electrogoniometer 
(CXTLA02, Crossbow, Inc., 

San Jose, CA, USA), NR, 
0.1◦, NR, NR, NR 

CNP. F:43.5 (6.5), 
E:42.8 (6.5) 

 
HC. F:44.2  

(7.5), 
E:47.0  
(5.4) 

De Pauw 
2018, case-

control 
 

INP, 86.97 (84.88) 
months, NPRS 2 

(2.08), 0♂38♀, 38.00 
(1.41), 22.75 (7.77), 
internet, flyers and 
posters, NR. WAD, 

86.62 (86.66), NPRS 5 
(2.70), 0♂35♀, 47.00 
(1.11), 22.30 (3.64), 
internet, flyers and 

posters, NR 

0♂ 30♀, 30.45 
(1.15), 21.83 

(3.81), internet, 
flyers, and 
posters, NR 

NR, NR, NR NR, AROM, NR, 
yes, Sitting, 

unclear, NR, NR, 
NR 

Acumar digital 
inclinometer, model 
ACU360; Lafayette 

Instrument Co, Lafayette, 
IN, USA, NR, 1°, NR, NR, 

NR 

INP, F: 55.09 
(10.02), E: 64.15 

(14.78), LLF: 36.76 
(7.62), RLF: 35.23 

(7.62) 

WAD, F: 
44.64 

(17.39), E: 
51.50 

(20.73)c, 
LLF: 33.06 

(12.59), 
RLF: 31.94 

(12.50)c 

HC, F: 
62.96 

(8.73)ab, E: 
73.89 

(13.62)b, 
LLF: 41.52 

(7.21)b, 
RLF: 40.68 

(6.75)ab 



 

Feipel 2006, 
Case 

Control 

WAD, 31(32) moths, 
NR (NR), 11♂, 18♀, 

37 (14), NR (NR), NR, 
NR. 

12♂, 14♀, 35 
(11), NR (NR), 

NR, NR 

NR, NR, NR yes, ROM (F/E and 
R) HRE, yes, yes, 

sitting back 
support, no, end 

range, self-
selected, yes and 

no 

3D electrogoniometer 
(CA 6000 Spine Motion 
Analyzer, O.S.I., Union 

City, CA),100Hz, NR, NR, 
NR, NR 

WAD. F:54 (11), 
E:47 (14) 

 
HC. F:64a 
(9), E:56 

(13) 

Grip 2007, 
case control 

CNP, > 3 months, VAS 
49.2(20.8) mm, 7♂, 

14♀, 49 (16), NR (NR), 
rehabilitation clinics 
and medical centers, 
NR. WAD I and II, > 3 

months, VAS 
66.1(18.8)mm, 5♂, 

17♀, 49 (15), NR (NR), 
rehabilitation clinics 
and medical centers, 

NR 

8♂, 16♀, 50 
(18), NR (NR), 

advertisement, 
NR 

research 
assistant, NR, NR 

yes, AROM, JPE, 
yes, yes, sitting,  

NR, no, end range 
self-selected, eyes 

closed 

Myrin device and 
ProReflex system 

(Qualisys Medical AB®, 
Gothenburg, Sweden), 
120, 0.8 (1.73), NR, NR, 

NR 

CNP. F:52.0 (17.2), 
E:43.6 (18.4), 
LR:55.1 (14), 

RR:54.6 (14.8) 

WAD. 
F:38.0 

(18.4) c, 
E:30.0 

(19.4) c, 
LR:43.1 
(15.3) c, 
RR:44.1 
(12.7) 

HC. F:61.4 
(12.9) b, 
E:59.3 

(13.8)ab, 
LR:66.8 
(9.2),ab 
RR:67.8 

(9.1) 

Grip 2008, 
case control 

CNP, > 3 months, VAS 
49.2(NR)mm, 7♂, 

14♀, 49 (16), NR (NR), 
rehabilitation clinics 
and medical centers, 
NR. WAD I and II, > 3 

months, 
66.1(18.8)mm, 5♂, 

17♀, 49 (15), NR (NR), 
rehabilitation clinics 
and medical centers, 

NR 

8♂, 16♀, 50 
(18), NR (NR), 

advertisement, 
NR 

NR, NR, NR yes, fast head 
rotation, yes, yes, 

sitting, NR, NR, 
pain limit, fast as 

possible, no 

ProReflex system 
(Qualisys Medical AB®, 
Gothenburg, Sweden), 
120, 0.8 (1.73), NR, NR, 

NR 

CNP. F:46.6 (18.0), 
E:38.2 (12.3), 

Pooled rotation 
:55.7 (16.1) 

WAD. 
F:31.6 
(18.1)c, 
E:27.0 
(14.8)c, 
Pooled 

rotation 
:41.9 (19) c 

HC. F:65.3 
(10.8)ab, 
E:51.2s 
(11.4)b, 
Pooled 

rotation 
:71.3 

(11.3)ab 

Guo 2012, 
Case 

Control 

NP, NR (NR), VAS 
27(20)mm, 13♂, 14♀, 

24.2 (5.9), NR (NR), 
NR, NR. 

total 13, NR♂, 
NR♀, 20.9 (1.3), 
NR (NR), NR, NR 

NR, NR, NR NR, AROM, NR, 
NR, sitting, NR, 
NR, end range, 

self-selected, NR 

Fastrak, Polhemius, USA, 
120, NR, NR, AROM: > 
0,791 Conjuct motion: 

>0.4, NR 

NP. F:59.7 (13.7), 
E:70.8 (15.4), 
LR:68.1 (9.3), 
RR:63.1 (9.5), 

LLF:44.4 (10.3), 
RLF:46.0 (9.0) 

 
HC. F:62.2 

(11.1), 
E:79.4 
(11.7)a, 
LR:69.8 
(7.1), 

RR:71.2 
(6.4)a, 

LLF:46.6 
(6.0), 



 

RLF:48.6 
(6.9) 

Law 2013, 
case control 

NP, NR (NR), NR (NR), 
9♂, 17♀, 44.52 (7.11), 

NR (NR), 
Physiotherapy 

department, NR. 

9♂, 17♀, 45.28 
(9.12), NR (NR), 
Physiotherapy 

department, NR 

physiotherapists, 
yes, 

yes, AROM, yes, 
yes, sitting (F, E, 

LF), prone (R), yes, 
end range, slow, 

no 

electronic CROM 
goniometer, on 

activation, NR, NR, 
0.71<091, 3.50 (154.72–
168.44)<6.05 (112.11–

135.81) 

NP. F/E:89.09 
(14.38), R:134.42 
(18.91), LF:69.04 

(12.54) 

 
HC. 

F/E:123.96 
(15.12)a, 
R:161.58 
(9.36)a, 

LF:89.19) 
(13.10)a 

Lemmers 
2018, Case-

control 

Non-specific, NR, 4 (2) 
NPRS, 16♂19♀, 48 

(15), NR, 
physiotherapy clinic, 

NR. 

50♂ 50♀, 44 
(16), NR, 

physiotherapy 
clinic, NR 

NR, NR, NR yes, AROM, yes, 
yes, sitting with 

back support, no, 
pain limit, self-

selected, no 

"Flock of 
Birds electromagnetic 

tracking system 
(Ascension Technologies, 

Shelburne, USA©), no, 
NR, NR, NR, NR" 

Non-specific NP, 
F/E: 94.30 (17.41), 
LF: 53.21 (14.44) 

 HC, F/E: 
100.48 

(18.30), LF: 
57.35 

(14.81) 

Meisingset 
2015, case 

control 

NP, > 2 weeks, NPRS 
4.6 (1.4), 20♂, 55♀, 

43.1 (12.9), 24.9 (4.7), 
private physiotherapy 
clinic and specialized 
neck and back pain 
clinic at university 

hospital, NR. 

43♂, 48♀, 40.8 
(13.8), 25 (3.5), 

university 
hospital, NR 

physiotherapist, 
well trained, NR 

unclear, AROM, 
JPE, unclear, yes, 

sitting, back 
support, fixed to 

back support, end 
range, self- 

selected, yes (JPE 
test) 

electromagnetic motion 
tracker system 

(Polhemus, 
Inc, Colchester, Vermont, 
USA), 240Hz, NR, NR, NR, 

NR 

NP. (Adjusted for 
age and gender). 
F/E: 110.1 (19.4), 
R: 128.2 (17.7), 
LF: 68.1 (15.5) 

 
HC. 

(Adjusted 
for age and 

gender). 
F/E: 126.2a 
(19.5), R: 

140.7a (17), 
LF: 72.6a 

(15.1) 



 

Park 2017, 
Case control 

UPNP, > 6 weeks, VAS 
60.45 (7.70) mm, 

10♂10♀, 23.45 (1.9), 
NR, students at Yonsei 

University, NR. 

10♂ 10♀, 23.35 
(2.08), NR, 
students at 

Yonsei 
University, NR 

NR, NR, NR no, AROM, NR, 
NR, sitting with 

back support, yes, 
pain limit, NR, NR 

students at Yonsei 
University, Germany), 20, 

1◦, NR, 0.80-0.90, NR 

UPNP, F: 51.60 
7.49), E: 64.71 

(7.10), R non-pain 
side: 55.31 (9.68), 
R pain side: 50.79 
(10.01), LF non-
paid side: 40.45 
(4.52), LF pain 

side: 31.88 6.11) 

 HC, F: 
59.73 

(7.28)a, E: 
72.59 

(7.84)a, R 
non-pain 

side: 56.63 
(7.83)a, R 
pain side: 

58.43 
(8.55), LF 
non-pain 

side: 44.92 
(4.15)LF  

pain side: 
40.11 
(5.74) 

Prushansky 
2006, case 

control 

WAD II and III, >6 
months <132 months, 

NR (NR), 47♂, 54♀, 
40.3 (10.6), (NR), NR, 

NR. 

16♂, 59♀, 36.3 
(8.9) (8.9), NR 
(NR), NR, NR 

NR, NR, NR yes, AROM, NR, 
yes, NR, NR, pain 

limit, self-selected, 
NR 

Zebris CMS 70P system 
(Zebris 

Medizintechnik Gmbh, 
Isny, Germany), NR, NR, 

NR, NR, NR 

WAD.  
F:30.5(15.1), 
E:28.9 (13.3), 

LR:43.1 (16.6), 
RR:41.3 (14.3), 
LLF:27.1 (9.6), 
RLF:25.9 (10.0) 

 HC. F:58.7 
(12.7), 
E:64.1 
(15.5), 
LR:73.9 
(10.7), 

RR:71.1 
(9.3), 

LLF:41.9 
(8.0), 

RLF:43.0 
(7.6) 

Röijezon 
2010, Case-

control 

non-specific neck 
pain (sample-1), 132 
(NR) months, VAS 62 

(16) mm, 0♂, 16♀, 48 
(7), 26.6 (4.9), local 

papers, NR. non-
specific neck 

pain (sample-2), 120 
(NR) months, NPRS 
5.4 (1.6), 0♂, 102♀, 

51 (9), 26.7 (4.7), local 
papers, NR 

0♂, 16♀, 45 
(10), 23.8 (1.7), 
local papers, NR 

0♂, 33♀, 47 
(10), 24.9 (4.1), 
local papers, NR 

NR, NR, NR yes, no, fast ROM, 
yes, yes, sitting, 
NR, NR, fast as 

possible, no 

electro- 
magnetic tracking system 
(FASTRAK™,PolhemusInc, 
USA)., 60Hz, NR, NR, peak 

speed: HC 0.75 (0.41-
0.91), NP 0.84 (0.58-
0.94). ROM: HC 0.64 

(0.21-86), NP 0.86 (0.63-
0.95), peak speed: HC 33 
(25-52), NP 41 (31-64). 

HC ROM:4.2 (3.1-6.4), NP 
3.8 (2.8-5.9 

NP. R: 52.7 (9.2) 
 

HC. R: 61.5 
(8.3)a 



 

Rudolfsson 
2012, case 

control 

CNP, 120 (NR) 
months, NPRS 3.5 

(2.0), 0♂, 102♀, 51 
(9), 26.7 (4.7), NR, NR. 

0♂, 33♀, 47 a 
(10), 24.9 (4.1), 

NR, NR 

NR, NR, yes yes, F, E and R, NR, 
yes, sitting with 
back support, 

fixed, end range, 
self-selected, eyes 

closed 

Fastrak, Polhemus Inc, 
USA, 60, NR, NR, NR, NR 

NP.  
UC F:32.6 (6.1), 

UC E:40.4 (9.2), LC 
F:16.0 (5.4), LC 

E:3.0 (2.8), 
R:115.2 (17.0) 

 
HC. UC 
F:33.9 

(6.0), UC 
E:50.9 

(8.2), LC 
F:21.1 

(4.5), LC 
E:5.4 (4.2), 

R:136.2 
(15.0) 

Rudolfsson 
2017, cross-

sectional 

Non-specific neck 
pain, 60 (24–124) 

months, NPRS 4,62 
(1,8), 0♂120♀, 47,3 

(11,6), 24,7 (4,2), NR, 
NR. 

0♂ 40♀ 46,9 
(11,8), 23,3 

(2,8), NR, NR 
 

Medical doctor, 
NR, NR 

 

yes, AROM (F/E), 
Natural head 

posture, NR, yes, 
sitting, back 

support, fix to 
back support, far 
as possible, NR, 

NR 
 

FASTRAK, Polhemus Inc., 
Colchester, 

VT, USA, 40Hz, NR, NR, 
NR, NR 

 

NP: UC F: 33.7 
(7.0). UC E: -46.0 
(10.6). LC F: 11.8 
(6.0). LC E: -1.8 

(4.7) 
 

 HC: UC F: 
36.3 (7.8)a. 
UC E: -53.3 
(9.9). LC F: 
16.3 (5.3). 
LC E: 2.6 

(5.9)a 
 

Sarig-Bahat 
2010, case 

control 

CNP, 43.4 (5.3), VAS 
33 (20.5) mm, 9♂, 

16♀, 39.0 (12.7), NR 
(NR), local 

physiotherapy 
clinic 
, NR 

11♂, 31♀, 35.3 
(12.4), NR (NR), 

University of 
Haifa, NR 

NR, NR, NR yes, AROM, no, 
yes, sitting, yes, 

end range, NR, NR 

Fastrak, Polhemus, 60, 
NR, NR, NR, NR 

CNP. F:46.1 (16.4), 
E:43.1 (15.0), 

LR:59.2 (11.0), 
RR:57.5 (12.5) 

 
HC. F:58.4 

(11.5), 
E:44.3 
(10.9), 
LR:66.7 
(6.6), 

RR:66.3 
(7.5) 

Sjølander 
2008, case 

control 

Insidious neck pain, 
97 (68) months, VAS 
52(16) mm, 0♂, 9♀, 

40 (9), NR (NR), 
Rehabilitation Centre, 
NR. WAD II and III, 76 
(84), VAS 45(19) mm, 
2♂, 5♀, 45 (11), NR 
(NR), Rehabilitation 

Centre, NR 

3♂, 13♀, 41 (9), 
NR (NR), local 

community, NR 

NR, NR, NR Yes, AROM in 
rotation, yes, yes, 
standing, NA, end 

range, fast as 
possible, NR 

electromagnetic tracking 
system, 60, NR, NR, NR, 

NR 

Insidious neck 
pain. LR: 61.8 

(10.9), RR: 57.9 
(11.0) 

WAD. LR: 
68.5 (12.9), 

RR: 67.7 
(12.1) 

HC. LR: 
71.9 (13), 
RR: 70.7 

(11.2) 



 

Tsang 2013, 
case control 

CNP, 5.13 years, NPRS 
38.97/100, 9♂25♀, 
38.44 (10.87), 21.77 

(3.03), local 
community, NR 

9♂ 25♀, 34.35 
(9.08), 22.07, 

local 
community, NR 

NR, NR, NR yes, AROM, yes, 
yes, sitting, NR, 

no, end range, NR, 
no 

Fastrak, Polhemus Inc., 
Colchester, VT, USA, 30, 

NR, NR, NR, NR 

CNP. F: ≈33 (4), E: 
≈28 (6), LR: ≈57 

(8), RR: ≈58 (10), 
LLF: ≈25 (8), RLF: 

≈28 (8) 

 
HC. F: ≈32 
(6), E: ≈28 

(6), LR: ≈61 
(10), RR: 
≈61 (8), 
LLF: ≈25 
(6), RLF: 
≈28 (69) 

Vogt 2007, 
Case control 

CNP, NR (NR), WAS 
37(8) mm, 6♂, 10♀, 
55.8 (2.8), NR (NR), 

co-operating 
rehabilitation clinics, 

NR 

8♂, 10♀, 56.6 
(3.5) (3.5), NR 

(NR), 
advertisements, 

NR 

NR, NR, NR yes, AROM, yes, 
yes, sitting, NR, 
end range, self-

selected, NR 

Zebris CMS 
70©, Germany, 30, >0.6 

mm, NR, > 0.92 (r = 
0.996−0.921; 
p < 0.001), NR 

CNP. F:40.7 (19.9), 
E:44.3 (18.4), 

LR:52.6 (17.3), 
RR:56.6 (18.9), 
LLF:25.4 (9.6), 
RLF:27.8 (14.0) 

 
HC. F:56.3 

(8.5), 
E:67.3 
(10.2), 
LR:75.3 
(7.5), 

RR:68.6  
(6.5), 

LLF:35.0  
(6.6), 

RLF:35.1  
(6.8) 

Waeyaert  
2016, case 
control 

CNP,>3 months, NR 
(NR), 9♂, 28♀, 45.72 
(13.19), NR (NR), NR, 
NR.  

91♂, 59♀, 40.85 
(13.19), NR 
(NR), NR, NR 

manual 
therapists, 2-20 
years, yes 

unclear, AROM, 
NR, yes, sitting, 
NR, NR, without 
causing 
discomfort, NR, 
NR 

Electro- 
magnetic tracking system 
(Flock of Birds; Ascension 
Technologies, Shelburne, 
VT), NR, NR, NR, NR, NR 

CNP.  
F/E: NR (NR), R: 
NR (NR), LF: 59.28 
(15.41) 
  

 HC. 
F/E: NR 
(NR), R: NR 
(NR), LF: 
68.67a 
(15.17) 



 

Wilke 2016, 
case control 

myofascial neck pain, 
NR (NR), NR (NR), 9♂, 
13♀, 33.4 (13.9), 22.9 
(3.5), clinic for 
orthopaedic surgery.  

9♂, 13♀, 34.5 
(13), 23.8 (3.6), 
NR, NR 

NR, NR, NR unclear, AROM, 
yes, yes, sitting, 
NR, NR, NR, NR, 
NR 

three-dimensional, 
ultrasonic movement 
analysis system (Zebris 
CMS 70, Zebris 
Meditechnic GmbH, Isny, 
Germany), 30Hz, > 
0.6mm, NR, 0.86-0.95, NR 

CNP. F/E:125.9 
(23.2) 

 
HC. 
F/E:128.2 
(20.4) 

Woodhouse 
2008, case 

control 

WAD I and II, > 6 
months, NPRS 5.60 
(2.49), 22♂, 34♀, 

38.19 (10.8), NR (NR), 
referred, NR. CNP, > 6 

months (NR), NPRS 
3.84 (-1.74), 19♂, 

38♀, 43.7 (12.6), NR 
(NR), physiotherapists 

and general 
practitioners 

, NR 

29♂, 28♀, 38.2 
(10.9), NR (NR), 

different, NR 

NR, NR, NO NR, AROM, NR, 
yes, sitting, NR, 
end range, NR, 

eyes closed 

3 Space Fastrak , 120Hz, 
reference, NR, NR, NR 

WAD. F/E:81.8 
(34.6), R:106.2 
(34.7), LF:60.9 

(18.8) 

CNP. 
F/E:114.0 

(20.0)c, 
R:133.1  
(18.6)c, 
LF:72.2  
(13.2)c 

HC. 
F/E:134.0 
(20.7)ab, 
R:151.7 
(16.5)ab, 
LF:84.9 
(13.8)ab 

* Is test position in sitting, standing, with back support? Is the test subject fixed to the back support? Test to end range or pain limit? Movement speed self-selected, fast as possible 
or fixed? Is the test subject blindfolded? 
a Significant difference Neck pain group I vs HC (p>0,05), b Significant difference Neck pain group II vs HC (p>0,05), c Significant difference Neck pain group I vs II (p>0,05). ≈ Red from 
a graph. 
Abbreviations: AROM: Active range of motion, BMI: Body mass index, CNP: Chronic neck pain, F/E: Flexion/extension, HC: healthy controls, HRE: head repositioning error, ICC: 
Intraclass correlation coefficients, INP Idiopathic neck pain, JPE: Joint positioning error, LF: lateral flexion, LLF: left lateral flexion, LOA: Limits of agreement, LR: left rotation, , NP: 
Neck pain, NPRS: Numeric pain rating scale, NR: Not reported, R: Rotation, RLF: right lateral flexion, RR: right rotation, UPNP: Unilateral posterior neck pain, SD: Standard deviation, 
SEM: Standard error of measurement, VAS: visual Analog Scale, WAD: Whiplash associated disorder  
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  Study population Testing circumstances Device Comparison of motion quality 



 

First 
author, 
year, 
design 

Type of 
neck pain, 
Pain 
duration, 
Pain 
intensity, 
Sex (♂,♀), 
mean age 
(SD), mean 
BMI (SD), 
recruitment
, occupation 

Controls 
Sex (♂,♀), 
mean age 
(SD), mean 
BMI (SD), 
recruitment, 
occupation 

Examiners 
professional 
background, 
training, 
blinding  

Instructions 
standardize
d, type of 
test, 
training, 
repeated, 
restrictions 
applied* 

Type, Sample 
rate (Hz), 
Measurement 
error, LOA, ICC, 
SEM 

Neck pain 
group I, type 
of 
measureme
nt, degree 
(SD) 

Neck pain 
group II, type 
of 
measuremen
t, degree (SD) 

Healthy 
controls, type 
of 
measurement, 
degree (SD) 

Alsultan 
20.19, 
cross 
sectinal 

CNP and WAD, 
> 3 month, 
NPRS 4.08 
(1.89), 
8♂10♀, 32.22 
(13.41), NR, 
NR, NR. 

8♂ 10♀, 25.89 
(7.34), NR, NR, 
NR 

NR, NR, NR yes, repeated 
movement 
within mid-
range and 
three speeds, 
yes, yes, sitting 
with back 
support, no, 
within mid-
range, slow, 
natural and 
fast, no 

optoelectronic 
system (BTS 
Bioengineering, 
Milan, Italy), 250Hz, 
NR, NR, NR, NR 

CNP. Helical 
axis (mean 
distance): F/E 
slow:1.39 cm 
(0.25 cm), F/E 
natural: 1.46 
cm (0.33 cm), 
F//E fast: 1.65 
cm (0.39 cm), 
LF slow: 0.90 
cm (0.23 cm), 
LF natural: 0.91 
cm (0.23 cm), 
LF fast: 0.91 cm 
(0.25 cm), R 
slow: 0.90 cm 
(0.29 cm), R 
natural: 0.83 
cm (0.15 cm), R 
fast: 0.84 cm 
(0.15 cm).  
Helical axis 
(mean angle): 
F/E slow: 4.22° 
(0.57°), F/E 
natural: 4.51° 
(0.73°), F//E 
fast: 3.88° 

 HC. Helical axis 
(mean distance): 
F/E slow:1.63 cm 
(0.31 cm)a, F/E 
natural: 1.61 cm 
(0.28 cm)a, F//E 
fast: 1.71 cm (0.31 
cm)a, LF slow: 0.93 
cm (0.34 cm), LF 
natural: 1.02 cm 
(0.44 cm), LF fast: 
0.97 cm (0.31 cm), 
R slow: 0.93 cm 
(0.22 cm)a, R 
natural: 1.07 cm 
(0.33 cm)a, R fast: 
0.99 cm (0.35 
cm)a.  Helical axis 
(mean angle): F/E 
slow: 4.39° 
(0.99°), F/E 
natural: 4.29° 
(0.91°), F//E fast: 
3.89° (0.92°), LF 
slow: 9.21° 
(2.42°), LF natural: 
9.70° (2.16°), LF 
fast: 9.20° (2.11°), 



 

(0.75°), LF slow: 
8.61° (1.92°), LF 
natural: 8.96° 
(1.62°), LF fast: 
9.04° (2.07°), R 
slow: 4.89° 
(0.71°), R 
natural: 4.98° 
(0.85°), R fast: 
3.98° (0.42°). 

R slow: 5.44° 
(1.64°)a, R natural: 
5.21° (1.04°)a, R 
fast: 4.99° 
(1.02°)a. 

Bahat 
2010, case 
control 

CNP, 43.4 (5.3) 
months, VAS 
3.3 (2.05), 
9♂16♀, 39.0 
(12.7), NR, 
local 
physiotherapy 
clinic, NR.  

11♂, 31♀, 35.3 
(12.4), NR (NR), 
University of 
Haifa, NR 

physiotherapist
, experienced, 
NA 

yes, fast 
movement 
test, yes, yes, 
sitting, yes, to 
a target, fast as 
possible, no 

Fastrak: Polhemus, 
40 Hercules, 60 Hz, 
NR, NR, NR, NR 

CNP. Mean 
velocity (°/sec). 
F: 24.4 (9.1). E: 
29.1 (12.4). LR: 
36.9 (15.2). RR: 
39.8 (16.2) 
Peak velocity 
(°/sec²). F: 69.8 
(34.7). E: 81.4 
(39.7). LR: 
108.5 (48.3). 
RR: 100.2 (43.6) 
Number of 
velocity peaks: 
F: 6.1 (2.6). E: 
5.9 (2.1). LR: 
6.1 (3.3). RR: 
4.9 (2.8) 

  HC. Mean velocity 
(°/s). F: 33.3 
(12.6). E: 46.5 
(16.3). LR: 56.4 
(13.6). RR: 55.0 
(15.9) Peak 
velocity (°/s). F: 
105.0 (43.0). E: 
138.6 (52.7). LR: 
165.9 (51.9). RR: 
162.2 (56.6) 
Number of 
velocity peaks: F: 
5.0 (1.7). E: 4.8 
(1.8). LR: 4.2 (1.8). 
RR: 3.6 (1.4) 

Bahat 
2015, case 
control 

CNP, 
93.03(104.46) 
months, VAS 
36.42(17.24) 
mm, 13♂, 
20♀, 37.56 
(9.95), NR 
(NR), 
University of 
Queensland 
and University 
of Haifa.  

15♂, 8♀, 33 
(678), NR (NR), 
University of 
Queensland 
and University 
of Haifa, NR 

physiotherapist
s, experienced, 
NR 

yes, hit a 
target, yes, 
yes, sitting, 
fixed to back 
support, 40° of 
range, fast as 
possible, no 

head mounted 
display with a built-
in motion tracker 
(Wrap™ 1200VR by 
Vuzix, New York, 
www.vuzix.com), 30 
Hz, NR, NR, NR, NR 

CNP. Mean 
velocity (°/sec): 
F: 20.14 (9.0), 
E: 29.08 (17.1), 
LR: 34.91 
(14.0), RR: 
32.88 (15.2). 
Peak velocity 
(°/sec²): F: 
50.34 (20.2), E: 
55.30 (30.3), 
LR: 73.73 
(28.7), RR: 

 HC. Mean velocity 
(°/sec): F: 83.82a 
(33.3), E: 76.89a 
(33.1), LR: 100.60a 
(3.5), RR: 100.69a 
(40.1). Peak 
velocity (°/s²): F: 
166.82a (69.6), E: 
149.05a (68.6), LR: 
261.59a (104.4), 
RR: 220.93a(89.2). 
Number of 
velocity peaks: F: 



 

66.64 (31.1). 
Number of 
velocity peaks: 
F: 1.24 (0.8), E: 
1.40 (1.2), LR: 
2.23 (1.0), RR: 
1.99 (1.2) 

2.79a (1.1), E: 
2.42a (1.3), LR: 
3.5a (1.2), RR: 3.5a 
(1.3) 

Baydal 
2011, case 
control 

WAD II and III, 
>6 
month<12mon
ths, NR (NR), 
15♂, 15♀, 
(NR), NR (NR), 
Rehabilitation 
Unit, NR. 
Simulators, NR 
(NR), non-
symptomatic 
WAD, (NR), 
15♂, 14♀, NR 
(NR), NR (NR), 
IBV database, 
NR 

15♂, 15♀, NR 
(NR), NR (NR), 
NR, NR 

NR, NR, NR yes, repetitive 
flexion–
extension, Yes, 
no, sitting, 
back support, 
fixed to the 
back support, 
NR, self-
selected, no 

video-
photogrammetry 
system, NR, NR, NR, 
NR, NR 

 WAD II and III. 
Peak velocity 
(°/sec). F/E: 71 
(22) WAD II and 
III. peak 
acceleration 
(°/sec3). F/E: 
168 (93) 

 WAD 
simulators. Peak 
velocity (°/sec2). 
F/E: 29 (16) 
WAD simulators. 
peak 
acceleration(°/se
c3). F/E: 59 (36) 

 HC. Peak velocity 
(°/s). F/E: 149 
(50)ab, HC. peak 
acceleration(°/s2). 
F/E: 410 (200)ab 

Cheng 
2009, case 
control 

CNP, 4.4(2.2) 
years, NPRS 
3.7 (0.8), 6♂, 
6♀, 25.4 (2.1), 
NR (NR), NR, 
graduated 
students, 
teachers, or 
clinicians 

7♂, 5♀, 24.9 
(1.8), NR (NR), 
NR, graduated 
students 

NR, NR, NR NR, neck 
flexion/ 
extension, yes, 
NR, sitting, 
back support, 
yes, not end 
range, self-
selected, no 

electrogoniometer 
(CXTLA02, 
Crossbow, Inc., San 
Jose, CA, USA), NR, 
0.1◦, NR, NR, NR 

CNP. Mean 
velocity (°/sec). 
F: 9.0 (2.1). E: 
9.2 (1.3)   

 HC. Mean velocity 
(°/s). F: 9.8 (3.8). 
E: 10.7 (2.7)   



 

Feipel 
2006, Case 
Control 

WAD, 31(32) 
moths, NR 
(NR), 11♂, 
18♀, 37 (14), 
NR (NR), NR, 
NR.  

12♂, 14♀, 35 
(11), NR (NR), 
NR, NR 

NR, NR, NR YES, AROM 
(F/E and R ) 
HRE, yes, yes, 
sitting back 
support, no, 
end range , 
self-selected, 
yes and no 

3D 
electrogoniometer 
(CA 6000 Spine 
Motion Analyzer, 
O.S.I., Union City, 
CA),100Hz, NR, NR, 
NR, NR 

 WAD. Peak 
velocity (°/sec). 
F: 121 (48. E: 
118 (44). F-
conjuct R: 2 (4) 
F-conjuct LF: 2 
(5) E-conjuct R: 
5 (6) E-conjuct 
LF: 1 (4) 

 
 HC. Peak velocity 
(°/s). F: 157 (85). 
E: 147 (77). F-
conjuct R: 2 (5) F-
conjuct LF: 1 (5) E-
conjuct R: 3 (6) E-
conjuct LF: 4 (4)a 

Grip 2008, 
case 
control 

CNP, > 3 
months, VAS 
49.2(NR)mm, 
7♂, 14♀, 49 
(16), NR (NR), 
rehabilitation 
clinics and 
medical 
centers, NR. 
WAD I and II, > 
3 months, VAS 
66.1 (18.8) 
mm, 5♂, 17♀, 
49 (15), NR 
(NR), 
rehabilitation 
clinics and 
medical 
centers, NR 

8♂, 16♀, 50 
(18), NR (NR), 
advertisement, 
NR 

NR, NR, NR yes, fast head 
rotation, yes, 
yes, sitting, NR, 
NR, pain limit, 
fast as 
possible, no 

ProReflex system 
(Qualisys Medical 
AB®, Gothenburg, 
Sweden), 120Hz, 0.8 
(1.73), NR, NR, NR 

CNP. Mean 
velocity (°/sec). 
F: 44.6 (29.8). 
E: 60.2 (39.0). 
Pooled 
rotation: 60.2 
(39.0)   

WAD. Mean 
velocity (°/sec). 
F: 28.4 (22.7)c. E: 
21.1 (15.9)c. 
Pooled rotation : 
43.3 (30.4)c   

HC. Mean velocity 
(°/s). F: 72.3 
(21.7)ab. E: 59.3 
(20.7)ab. Pooled 
rotation : 95.4 
(29.9)ab   

Guo 2012, 
Case 
Control 

NP, NR (NR), 
27 (20) mm, 
13♂, 14♀, 
24.2 (5.9), NR 
(NR), NR, NR.  

total 13, NR♂, 
NR♀, 20.9 
(1.3), NR (NR), 
NR, NR 

NR, NR, NR NR, AROM, NR, 
NR, sitting, NR, 
NR, end range, 
selfselected, 
NR 

Fastrak, Polhemius, 
USA, 120Hz, NR, NR, 
AROM: > 0,791 
Conjuct motion: 
>0.4, NR 

NP. F-conjuct 
RLF: 5.8 (3.3), 
F-conjuct RR: 
6.3 (3.4), E-
conjuct LLF: 8.3 
(4.7),  E-conjuct 
LR: 6.6 (2.8), 
LR-conjuct E: 
9.9 (7.4), LR-
conjuct LLF: 
11.7 (7.9), RR-
conjuct E: 8.8 
(8.7), RR-
conjuct RLF: 8.6 

 
HC. F-conjuct RLF: 
5.0 (2.5), F-
conjuct RR: 4.5 
(1.6)a, E-conjuct 
LLF: 7.9 (4.7), E-
conjuct LR: 7.3 
(2.9), LR-conjuct 
E: 8.4 (3.8), LR-
conjuct LLF: 12.0 
(3.8), RR-conjuct 
E: 9.6 (2.9), RR-
conjuct RLF: 10.7 
(5.0), LLF-conjuct 
F: 10.2 (5.2), LLF-



 

(9.1), LLF-
conjuct F: 11.3 
(7.1), LLF-
conjuct F: 11.3 
(7.1), LLF-
conjuct LR: 16.7 
(8.2), RLF-
conjuct F: 13.9 
(6.4), RLF-
conjuct RR: 
18.5 (7.2) 

conjuct F: 10.2 
(5.2), LLF-conjuct 
LR: 16.6 (7.3), RLF-
conjuct F: 10.2 
(5.6), RLF-conjuct 
RR: 16.6 (6.0) 

Lemmers 
2018, 
Case-
control 

Non-specific, 
NR, NPRS 4 (2), 
16♂19♀, 48 
(15), NR, 
physiotherapy 
clinic, NR. 

50♂ 50♀, 44 
(16), NR, 
physiotherapy 
clinic, NR 

NR, NR, NR yes, AROM, 
yes, yes, Sitting 
with back 
support, no, 
pain limit, self-
selected, no 

Flock of 
Birds 
electromagnetic 
tracking system 
(Ascension 
Technologies, 
Shelburne, USA©), 
no, NR, NR, NR, NR" 

Non-specific 
NP. Variability. 
F/E: 0.73 (0.32). 
LF: 0.45 (0.27). 
Non-specific 
NP. root mean 
square of Jerk. 
F/E: 12.97 
(5.01). LF: 8.70 
(3.62).  Conjuct 
motion: F/E 
conjuct R: 
18.84 (11.22) 
F/E conjuct LF:  
15.12 (8.02)    
LF conjuct F/E: 
59.25 (37.94), 
LF conjuct R: 
59.01 (31.08) 

 HC. Variability. 
F/E: 0.98 (0.59).  
LF: 0.48 (0.31). 
HC. root mean 
square of Jerk. 
F/E: 13.26 (5.48). 
LF: 8,18 (3.67).  
Conjuct motion: 
F/E conjuct R: 
18.84 (11.22) F/E 
conjuct LF:  15.12 
(8.02)    LF conjuct 
F/E: 59.25 (37.94), 
LF conjuct R: 
59.01 (31.08) 



 

Meisingset 
2015, case 
control 

NP, > 2 weeks, 
NPRS 4.6 (1.4), 
20♂, 55♀, 
43.1 (12.9), 
24.9 (4.7), 
private 
physiotherapy 
clinic and 
specialized 
neck and back 
pain clinic at 
university 
hospital, NR.  

43♂, 48♀, 40.8 
(13.8), 25 (3.5), 
university 
hospital, NR 

physiotherapist
, well trained, 
NR 

unclear, 
AROM, JPE, 
unclear, yes, 
sitting, back 
support, fixed 
to back 
support, end 
range, self- 
selected, yes 
(JPE test) 

electromagnetic 
motion tracker 
system (Polhemus, 
Inc, Colchester, 
Vermont, USA), 
240Hz, NR, NR, NR, 
NR 

NP. Peak 
velocity (°/sec) 
(Adjusted for 
age and 
gender): F/E: 
70.6 (35.8), R: 
109.3 (45), LF: 
57.9 (24.8). 
Conjuct motion 
(°) (Adjusted for 
age and 
gender). F/E 
cunjuct:12.3 
(4.4), R 
cunjuct:19.8 
(8), LF 
cunjuct:45.7 
(24.7) 

 
HC. Peak velocity 
(°/s) (Adjusted for 
age and gender): 
F/E: 115.6a (35), R: 
158.9a (45.8), LF: 
85.7a (24.3). 
Conjuct motion (°) 
(Adjusted for age 
and gender). F/E 
cunjuct:16.5a 
(4.4), R 
cunjuct:25.1a 
(7.8), LF 
cunjuct:62.5 
(24.3)  

Röijezon 
2010, Case 
control 

non-specific 
neck 
pain (sample-
1), 132 (NR) 
months, VAS 
62 (16) mm, 
0♂, 16♀, 48 
(7), 26.6 (4.9), 
local papers, 
NR. non-
specific neck 
pain (sample-
2), 120 (NR) 
months, NRS 
5.4 (1.6), 0♂, 
102♀, 51 (9), 
26.7 (4.7), local 
papers, NR 

0♂, 16♀, 45 
(10), 23.8 (1.7), 
local papers, 
NR 0♂, 33♀, 47 
(10), 24.9 (4.1), 
local papers, 
NR 

NR, NR, NR yes and no, 
fast ROM, yes, 
yes, sitting, NR, 
NR, fast as 
possible, no 

electro- 
magnetic tracking 
system 
(FASTRAK™,Polhem
us Inc, 
USA)., 60Hz, NR, NR, 
peak speed: hc 0.75 
(0.41-0.91), np 0.84 
(0.58-0.94). ROM: 
hc 0.64 (0.21-86), np 
0.86 (0.63-0.95), 
peak speed: hc 33 
(25-52), np 41 (31-
64). hc ROM:4.2 
(3.1-6.4), np 3.8 
(2.8-5.9)  

NP. Peak 
velocity (°/sec). 
R: 226 (88) SID 
(%):18.1 (6.5) 
CM 12.4 (3.7) 

 HC. Peak velocity 
(°/s). R: 348 (92) 
SID (%):13.7 (4.7) 
CM 18.8 (7.5) 



 

Sjølander 
2008, case 
control  

Insidious neck 
pain, 97 (68) 
months, VAS 
52 (16)mm, 
0♂, 9♀, 40 (9), 
NR (NR), 
Rehabilitation 
Centre, NR. 
WAD II and III, 
76 (84) 
months, VAS 
45 (19)mm, 
2♂, 5♀, 45 
(11), NR (NR), 
Rehabilitation 
Centre, NR 

3♂, 13♀, 41 
(9), NR (NR), 
local 
community, NR 

NR, NR, NR Yes, AROM in 
rotation, yes, 
yes, standing, 
NA, yes, fast as 
possible, NR 

electromagnetic 
tracking system, 60, 
NR, NR, NR, NR 

 Insidious neck 
pain. Peak 
velocity (°/sec): 
**Out-Left:95.3 
(27.5) Out-
Right:C12 In-
Left:89.7 (26.3) 
In-Right: 85.4 
(32.4) Total Jerk 
Index: Out-
Left:15.9 (9.5) 
Out-Right:14.1 
(9.7) In-
Left:16.2 (8.7) 
In-Right:17.3 
(11.3) 

 WAD. Peak 
velocity (°/sec): 
Out-Left:108.6 
(20.4) Out-
Right:C12 In-
Left:103.7 (19.1) 
In-Right:96.4 
(27.4) Total Jerk 
Index: Out-
Left:13.1 (5.1) 
Out-Right:13.6 
(9.1) In-Left:11.1 
(6.1) In-
Right:15.2 (10.6) 

 HC. Peak velocity 
(°/sc): Out-
Left:132.8 (39.6) 
Out-Right:C12 In-
Left:119.5 (28.6) 
In-Right:116.9 
(28.6) Total Jerk 
Index: Out-
Left:7.5 (4.4)ab 
Out-Right:7.7 (4.2) 
In-Left:8.6 (4.9)ab 
In-Right:9.4 (7.1) 

Tsang 
2013, case 
control 

CNP, 5.13 (NR) 
years, NPRS 
38.97/100, 
9♂25♀, 38.44 
(10.87), 21.77 
(3.03), local 
community, 
NR 

9♂ 25♀, 34.35 
(9.08), 22.07, 
local 
community, NR 

NR, NR, NR yes, AROM, 
yes, yes, 
sitting, NR, no, 
end range, NR, 
no 

Fastrak, Polhemus 
Inc., 
Colchester, VT, USA, 
30, NR, NR, NR, NR 

CNP. Mean 
velocity 
(°/sec²). F: ≈62 
(21). E: ≈57 
(16). LR: ≈134 
(52). RR: ≈129 
(52). LLF: ≈52 
(16). RLF: ≈52 
(10).   

 HC. Mean velocity 
(°/s). F: ≈83 (26). 
E: ≈78 (26). LR: 
≈186 (52). RR: 
≈181 (52). LLF: 
≈72 (31). RLF: ≈72 
(31).   

Vogt 2007, 
Case 
control 

CNP, NR (NR), 
VAS 37(8)mm, 
6♂, 10♀, 55.8 
(2.8), NR (NR), 
co-operating 
rehabilitation 
clinics, NR 

8♂, 10♀, 56.6 
(3.5) (3.5), NR 
(NR), 
advertisements
, NR 

NR, NR, NR yes, AROM, 
yes, yes, 
sitting, NR, end 
range, 
selfselected, 
NR 

Zebris CMS 
70©, Germany, 30, 
>0.6 mm, NR, > 0.92 
(r = 0.996−0.921; 
p < 0.001), NR 

CNP. CV (%). F: 
12.1 (12.0). E: 
11.2 (9.5). LR: 
8.0 (7.1). RR: 
8.0 (7.1). LLF: 
12.0 (3.3). RLF: 
13.3 (4.0). 

 
HC. CV (%). F: 2.8 
(1.3). E: 1.9 (0.9). 
LR: 1.7 (1.0). RR: 
1.7 (1.0). LLF: 5.3 
(3.0). RLF: 5.1 
(2.6). 

Woodhous
e 2008, 
case 
control 

WAD I and II, > 
6 months (NR), 
NPRS 5.60 
(2.49), 22♂, 
34♀, 38.19   
(10.8), NR 
(NR), referred , 
NR. CNP, > 6 
months (NR), 

29♂, 28♀, 38.2 
(10.9), NR (NR), 
different, NR 

NR, NR, no NR, AROM, NR, 
yes, sitting, NR, 
end range, NR, 
eyes closed 

3 Space Fastrak , 
120Hz, reference, 
NR, NR, NR 

WAD.  
F/E-conjuct R: 
3.95 (1.89) F/E-
conjuct LF: 3.66 
(1.82) R 
conjuct-F/E: 
6.89 (3.22) R 
conjuct-LF: 7.00 
(3.52) R 

CNP. 
F/E-conjuct R: 
4.58 (1.32)c F/E-
conjuct LF: 4.18 
(1.24) R-conjuct 
F/E: 8.99 (3.26)c 
R-conjuct LF: 
8.87 (4.09)c R-
conjuct LF: 8.87 

HC. 
F/E-conjuct R: 
5.10 (1.53)a F/E-
conjuct LF: 5.24 
(2.26)ab R-conjuct 
F/E: 12.79 (5.23)ab 
R-conjuct LF: 
13.15 (4.08)ab R-
conjuct LF: 13.15 



 

NPRS 3.84 (-
1.74), 19♂, 
38♀, 43.7 
(12.6), NR (0), 
physiotherapis
ts and general 
practitioners, 
NR 

conjuct-LF: 7.00 
(3.52) LF-
conjuct F/E: 
6.59 (2.98) 

(4.09)c LF-
conjuct F/E: 7.57 
(3.12) 

(4.08)ab LF-conjuct 
F/E: 8.43 (2.69)ab 

* Is test position in sitting, standing, with back support? Is the test subject fixed to the back support? Test to end range or pain limit? Movement speed self-selected, fast 
as possible or fixed? Is the test subject blindfolded? 
** “Out” is the velocity measurement on the way from neutral to endpoint and “in” is the velocity measurement from endpoint back to neutral  
a Significant difference Neck pain group I vs HC (p>0,05), b Significant difference Neck pain group II vs HC (p>0,05), c Significant difference Neck pain group I vs II (p>0,05). 
Abbreviations: AROM: Active range of motion, Body mass index, CNP: Chronic neck pain, CV: Coefficient of variation, CM: Conjunct motion, F/E: Flexion/extension, HC: 
healthy controls, HRE: head repositioning error, ICC: Intraclass correlation coefficients, JPE: joint poisoning error, LF: lateral flexion, LOA: limits of agreement, LLF: left 
lateral flexion, LR: left rotation, NA: Not applicable, NPRS: Numeric pain rating scale, NP: neck pain, NR: Not reported, R: Rotation, RLF: right lateral flexion, RR: right 
rotation, SD: Standard deviation, SEM: Standard error of measurement, SID: speed index of deviance, VAS: visual Analog Scale, WAD: Whiplash associated disorder  
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Study population Testing circumstances Device Comparison of joint position sense 
between groups 

First author, 
year, design 

Type of neck 
pain, Pain 
duration, 
Pain 
intensity, 
Sex (♂,♀), 
mean age 
(SD), mean 
BMI (SD) 
recruitment, 
occupation 

Controls 
Sex (♂,♀), 
mean age 
(SD), mean 
BMI (SD) 
recruitment, 
occupation 

Examiners 
professional 
background, 
training, 
blinding  

Instruction 
standardized, 
type of test, 
training, 
repeated, 
restrictions 
applied* 

Type, Sample rate 
(Hz), 
Measurement 
error, LOA, ICC, 
SEM 

Neck pain 
group I, type 
degrees (SD) 

Neck 
pain 
group 
II, type 
degrees 
(SD) 

Healthy 
controls type 
degrees (SD) 

Alahmari 20.17, 
cross-sectional 

NP, 24 (10.8) 
weeks, 48.6mm 
(21.3), NR♂NR 
(Total 42) ♀, 

NR♂ NR total 
42♀, 47.8 
(15.2), 25.9 
(3.4), 

NR, NR, NR Yes, mid range 
task, NR, yes, 
sitting (F/E task), 
supine (rotation 

digital inclinometer 
(Dualer IQ; JTECH 
Medical, 

NP, mid range 
task: F: 6.79 
(1.41), E: 7.74 
(1.66), RR: 6.33 

 HC, mid range 
task: F: 2.57 
(1.30)a, E: 2.95 
(1.10)a, RR: 1.95 



 

47.4 (18.8), 23.8 
(3.2), physical 
therapy clinic, 
NR. 

advertisement, 
NR 

task), back 
support, yes, 
NR, NR, NR 

Salt Lake City, UT), NR, 
NR, NR, NR, NR" 

(0.79), RL: 7.21 
(1.32) 

(1.44)a, RL: 2.14 
(1.57)a 

Armstrong 2005, 
Case-control 

WAD II and III, 
28.5 (19.5) 
months, NPRS 
4.7 (1.6), 8♂, 
15♀, 41.2 
(11.9), 24.7 
(4.7), local 
newspaper, NR 

10♂, 13♀, 33.9 
(12.1), 23.4 
(3.2), local 
newspaper, NR 

NR, NR, NR yes, yes, AROM 
and JPE, NR, NR, 
Sitting, back 
support, No, to 
pain limit, NR, 
blindfolded 

3-Space Fastrak, 40Hz, 
0,2, NR, >0,96, NR 

WAD. Mid-range 
tasks: 2.97 (1.15), 
Neutral range 
tasks: 3.55 (1.72) 

  HC. Mid-range 
tasks: 2.43 (0.62), 
Neutral range 
tasks: 3.25 (2.32) 

Bahat 2015, case 
control 

CNP, 93.03 
(104.46) 
months, VAS 
36.42(17.24) 
mm, 13♂, 20♀, 
37.56 (9.95), NR 
(NR), University 
of Queensland 
and University 
of Haifa.  

15♂, 8♀, 33 
(678), NR (NR), 
University of 
Queensland and 
University of 
Haifa, NR 

physiotherapists, 
experienced, NR 

yes, hit a target, 
yes, yes, sitting, 
fixed to back 
support, 40° of 
range, fast as 
possible, no 

head mounted display 
with a built-in motion 
tracker 
(Wrap™ 1200VR by 
Vuzix, New York, 
www.vuzix.com), 30Hz, 
NR, NR, NR, NR 

CNP. Follow a 
target: F (x,y): 
(25.53 (12), 
70.83 (28.7), E 
(x,y): (36.16 
(21.4), 59.76 
(24.3)), LR (x,y): 
(57.4 (20.9), 
30.62 (14.8), RR 
(x,y): (48.98 
(22.7), 27.52 
(11.2) 

 
HC. Follow a 
target: F (x,y): 
(15.31a (4.6), 
44.51a (11.6), E 
(x,y): (22.89 (28), 
34.12a (8.3), LR 
(x,y): (43.35a 

(16.7), 27.16 
(8.1), RR (x,y): 
(36.00a (8.4), 
25.73 (7.5) 

Dugailly 2015, 
case control 

CNP, > 6 
months, NR 
(NR), 11♂, 24♀, 
42 (8), NR (NR), 
NR, NR.  

14♂, 22♀, 42 
(5), NR (NR), NR, 
NR 

NR, NR, NR NR, 
repositioning 
task, NR, yes, 
sitting, back 
support, no, NR, 
unclear, yes 

Three dimensional 
electrogoniometer (OSI 
CA 6000 Spine Motion 
Analyzer), NR, NR, NR, 
NR, NR 

CNP. slow RR: 4.9 
(2.5), slow LR: 5.2 
(2.7), slow F: 4.8 
(2.6), slow E: 6.8 
(3.3), fast RR: 5 
(2.3), fast LR: 5 
(3), fast F: 5.2 
(2.8), fast E: 7.1 
(3.6)  

 
HC. slow RR: 3.1a 
(1.3), slow LR: 
2.8a (1.3), slow F: 
2.6a (1.5), slow E: 
3.1a (1.4), fast 
RR: 2.8a (1.7), 
fast LR: 2.9a (1.2), 
fast F: 3.2a (2.7), 
fast E: 3.6a (2.1)  

Cheng 2009, 
case control 

CNP, 4.4  (2.2 ) 
years, NPRS 3.7  
(0.8), 6♂, 6♀, 
25.4  (2.1), NR 
(NR), NR, 
graduated 
students, 

7♂, 5♀, 24.9  
(1.8), NR (NR), 
NR, graduated 
students 

NR, NR, NR NR, neck 
flexion/ 
extension, yes, 
NR, sitting, back 
support, yes, not 
end range, self-
selected, no 

electrogoniometer 
(CXTLA02, Crossbow, 
Inc., San Jose, CA, USA), 
NR, 0.1◦, NR, NR, NR 

CNP, neutral 
flexion neutral 
(CE): 7.1 (3.5), 
neutral extension 
neutral (CE): 6.3 
(4.7) 

 
HC, neutral 
flexion neutral 
(CE): 3.5a (1.8), 
neutral extension 
neutral (CE): 4.2a 
(3.3) 



 

teachers, or 
clinicians 

Edmondston 
2007, case 
control 

postural neck 
pain, 5.2 (4.28) 
years, VAS 48.3 
(14.81)mm, 
10♂11♀, 29.0 
(7.36), NR, 
advertisement, 
NR 

10♂ 12♀, 25.7 
(5.95), NR, 
advertising, NR 

Experienced 
physiotherapist, 
NR, NR 

Yes, habitual 
sitting posture, 
perceived good 
posture and JPE, 
yes, yes, sitting, 
no, NA, NA, 
blindfolded 

system (PEAK 
Performance 
Technologies Inc., 
Centen-PEAK 
Performance 
Technologies Inc., 
Centennial, 
CO, USA), 50Hz,5mm, 
NR, NR, NR 

Postural neck 
pain, 
cervicothoracic 
angle: ≈2.1 
(1.25), Head tilt 
angle: ≈3.3 (2,6), 
Cx protraction 
angle: ≈ 2.5 (1.9), 
Shoulder 
protraction 
angle: ≈1.4 (1,0) 

 HC, 
cervicothoracic 
angle: ≈ 1.4 
(0.75), Head tilt 
angle: ≈2,9 (2.1), 
Cx protraction 
angle: ≈2.7 (1.7), 
Shoulder 
protraction 
angle: ≈1.3 (0.8) 

Feipel 2006, 
Case Control 

WAD, 31(32) 
moths, NR (NR), 
11♂, 18♀, 37 
(14), NR (NR), 
NR, NR.  

12♂, 14♀, 35 
(11), NR (NR), 
NR, NR 

NR, NR, NR YES, ROM (F/E 
and R) HRE, yes, 
yes, sitting back 
support, no, end 
range , self-
selected, yes 
and no 

3D electrogoniometer 
(CA 6000 Spine Motion 
Analyzer, O.S.I., Union 
City, CA),100Hz, NR, 
NR, NR, NR 

WAD, Neutral 
F/E: 3.5 (2.4), 
Neutral R: 1.1 
(1.1), Neutral LF: 
0.8 (0.6) 

 HC, Neutral F/E: 
2.1 (2.0), Neutral 
R: 0.6 (0.5), 
Neutral LF: 0.4 
(0.3) 

Grip 2007, case 
control 

CNP, > 3 
months, VAS 
49.2(20.8)mm, 
7♂, 14♀, 49 
(16), NR (NR), 
rehabilitation 
clinics and 
medical centers, 
NR. WAD I and 
I, > 3 months, 
VAS 
66.1(18.8)mm, 
5♂, 17♀, 49 
(15), NR (NR), 
rehabilitation 
clinics and 
medical centers, 
NR 

8♂, 16♀, 50 
(18), NR (NR), 
advertisement, 
NR 

research 
assistant, NR, NR 

yes, AROM, JPE, 
yes, yes, sitting, 
NR, no, end 
range self-
selected, eyes 
closed 

Myrin device and 
ProReflex system 
(Qualisys Medical AB, 
Gothenburg, Sweden), 
120, 0.8 (1.73), NR, NR, 
NR 

CNP, Absolute 
error F: 2.8 (1.2), 
E: 2.9 (1.3), RR: 
3.7 (1.6), LR: 3.6 
(3.0) 

WAD, 
Absolute 
error F: 
3.4 (1.6), 
E: 3.5 
(1.8), RR: 
3.7 (1.9), 
LR: 4.0 
(2.1) 

HC, Absolute 
error F: 2.9 (0.9), 
E: 2.7 (1.0), RR: 
3.1 (1.3), LR: 3.5 
(1.3) 



 

Harvie 2016, 
case control 

CNP, 12(10) 
years, NDI 29% 
(0.13), 6♂, 18♀, 
44 (15), NR 
(NR), local 
physical therapy 
clinics, NR.  

6♂, 18♀, 45 
(15), NR (NR), 
local physical 
therapy, 
BodyinMind.org 
website, 
university 
campus 
noticeboards, 
NR 

NR, NR, NR yes, Relocation 
to neutral, NR, 
yes, sitting, back 
support, fixed to 
back support, 
set limit, NR, no 

Oculus VR, Menlo Park, 
California, NR, NR, NR, 
NR, NR 

CNP. Absolute 
error: 3.3 (1.5) 

 
HC. Absolute 
error: 2.8 (1.1) 

Kristjansson 
2004, case 
control 

WAD II and III, 
>6 
months<6 
years, NR, 
0♂20♀, NR, BR, 
physiotherapy 
clinics, NR 

0♂ 20♀, NR, 
NR, NR, NR 

NR, NR, yes yes, motion 
trekking "the 
fly", yes, yes, 
sitting, back 
support, no, NA, 
fixed, no 

3Space Fastrak system, 
NR, 0.2°, >0.6<0.86, NR, 
NR 

WAD, Movement 
Pattern A: 5.17, 
Movement 
Pattern B: 4.65, 
Movement 
Pattern C: 4.97 

 HC, Movement 
Pattern A: 3.97a, 
Movement 
Pattern B: 3.51a, 
Movement 
Pattern C: 3.97a 

Kristjansson 
2010, case 
control 

Non-traumatic 
neck pain, >6 
months<6 
years, **VASmax 
6.7 (2.6), 
7♂11♀, 38.0 
(8.3), NR, NR, 
NR. WAD (II), 
NR, VASmax 8.0 
(1.4), 2♂16♀, 
35.5 (11.9), NR, 
NR, NR 

10♂ 8♀, 32.2 
(10.9), NR, NR, 
NR 

research 
assistant, NR, 
yes 

yes, follow a 
target, yes, yes, 
sitting, NR, NR, 
NR, NR, no 

3-space Fastrak system, 
NR, NR, -0.89mm to 
1.03mm, 0.78 (0.74–
0.81), NR 

Non-traumatic 
NP: Easy (mm) 
2.06 (0.52). 
Medium (mm) 
2.70 (0.88). 
Difficult (mm) 
3.42 (1.30). 

WAD (II): 
Easy 2.52 
(0.78). 
Medium 
(mm) 
3.45 
(1.45). 
Difficult 
(mm) 
4.09 
(1.51). 

HC: Easy (mm) 
1.78 (0.33)b. 
Medium (mm) 
2.17 (0.44)ab. 
Difficult (mm) 
2.64 (0.52)ab. 

Meisingset 2015, 
case control 

NP, > 2 weeks, 
NPRS 4.6 (1.4), 
20♂, 55♀, 43.1 
(12.9), 24.9 
(4.7), private 
physiotherapy 
clinic and 
specialized neck 
and back pain 
clinic at 
university 
hospital, NR.  

43♂, 48♀, 40.8 
(13.8), 25 (3.5), 
university 
hospital, NR 

physiotherapist, 
well trained, NR 

unclear, AROM, 
JPE, follow a 
motion pattern, 
unclear, yes, 
sitting, back 
support, fixed to 
back support, 
end range, self- 
selected, yes 
(JPE test) 

electromagnetic 
motion tracker system 
(Polhemus, 
Inc, Colchester, 
Vermont, USA), 240Hz, 
NR, NR, NR, NR 

NP. head 
reposition: 5.6 
(2.2) figure of 
eight low speed 
(cm): 3.4 (1.3) 
figure of eight 
high speed (cm): 
4.4 (1.8) figure of 
eight standing 
low speed (cm): 
2.9 (0.9). Fly easy 
(cm): 2.2 (0.9) Fly 

 
HC. head 
reposition: 5.1 
(1.9) figure of 
eight low speed 
(cm): 3.8 (1.4) 
figure of eight 
high speed (cm): 
5.2a (1.9) figure 
of eight standing 
low speed (cm): 
3.3 (1.5). Fly easy 
(cm): 2.5a (0.9) 



 

medium (cm): 
3.1 (0.9) 

Fly medium (cm): 
3.3 (1.5) 

Woodhouse 
2008, case 
control 

WAD I and II, > 
6 months, NPRS 
5.60 (2.49), 
22♂, 34♀, 
38.19  (10.8), 
NR (NR), 
referred, NR. 
CNP, > 6 
months, NPRS 
3.84 (-1.74), 
19♂, 38♀, 43.7 
(12.6), NR (0), 
physiotherapists 
and general 
practitioners, 
NR 

29♂, 28♀, 38.2 
(10.9), NR (NR), 
different, NR 

NR, NR, no NR, AROM, NR, 
yes, sitting, NR, 
end range, NR, 
eyes closed 

3 Space Fastrak, 120Hz, 
reference, NR, NR, NR 

WAD, Neutral 
task: 3.35 (1.6) 

CNP, 
Neutral 
task: 3.17 
(1.1) 

HC, Neutral task: 
2.86 (1.2) 

* Is test position in sitting, standing, with back support? Is the test subject fixed to the back support? Test to end range or pain limit? Movement speed self-selected, fast as 
possible or fixed? Is the test subject blindfolded? 
**participants were asked about maximum pain level  
a Significant difference Neck pain group I vs HC (p>0,05), b Significant difference Neck pain group II vs HC (p>0,05), c Significant difference Neck pain group I vs II (p>0,05). ≈ Read 
from a graph. 
Abbreviations: AROM: Active range of motion, BMI: Body mass index,  CNP: Chronic neck pain, CE: constant error, F/E: Flexion/extension, HC: healthy controls, HRE: head 
repositioning error, ICC: Intraclass correlation coefficients, JPE: Joint position error, LF: lateral flexion, LOA: Limits of agreement, LR: left rotation, NA: Not applicable, NPRS: 
Numeric pain rating scale, NR: Not reported, R: Rotation, RR: right rotation, SD: Standard deviation, SEM: Standard error of measurement, VAS: visual Analog Scale, WAD: 
Whiplash associated disorder 
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Table 6. 
Posture  

Study population Testing circumstances Device Comparison of Posture  

First 
author, 
year, 
design 

Type of neck 
pain, Pain 
duration, Pain 
intensity, Sex 
(♂,♀),  mean 
age (SD), mean 
BMI (SD), 
recruitment, 
occupation 

Controls 
Sex 
(♂,♀),mean 
age (SD), 
mean BMI 
(SD), 
recruitment, 
occupation 

Examiners 
professional 
background, 
training, 
blinding  

Instruction 
standardized, 
type of test, 
training, 
repeated, 
restrictions 
applied* 

Type, Sample 
rate (Hz), 
Measurement 
error, LOA, 
ICC, SEM 

Neck pain 
group I, type 
degrees (SD) 

Healthy controls type 
degrees (SD) 

Arvidsson   
et al. 2006, 
cohorde 

Neck–shoulder 
disorders, NR, NR, 
0♂ 13♀, 38 (NR), 
NR, workplace, Air 
Traffic Control.  

0♂, 11♀, 35 
(NR), NR (NR), 
workplace, Air 
Traffic Control 

physical 
therapis, NR, 
NR 

NA, ordinary 
work, NA, no, 
sitting, NA, NA, 
NA, NR 

Inclinometry, 
20Hz, NR, NR, 
NR, NR 

neck–shoulder 
disorders, 
95th–5th, 
Neck: 44 (9), 
Head: 39 (8)   

HC, 95th–5th, Neck: 42 (10), 
Head: 34 (7)   

Edmondston 
2007, case 
control 

Postural neck 
pain, 5.2 (4.28) 
years, VAS 48.3 
(14.81), 10♂11♀, 
29.0 (7.36), NR, 
advertisement, NR 

10♂ 12♀, 25.7 
(5.95), NR, 
advertising, NR 

Experienced 
physiotherapist, 
NR, NR 

Yes, habitual 
sitting posture, 
perceived good 
posture and JPE, 
yes, yes, sitting, 
no, NA, NA, 
blindfolded 

three-
dimensional 
optical motion 
analysis system 
(PEAK 
Performance 
Technologies 
Inc., Centennial, 
CO, USA), 50Hz, 
NR, NR, NR, NR  

postural neck 
pain, habitual 
sitting posture, 
cervicothoracic: 
158.0 (5.75), 
head tilt: 64.8 
(5.41), head 
protraction: 
170.0 (8.24), 
shoulder 
protraction: 
11.7 (4.74), 
perceived 
‘good’ posture, 
cervicothoracic: 
153.6 (5.87), 
head tilt: 59.8 
(7.00), head 
protraction: 
169.6 (7.25), 
shoulder 
protraction: 
12.7 (5.27),  

HC, habitual sitting posture, 
cervicothoracic: 157.0 (6.22, 
head tilt: 68.0 (7.26), head 
protraction: 166.6 (6.82), 
shoulder protraction: 11.9 
(6.33), perceived ‘good’ 
posture, cervicothoracic: 
151.5 (4.91), head tilt: 64.4 
(7.78)a, head protraction: 
165.0 (7.85)a, shoulder 
protraction: 11.8 (6.08),  



 

Silva 2009, 
Caase 
control 

CNP, 
>6month<30years, 
NPRS 5.6 (2.1), 
6♂34♀, 50.2 (7.9), 
NR, referred by a 
physician for 
physiotherapy 
because of NP at 
the Hospital da 
Prelada, NR.  

6♂ 34♀, 50.2 
(7.9), NR, 
general 
population, NR 

NR, NR, yes yes, postural, 
no, no, standing, 
no, habitual, no 
movement, no 

video camera 
setup and APAS 
software, 25Hz, 
NR, NR, NR, NR 

CNP, habitual, 
C7, tragus, 
horizontal: 45.4 
(6.8), Tragus, 
eye, horizontal: 
21.0 (6.4), Right 
ear, left ear, 
horizontal: 2.3 
(1.8)   

HC, habitual, C7, tragus, 
horizontal: 48.6a (7.1), 
Tragus, eye, horizontal: 18.8 
(7.7), Right ear, left ear, 
horizontal: 1.8 (1.5)   

Szeto 2005, 
case control 

NP, >3months, 
NR, 0♂21♀, 36 
(4.6), NR, NR, 
office workers.  

0♂ 17♀, NR, 
NR, NR, office 
workers 

NR, NR, NR NR, 1 h typing, 
NR, no, sitting, 
no, habitual, no 
movement, no 

Vicon 370, 60Hz, 
0.94mm, NR, NR, 
NR 

NP, 1 h typing, 
Head F/E: 67.59 
(10.8), Head LF: 
–1.14 (1.8), 
Head R: 1.78 
(2.4) 

HC, 1 h typing, Head F/E: 
63.74 (12.9), Head LF: –
2.67a (2.2), Head R: 4.23a 
(2.5) 

Xie Yf 2018, 
case-control 

nonspecific neck 
pain, > 3 months, 
NPRS 4.9 (1.8), 
8♂11♀, 24.4, NR, 
poster 
advertisements in 
the 
local universities, 
NR 

7♂ 11♀, 23.2 
(3.3), NR, 
poster 
advertisements 
in the 
local 
universities, NR 

NR, NR, NR unclear, taping 
on 1: smart 
phone one hand 
2: both hands 3: 
computer, yes, 
no, sitting with 
back support, 
no, NA, NA, 

inertial 
measurement 
unit motion 
sensors 
(MyoMotion 
Clinical, Noraxon 
U.S.A. Inc.), 1500, 
1°, NR, NR, NR 

non-specific 
NP, one hand 
F/E: ≈24.9 (6.6), 
R : ≈RR 3.4 ( 
6.3), LF: ≈RLF 
2.7 (5.8), both 
hands F/E:  
28.8 (5.9), R : ≈ 
LR 0.4 (4.3), LF: 
≈RLF 3.1 (5.3), 
computer  
typing  F/E:  ≈ 
4.5 (11.7), R : 
≈LR 0.4 (1.4), 
LF: ≈RLF 1.2 
(4.1), 

HC, one hand , F/E:  ≈25.8 
(8.8), R : ≈RR 0.4 (4.1), LF: 
≈LLF 0.8 (5.4), both hands 
F/E: ≈ 29.3 (6.7), R : ≈LR 1.6 
(3.1), LF: ≈RLF 0.5 (4,3), 
computer  typing F/E: ≈2.9 
(6.8),  R : ≈RR 0.4 (6.6), LF: 
≈RLF 1.6 (2.3), 

* Is test position in sitting, standing, with back support? Is the test subject fixed to the back support? Test to end range or pain limit? Movement speed self-
selected, fast as possible or fixed? Is the test subject blindfolded? 
a Significant difference Neck pain group I vs HC (p>0,05), b Significant difference Neck pain group II vs HC (p>0,05), c Significant difference Neck pain group I vs II 
(p>0,05). ≈ Red from a graph. 
Abbreviations: BMI: Body mass index, CNP: Chronic neck pain, HC: healthy controls, ICC: Intraclass correlation coefficients, JPE: joint positioning error, LOA: limits 
of agreement, NA: Not applicable, NP: Neck pain, NPRS: Numeric pain rating scale, NR: Not reported, RR: Right rotation, SD: Standard deviation,  SEM: Standard 
error of measurement, VAS: visual Analog Scale,  
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Additional file 2 

Search methods for identification of studies  

Two review authors and research librarians searched the database MEDLINE and EMBASE for 

literature on the basis of Table 1. 

Two review authors independently selected the articles; first the authors screened the titles for 

relevance. Selected articles then had the abstract screened. Remaining articles were read in full 

text and selected based on the inclusion and exclusion criteria. Uncertainties during the first two 

steps led to the article being included in the next step.   Disagreements between authors were 

discussed and consensus sought. Continued disagreement was resolved by a third rater.  

The rules are given in Table 2.     

          

Table 1. searched strategy (pub med) 

Diagnosis neck pain/classification 

 

Measurement 

1. 

neck pain [mesh]  

neck pain [ti/ab] 

neck ache [ti/ab] 

cervical pain [ti/ab] 

cervical pains [ti/ab] 

6. 

proprioception [mesh] 

proprioception [ti/ab] 

motor control [ti/ab] 

kinesthetic [ti/ab] 

kinematics[mesh] 

http://www.ncbi.nlm.nih.gov/pubmed/17070722
http://www.ncbi.nlm.nih.gov/pubmed/17070722
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cervicodynia [ti/ab] 

cervicalgia [ti/ab] 

whiplash injuries [mesh] 

whiplash injuries[ti/ab] 

1. 

((((((((((whiplash injuries[ti/ab]) OR whiplash injuries 

[mesh]) OR cervicalgia [ti/ab]) OR cervicodynia [ti/ab]) OR 

neckaches [ti/ab]) OR neckache [ti/ab]) OR cervical pains 

[ti/ab]) OR cervical pain [ti/ab]) OR neck ache [ti/ab]) OR 

neck pain [ti/ab]) OR neck pain [mesh] 

 

kinematics [ti/ab] 

posture [mesh] 

posture[ti/ab] 

postures[ti/ab] 

range of motion, articular [mesh] 

range of motion[ti/ab] 

passive range of motion[ti/ab] 

6. 

((((((((((Proprioception [mesh]) OR 

Proprioception [ti/ab]) OR motor 

control [ti/ab]) OR Kinesthetic [ti/ab]) 

OR Kinematics[mesh]) OR kinematics 

[ti/ab]) OR posture [mesh]) OR 

postures[ti/ab]) OR Range of Motion, 

Articular [mesh]) OR Range of 

Motion[ti/ab]) OR Passive Range of 

Motion[ti/ab] 

2. 
Radiculopathy[mesh] 

radiculopathies[ti/ab] 

cervical radiculopathies[ti/ab] 

cervical radiculopathy[ti/ab] 

nerve root disorders[ti/ab] 

radiculitis[ti/ab] 

nerve root Inflammation[ti/ab] 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3. 
neck [mesh] 
neck [ti/ab] 
cervical [mesh] 
cervical [ti/ab] 
cervical 
vertebrae 
[mesh] 
cervical 
vertebrae 
[ti/ab] 
 
3. 
(((((Neck 
[mesh]) OR 
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nerve root avulsion[ti/ab] 

nerve root avulsions [ti/ab] 

nerve root compression [ti/ab] 

nerve root compressions [ti/ab] 

2. 

(((((((((((Nerve Root 
Compressions [ti/ab]) OR Nerve 
Root Compression [ti/ab]) OR 
Nerve Root Avulsions [ti/ab]) 
OR Nerve Root Avulsion[ti/ab]) 
OR Nerve Root 
Inflammations[ti/ab]) OR Nerve 
Root Inflammation[ti/ab]) OR 
Radiculitis[ti/ab]) OR Nerve 
Root Disorders[ti/ab]) OR 
Cervical Radiculopathy[ti/ab]) 
OR Cervical 
Radiculopathies[ti/ab]) OR 
Radiculopathies[ti/ab]) OR 
Radiculopathy[mesh] 

 

 
 
And 

Neck [ti/ab]) 
OR Cervical 
[mesh]) OR 
Cervical [ti/ab]) 
OR Cervical 
Vertebrae 
[mesh]) OR 
Cervical 
Vertebrae 
[ti/ab] 

2 and 3 = 4 
4. 
(((((((Neck [mesh]) OR Neck [ti/ab]) OR Cervical [mesh]) OR 
Cervical [ti/ab]) OR Cervical Vertebrae [mesh]) OR Cervical 
Vertebrae [ti/ab])) AND ((((((((((((Nerve Root Compressions 
[ti/ab]) OR Nerve Root Compression [ti/ab]) OR Nerve Root 
Avulsions [ti/ab]) OR Nerve Root Avulsion[ti/ab]) OR Nerve Root 
Inflammations[ti/ab]) OR Nerve Root Inflammation[ti/ab]) OR 
Radiculitis[ti/ab]) OR Nerve Root Disorders[ti/ab]) OR Cervical 
Radiculopathy[ti/ab]) OR Cervical Radiculopathies[ti/ab]) OR 
Radiculopathies[ti/ab]) OR Radiculopathy[mesh]) 

 

4 or 1 = 5 
5. 
(((((((((Neck [mesh]) OR Neck [ti/ab]) OR 
Cervical [mesh]) OR Cervical [ti/ab]) OR Cervical 
Vertebrae [mesh]) OR Cervical Vertebrae 
[ti/ab])) AND ((((((((((((Nerve Root 
Compressions [ti/ab]) OR Nerve Root 
Compression [ti/ab]) OR Nerve Root Avulsions 
[ti/ab]) OR Nerve Root Avulsion[ti/ab]) OR 
Nerve Root Inflammations[ti/ab]) OR Nerve 
Root Inflammation[ti/ab]) OR Radiculitis[ti/ab]) 

5 and 6 
(((((((((((Neck [mesh]) OR Neck [ti/ab]) OR Cervical 
[mesh]) OR Cervical [ti/ab]) OR Cervical Vertebrae 
[mesh]) OR Cervical Vertebrae [ti/ab])) AND 
((((((((((((Nerve Root Compressions [ti/ab]) OR Nerve 
Root Compression [ti/ab]) OR Nerve Root Avulsions 
[ti/ab]) OR Nerve Root Avulsion[ti/ab]) OR Nerve Root 
Inflammations[ti/ab]) OR Nerve Root 
Inflammation[ti/ab]) OR Radiculitis[ti/ab]) OR Nerve 
Root Disorders[ti/ab]) OR Cervical 
Radiculopathy[ti/ab]) OR Cervical 
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OR Nerve Root Disorders[ti/ab]) OR Cervical 
Radiculopathy[ti/ab]) OR Cervical 
Radiculopathies[ti/ab]) OR 
Radiculopathies[ti/ab]) OR 
Radiculopathy[mesh]))) OR (((((((((((whiplash 
injuries[ti/ab]) OR whiplash injuries [mesh]) OR 
cervicalgia [ti/ab]) OR cervicodynia [ti/ab]) OR 
neckaches [ti/ab]) OR neckache [ti/ab]) OR 
cervical pains [ti/ab]) OR cervical pain [ti/ab]) 
OR neck ache [ti/ab]) OR neck pain [ti/ab]) OR 
neck pain [mesh]) 

Radiculopathies[ti/ab]) OR Radiculopathies[ti/ab]) OR 
Radiculopathy[mesh]))) OR (((((((((((whiplash 
injuries[ti/ab]) OR whiplash injuries [mesh]) OR 
cervicalgia [ti/ab]) OR cervicodynia [ti/ab]) OR 
neckaches [ti/ab]) OR neckache [ti/ab]) OR cervical 
pains [ti/ab]) OR cervical pain [ti/ab]) OR neck ache 
[ti/ab]) OR neck pain [ti/ab]) OR neck pain [mesh]))) 
AND (((((((((((Proprioception [mesh]) OR Proprioception 
[ti/ab]) OR motor control [ti/ab]) OR Kinesthetic 
[ti/ab]) OR Kinematics[mesh]) OR kinematics [ti/ab]) 
OR posture [mesh]) OR postures[ti/ab]) OR Range of 
Motion, Articular [mesh]) OR Range of Motion[ti/ab]) 
OR Passive Range of Motion[ti/ab]) 
 

 

 

Table 2. Searcg Strategy Embase 

Diagnosis neck pain/classification 

 

Measurement 

Keyword :  

cervicobrachial neuralgia 

neck pain 

cervical spondylosis 

whiplash injury 

Abstract: 

cervicobrachial neuralgia 

neck pain 

cervicodynia  

cervical spondylosis 

neck ache 

Keyword: 
body posture 
proprioception 
motor control 
kinesthesia 

 

joint mobility/ or 

"range of motion"/ or 

"movement 

(physiology)"/ 
kinematics 
 
Abstract: 
 proprioception 
motor control 
kinesthetic 
kinematics 
posture 

”range of motion” 

body posture 

joint mobility 

”movement 

(physiology)” 
 

http://www.ncbi.nlm.nih.gov/pubmed/17070722
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cervical pain 

cervicalgia 

whiplash injuries 

whiplash associated disorder 

cervical radiculopathies 

cervical radiculopathy 

 

 
Abstract: 

radiculopathies 

nerve root disorders 

radiculitis 

nerve root inflammation 

nerve root avulsion 

nerve root avulsions 

nerve root compression 

 

 

 

 

 

and 

Abstract: 

neck  

cervical  

cervical vertebrae  
 

 



 

 

Appendix B: Excluded Studies 

Reasons for exclusion of full text studies  

1. Measuring device was not electronic: [1-16] 

2. Exclusion of pain group or no actual pain in pain group: [7, 13, 17-26] 

3. Control group not pain-free or lack of description of study participants:[27-33] 

4. Lack of description of measuring method/device: [3, 34] 

5. Motion test not of interest: [35-41] 

6. Data not presented to inform inclusion criteria for the review: [42-45]  

7. Age group <18 years:[46, 47]  

8. Passive range of motion test before active: [48] 

9. Conference abstract only: [49-53] 
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Abstract  
 

Objectives 

Measures of neck posture, active range of motion, and movement speed are of clinical and research 

interest considering the substantial disease burden of neck pain. New advances in sensor technology in 

motion trackers call for innovative use of sensors in the detection of posture and movement impairments. 

The objective of this study was to assess the reproducibility and agreement between ViMove (sensor device 

system) and Vicon (infrared camera tracking system) for three neck postures, range of motion, and 

movement speed.  

Methods 

A convenience sample of 10 healthy participants was recruited from the University of Southern Denmark, 

and they were measured simultaneously with ViMove and Vicon using a standardized protocol. Participants 

were instructed to do: 1) sitting postures in ideal, habitual, and slump positions, and 2) movements of head 

flexion/extension, upper neck flexion, neck lateral flexion, and rotation to left and right side. Each 

movement was repeated five times. The participants were re-tested using the same procedure one week 

later. Concordance correlation coefficients (CCCs) were calculated between the two test days and between 

the ViMove and Vicon outputs.  

Results 

The reproducibility for posture ranged between CCC -0.26 and 0.56, for range of motion between 0.60 and 

0.94, and for movement speed between 0.71 and 0.89. The agreement between ViMove and Vicon for 



 

posture and for movement ranged between 0.69 and 0.99, and for speed, all measurements were above 

0.92.  

Conclusions 

The agreement between the two systems was acceptable and suggests that ViMove can be used in clinical 

practice for assessing range of motion and speed. 

Introduction  

People with neck pain have been shown to have reduced active range of motion (RoM), movement speed 

and joint repositioning accuracy when compared to people without neck pain [1]. Therefore, 

measurements of neck RoM, movement speed, and posture are of clinical and research interest in the 

management of people with painful conditions of the neck, both as diagnostic, rehabilitative and as 

prognostic tools [2]. There are many instruments used to measure posture and movement and they either 

require a laboratory setup or only provide one type of measurement at a time, for example RoM in one test 

and joint positioning error in another [3, 4].  The ViMove (DorsaVi Company (© 2018 dorsaVi Ltd)) sensor 

and software system was originally developed for use on the lumbar spine with the sensors placed on the 

pelvis and on the thoraco-lumbar junction. The system has for the lumbar spine shown good reliability for 

inter-tester and intra-tester reliability for lumbar movements [5]. Through the process of several 

workshops the ViMove system has been adapted and developed with new software for use on the cervical 

spine.   

Optoelectrical tracing systems such as Vicon has been used through several studies as a best standard 

system in agreement studies investigating the accuracy of small sensor units for measuring of neck and 

head motion [6-10].  



 

The agreement between different wearable sensors for measuring neck motion have shown good accuracy 

for some devices [6, 10, 11] but the agreement between ViMove and a best standard system (Vicon),  and 

reproducibility of measurements from the systems still have to be tested.  

Therefore, the aims of this study were to assess the agreement between ViMove and Vicon and to assess 

the reproducibility of the measures from the systems using standardised measures of posture, RoM, and 

movement speed. 

Methods 

Study Participants and Recruitment 

Interested participants were invited to an information meeting via University of Southern Denmark (SDU) 

internal networks and the SDU Facebook page. Eligible participants had to be older than 18 years, have no 

history of seeking care for neck pain within the previous year and have no indication of conditions that may 

influence neck movement such as systemic disease, inflammatory joint disease, serious health conditions 

(for example, cancer and infections), mental or physical handicaps, and/or being pregnant. 

Study Procedures 

Prior to their first appointment, study participants completed an online questionnaire (SurveyXact) to 

ascertain information on number of days with neck pain within the last year, the mean neck pain intensity 

on a 0-10 point numeric rating scale currently and in the past two weeks [12], and the Danish version of 

Tampa Scale for Kinesiophobia (TSK) [13], which gives a score between 17 and 68 [14]. 

On the day of their first appointment, written informed consent was obtained. Each participant’s height 

and weight were measured and recorded together with age and sex. The primary investigator (BBH, an 

experienced chiropractor) placed one ViMove sensor on a headband at the base of the skull and the other 

on top of T3 using double adhesive tape, and the reflex spheres for the Vicon were placed in predesignated 

locations [15] (see Figure 1). 



 

ViMove and Vicon systems 

The ViMove sensor system consisted of two sensor units and a data logging device. Each sensor contained a 

3D accelerometer, a magnetometer, and a 3D gyroscope. The data were sampled at 20 Hz and sent to the 

data logging device and analysed using ViMove software. The ViMove system has shown inter-tester 

(ICC(2,1) > 0.86) and intra-tester reliability (ICC(2,1) > 0.89) for lumbar movements [5]. The internal validity 

against Vicon has shown root mean square errors between 0.7° to 1.8° [16]. for the lumbar measurements. 

The DorsaVi company has found root mean square errors between 2.2° (flexion) to 4° (rotation) and for the 

cervical spine in a un unpublished study using the same protocol as in this study but where the reflex 

spheres were applied directly on to the sensors 

The Vicon system (Vicon®) recorded reflex spheres placed on the body using 18 infrared cameras to 

generate data points for each reflex sphere consisting of 3D coordinates (x,y,z) at 200Hz. The precision of 

the Vicon system has a mean error of 0.9 mm [17], the angle calculation were performed in the Vicon 

program ProCalc version 1.2.0.106220. No filter was applied. 

Examination procedure 

Both systems were calibrated with participants placed on a stool in an upright sitting position (ideal sitting) 

with a plumb line on one side running through the middle of the ear, middle of the shoulder, and the 

greater trochanter [18]. 

 All data collection was done in the same order with posture (ideal, habitual, and slump) recordings first, 

and followed by movement examinations (flexion, extension, upper neck flexion, head lateral flexion right, 

head lateral flexion left, head rotation right, and head rotation left). Movements were performed in a self-

selected pace. All procedures are described in Table 1.   



 

Recording of the instruments started 5 seconds before the participant was asked to start the movement 

and finished after five repetitions. In the ViMove system, we placed markers on the recordings to indicate 

baseline recordings, the start, and the end of each of the movements/repetitions.  

After performing each posture and movement, study participants were asked if they experienced any neck 

discomfort. One-week later, at the same time of day, all of the procedures were repeated and an anchor 

question about neck pain intensity was asked.   

Definition of angles 

The ViMove system calculated angles from the occiput (O) and third thorax vertebrae (T3) sensors in the 

three planes. Angles for the cervical spine (C) were calculated as the difference between occiput and T3. All 

angles were calculated as the difference between the observed and calibrated positions (Table 1).         

The Vicon system calculated angles for head and neck posture and movements based on a neck model [19]. 

The neck model has been used to measure neck and thoracic spine posture, the model is designed to 

describe exact angles of the different elements of neck posture, we adapted the model to describe 

movement of the head and neck.  

Two points were computer constructed: 1) the midpoint between right and left cantus (Cyclops); and 2) the 

midpoint between right and left tragus representing the axis of rotation between the occiput and atlas 

(OC1). The angles of the model were defined according to the numbers in Figure 1. 

• A1 Head flexion is the angle, in the sagittal plane, between the vertical axis and the line from 

Cyclops to OC1 (labelled 1 and 2 in Figure 1)   

• A2 Neck flexion is the angle, in the sagittal plane, between the vertical axis and a line from OC1 to 

C7’s spinous process (SP, labelled 3 in Figure 1)   

• A3 Cranio-cervical angle is the angle, in the sagittal plane, between a line from Cyclops to OC1 and 

a line from OC1 to C7’s SP  



 

• A4 Cervico-thoracic angle is the angle, in the sagittal plane, between a line from OC1 to C7’s SP and 

a line from C7’s SP to T5’s SP (labelled as 4 in Figure 1) 

• A5 Upper thoracic flexion angle is the angle, in the sagittal plane, between the vertical axis and a 

line from C7’s SP to T5’s SP (Not part of the original model) 

• A6 Head lateral bending is the angle, in the frontal plane, between the vertical axis and a line 

through right and left tragus (labelled as 2 in Figure 1)  

• A7 Neck lateral bending is the angle, in the frontal plane, between the vertical axis and a line from 

the OC1 to C7’s SP  

• A8 Head rotation is the angle, in the transverse plane, between the anterior axis and a line from 

the OC1 to the Cyclops.  

The angled use for the primary analyses in this study from Vicon were A1, A7 and A8. The A1 and A7 is head 

movement relative to a vertical axis (the same as gravity) and A8 is head movement in the transverse plane, 

the same way of describing head movement has previous been used [9] 

Extension and movement to the left were denoted as negative. Comparable angles from ViMove and Vicon 

are shown in Table 1, column four. 

 Data processing   
Data from ViMove were transferred into excel where the markers were examined. Missing markers were 

added manually to separate the cycles of movement. Data were then transferred to MatLab. The neck 

model was applied to the Vicon data and processed in the Nexus® software. Event markers indicating 

baseline and time-points between each movement cycle were placed in the Vicon output data. The Vicon 

data were also transferred to MatLab where they were synchronised using the previously placed markers. A 

custom-made script calculated postural angles, the movement angles, and speed. Details are provided in 

Table 1.  



 

Statistical analyses 

The data were analysed using Stata 15.1 (StataCorp LLC, College Station, Texas). Demographics were 

reported as mean and standard deviation, medians, range, or frequencies.  

Agreement between systems 

For each posture, movement, and speed, the means and the standard deviations (SD) were calculated for 

ViMove and Vicon. Differences for each participant were calculated, and the mean differences and SD 

differences were reported. Agreement between the systems was examined with limits of agreement (LOA) 

[20] as Vicon minus ViMove and, in addition, concordance correlation coefficient (CCC) [21].  

Reproducibility within the systems 

 Similarly, the mean differences, the LOA, and CCCs were calculated for ViMove and for Vicon as baseline 

measurements minus measurements from one-week later.  

Interpretation 

We interpreted the CCCs with the same cut-points that have been suggested for intraclass correlation: 

below 0.5 as poor, between 0.5 to 0.75 as moderate, between 0.75 to 0.9 as good, and above 0.9 as 

excellent [22]. 

We choose a sample size of convenience for this study. 

Results 

We tested 2 females and 8 males with a mean age of 25 years; twenty percent of the participants reported 

more than 7 days of neck pain in the previous year. On the first day of examination, the mean neck pain 

intensity was 0.5 (1.3) and it did not change to the second day. The mean TSK score was 34.2 (2.1). None of 

the participants reported discomfort during the examination.  



 

Post hoc, we found one participant’s baseline value for the head rotation left examination was incorrect; 

therefore, it was corrected to zero.  

The mean difference between Vicon and ViMove for the postural measurements was within 1° (Table 2). 

The variations of the measurements were largest for slump positioning with LOA [-8.5°, 10.3°]; however, 

the slump positioning had the highest CCC of 0.90. There was poor reproducibility of the ideal sitting 

position for both systems (ViMove=[-9.7, 6.2]; Vicon=[-7.5, 4.9]). 

The largest mean differences in the movement examinations were for extension (-8.3°) and head rotation 

left (6.7°) (Table 2). This was also reflected in these movements having the widest LOA and the lowest CCCs. 

For the reproducibility of the movement examinations within systems, there was not a clear pattern. 

ViMove was worse than Vicon for forward head bend, but it was better for head rotation left. However, the 

reproducibility for the two systems was similar for lateral flexion left.   

Movement speed showed a consistent mean difference between systems with the largest being 3.3°/s and 

the CCCs between systems were all above 0.92 (Table 2). The largest mean difference of the reproducibility 

of the movement speed was 4.0°/s for rotation left and the smallest was 0.1°/s for lateral flexion right. All 

of the CCCs, except for extension, were similar to each other.  

All comparisons between systems and test days are presented in Appendix A.    

Discussion 

Agreement between the ViMove and Vicon systems was moderate to good for posture of the neck, good to 

excellent for movement, and excellent for speed. However, backwards head bending, and rotation had 

large variations between systems. Reproducibility within systems was poor for posture, moderate for 

movement, and good for speed. 

 



 

 Studies of agreement between wearable motion sensors and `best standard´ systems have shown results 

similar to ours, despite piggybacking the `best standard´ device on top of their test device [6, 11].  However, 

this type of approach does not test the reproducibility related to the application on an individual because 

the sensors are moving as one unit.  

The ideal sitting posture and the starting position may influence reproducibility of the measurements for 

several reasons. The LOA were wide for both systems, which means we were unable to place the 

participants in the same position, despite a standardised procedure. This could partly explain the lack of 

reproducibility. Furthermore, a previous study showed that posture is associated with range of motion of 

the neck [23], which could compound the issues with reproducibility. Previous studies have tried to isolate 

movements to the neck by strapping people to a rigid chair [24, 25]. This was not feasible because we 

wanted to test the ViMove system the way a clinician would use it, and in addition, the back support would 

hide reflex spheres necessary for the Vicon system There was a technical problem during the measurement 

of extension, where the ViMove sensors in some participants collided with each other. This could explain 

the large mean difference between the systems for extension. In addition, the known technical issue with 

ViMove’s method for compensation magnetic drift caused a systematic measurement error for rotation 

and, for left rotation [26]. 

Another explanation for the poor reproducibility of movement could be the use of half-cycle, which are 

more clinically relevant, capable of detecting asymmetric movements, can be sensitive to posture and 

starting position. The full-cycle is not affected to the same degree by [27], which may result inflation of the 

reproducibility. Our reproducibility results are similar to another study using half-cycle measures [28].  

We interpret the use of the optoelectrical system and the neck model as best available standard. 

Optoelectrical tracing systems have been frequently used as a reference standard in comparison to other 

methods for measuring of body movement and is as precise as other options [10, 29, 30]. Further to this, 

We chose the neck model because it has previously been used for obtaining posture measurements of the 

head, the neck and the thoracic spine [15, 19], it contains the angles that are necessary for the comparison 



 

between ViMove and Vicon, the model is built on sound assumption of placement of joints and 

movement[15]. Furthermore, the angles used from the model were calculated in the same fashion as done 

in the CROM device which is a frequently used and validated device [3, 29, 31].   

 

 

A strength of this study was that we used a standardized clinically relevant protocol, which was executed by 

an experienced clinician. The participants did not change regarding neck pain intensity between the two 

assessments.  

A limitation was that the data was collected as part of a pilot study and therefore the sample size was 

small. 

Conclusion  
We conclude that ViMove can be used in a clinical setting to assess range of motion and movement speed 

in the neck. Further work will determine if the systems can detect differences in the postures and 

movements of people with and without neck pain. 
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Figure 1 
 

  

Figure 1. Sensors and reflex sphere placement. ViMove sensors were placed at the base of the skull and at the T3 level. The reflex 
spheres (bright points) were placed at: 1. the outer edges of the eyes (cantus), 2. tragus of the ears, 3. spinous process C7, and 4. T5, 
5. upper edge of the sternum, 6. the lateral edges of acromion, and 7. one directional sphere over the right scapula.  
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Table 1: Description of test type, procedure, angles from ViMove and Vicon, and comparisons between the systems 

Test type Test description 

Definitions of the specific measurements 
Comparable angles 

between the systems Calculations and definition of variables ViMove (20Hz) Vicon (200 Hz) 

Si
tt

in
g 

po
st

ur
es

 

Ideal  Study participant was placed in a straight 
sitting position with a plumb line running 
through the middle of their ear, middle of 
their shoulder, and the middle of their hip.   

OF/E = occiput flexion/extension 
which is defined as changes in the 
sagittal plane angle (in degrees) at 
Occiput level. 
 
T3F/E = upper thoracic flexion/ 
extension which is defined as changes 
in the sagittal plane angle (in degrees) 
the third thoracic vertebra level  
 
CF/E = cervical flexion/ extension 
which is defined as changes in the 
sagittal plane angle (in degrees) for 
the difference between OF/E and 
T3F/E   

A1 = head flexion angle in 
degrees, in the sagittal plane, 
between the vertical axis and 
the line from Cyclops to OC1 
 
A2 = neck flexion angle in 
degrees, in the sagittal plane, 
between the vertical axis and 
a line from the OC1 to C7’s 
spinous process   
 
A4 = cervico-thoracic angle in 
degrees, in the sagittal plane, 
between a line from the OC1 
to C7’s spinous process and 
to T5’s spinous process   
 
A5 = upper thoracic flexion 
angle in degrees, in the 
sagittal plane, between the 
vertical axis and a line from 
C7’s spinous process to T5’s 
spinous process  
 
 
 
 
 
 
 
 
  

OF/E and A1 
T3F/E* and A5* 

The difference between the calibrated position 
and the test positions.  
Average of five seconds recording of A5 and 
T3F/E simultaneously. 

Habitual  Study participant was asked to sit in their 
normal fashion and look at a marker placed 
at eye level.  

  

Slump  Study participant was instructed to assume 
a maximal slump position, while looking at 
a marker placed at eye level. 

  



Table 1: Description of test type, procedure, angles from ViMove and Vicon, and comparisons between the systems 

Test type Test description 

Definitions of the specific measurements 
Comparable angles 

between the systems Calculations and definition of variables ViMove (20Hz) Vicon (200 Hz) 

M
ov

em
en

t 

Flexion Study participant was instructed to move 
their forehead down toward their chest as 
far as possible.  

OF 
T3F 
CF 

A1 
A2 
A3 =Cranio-cervical angle in 
degrees, in the sagittal plane, 
between a line from the 
Cyclops to the OC1 and a line 
from OC1 to C7’s spinous 
process   
A4 
A5 

OF/E* and A1* 
CF/E and (A5-A1)  

ARoM: Difference between baseline 
measurements and peak range.  
 
Start to maximum (range): The difference in 
degrees between the point when a threshold of 
4% of maximum speed is reached to peak range. 
 
Maximum to stop (range): the difference in 
degrees between peak range and the point 
when movement speed goes below 4% of peak 
speed back.  Extension  Study participant was instructed to move 

the back of their head as far back as 
possible.  

OE 
T3E 
CE 

A1 
A2 
A3 
A4 
A5 

Upper neck 
flexion 

Study participant was instructed to tuck 
their chin in as far as possible without 
bending their neck. 

OF 
T3F 
CF 

A1 
A2 
A3 
A4 
A5 

 Lateral flexion 
right 

Study participant was instructed to tilt their 
head as far as possible towards their right 
shoulder 

OLF = Occiput lateral flexion which is 
defined as changes in the frontal 
plane angle (in degrees) 
CLF = cervical lateral flexion which is 
defined as changes in the frontal 
plane angle (in degrees) 
T3LF = upper thoracic lateral flexion 
which is defined as changes in the 
frontal plane angle (in degrees)  

A6 = head lateral bending 
angle in degrees, in the 
frontal plane, between the 
vertical axis and a line 
through left and right tragus   
 
 
A7 = neck lateral bending in 
degrees, in the frontal plane, 
between the vertical axis and 
a line from the OC1 to C7’s 
spinous process  

OLF and A6*, 
 
CLF and A7 

Peak speed out: The highest speed value 
(degrees per second) from baseline to peak 
range. 
 
Peak speed back: The highest speed value from 
peak range back to neutral. 

 Lateral flexion 
left 

Study participant was instructed to tilt their 
head as far as possible toward their left 
shoulder.  

OLF 
CLF 
T3LF 

A6 
A7 



Table 1: Description of test type, procedure, angles from ViMove and Vicon, and comparisons between the systems 

Test type Test description 

Definitions of the specific measurements 
Comparable angles 

between the systems Calculations and definition of variables ViMove (20Hz) Vicon (200 Hz) 
 Rotation right  Study participant was instructed to turn 

their head as far as possible over their right 
shoulder.  

OR = occiput rotation which is 
defined as changes in the transverse 
plane angle (in degrees) 
 
CR = cervical rotation which is defined 
as changes in the transverse plane 
angle (in degrees) 
 
T3R = upper thoracic rotation which is 
changes in the transverse plane angle 
(in degrees) 

A8 is Head rotation in 
degrees, in the transverse 
plane, between the anterior 
axis and a line from the OC1 
to the Cyclops  

OR and A8* Speed out: The difference in range between 
4% of speed start and stop of motion divided by 
time (degrees per second). 
 
Speed back: The difference and range between 
4% of maximum speed start and stop of motion, 
for the motion from peak range back to neutral 
divided by the time (degrees per second). 

 Rotation left Study participant was instructed to turn 
their head as far as possible over their left 
shoulder. 

OR 
CR 
T3R 

A8   

*Angles used in the primary analyse and comparisons between Vicon and ViMove and between sessions. 

primary measure used in the primary analyse and comparisons between Vicon and ViMove and between sessions. 

Abbreviations: Hz = hertz; OC1 = the midpoint between the two tragi of the ears; Cyclops= midpoint between cantus of the eyes; C7= seven cervical vertebrae; 
T3= third thoracic vertebra 

 

  



 

Table 2 Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of posture and movement. 

Test type 

 
Agreement between ViMove and Vicon Reproducibility within system after one week 

 
 ViMove System Vicon System 

ViMove 
Mean (SD) 

Vicon 
Mean (SD) 

Difference 
 (SD) LOA CCC (SE) 

Difference 
‡ (SD) LOA CCC (SE) 

Difference 
‡ (SD) LOA CCC (SE) 

Po
st

u
re

 (°
) Ideal  -0.4 (1.7) -0.8 (1.8) -0.2 (1.3) [-2.7, 2.2] 0.74 (0.17) -1.7(4.1) [-9.7, 6.2] -0.26 (0.24) -1.3 (3.2) [-7.5, 4.9] -0.08 (0.28) 

Habitual 9.6 (6.1) 8.6 (3.3) 0.7 (2.3) [3.8, 5.1] 0.74 (0.18) -1.4(4.2) [-16.6, 15.5] 0.56 (0.21) -0.5 (8.2) [-9.7, 6.9] -0.06 (0.34) 
Slump  25.8 (9.2) 25.2 (8.9) 0.9 (4.8) [-8.5, 10.3] 0.90 (0.07) 2.6(10.0) [-19.4, 25.0] 0.39 (0.29) 2.8 (11.3) [-17.0, 22.3] 0.34 (0.27) 

AR
oM

 (°
) 

Flex 64.6 (7.9) 67.9 (8.7) 2.7 (2.2) [-1.7, 7.1] 0.91 (0.06) 3.2(7.9) [-12.2, 18.6] 0.60 (0.20) 3.0 (4.3) [-5.4, 11.3] 0.86 (0.09) 
Ext  -61.6 (16.4) -69.9 (16.0) -8.3 (7.0) [-22.0, 5.4] 0.79 (0.11) -6.9(5.7) [-18.0, 4.2] 0.84 (0.09) -5.5 (5.6) [-16.4, 5.5] 0.83 (0.10) 
UNF 23.7 (14.3) 25.3 (14.4) 1.6 (1.3) [-1.0, 4.2] 0.99 (0.01) -0.4(10.5) [-21.0, 20.3] 0.66 (0.20) 0.5 (9.5) [-18.1, 19.1] 0.72 (0.17) 
LFR 43.7 (7.9) 44.0 (6.9) 0.3 (3.0) [-5.7, 6.2] 0.92 (0.05) 1.1(2.9) [-4.6, 6.8] 0.94 (0.03) 2.3 (3.2) [-3.9, 8.6] 0.88 (0.06) 
LFL -44.2 (6.5) -45.1 (6.7) -0.8 (2.5) [-5.7, 4.1] 0.92 (0.05) -10.0(4.3) [-9.3, 7.4] 0.82 (0.11) -1.1 (4.5) [-9.8, 7.7] 0.82 (0.11) 
RR  80.8 (10.0) 82.1 (9.8) 1.2 (4.5) [-7.6, 10.1] 0.89 (0.07) 1.7(5.9) [-9.8, 13.2] 0.84 (0.10) 1.2 (5.3) [-9.2, 11.5] 0.85 (0.10) 
RL -75.0 (13.3) -84.8 (10.5) -6.7 (5.3) [-17.1, 3.7] 0.74 (0.14) -0.9(10.1) [-20.7, 18.9] 0.68 (0.18) -2.8 (9.5) [-21.4, 15.8] 0.46 (0.27) 

M
ea

n 
sp

ee
d 

(°
/s

ec
on

ds
.) 

Flex 22.8 (10.5) 23.9 (11.7) 1.1 (1.4) [-1.5, 3.8] 0.99 (0.01) 2.0(5.7) [-9.1, 13.1] 0.79 (0.11) 1.5 (6.5) [-11.2, 14.2] 0.79 (0.11) 
Ext -19.3 (9.5) -21.2 (8.8) -1.9 (3.1) [-8.0, 4.2] 0.92 (0.05) -0.8(5.6) [-11.8, 10.2] 0.76 (0.13) 0.9 (4.3) [-7.5, 9.3] 0.88 (0.09) 
UNF 9.1 (3.8) 10.0 (4.8) 0.9 (1.2) [-1.5, 3.3] 0.94 (0.03) -0.9(2.1) [-4.9, 3.2] 0.83 (0.11) -0.9 (2.6) [-6.0, 4.2] 0.82 (0.11) 
LFR 17.6 (7.9) 18.2 (8.2) 0.6 (1.2) [-1.8, 2.9] 0.99 (0.01) 0.2(3.3) [-6.2, 6.6] 0.89 (0.06) 0.1 (3.8) [-7.4, 7.5] 0.88 (0.08) 
LFL -17.4 (7.0) -18.1 (7.4) -0.7 (1.3) [-3.2, 1.8] 0.98 (0.01) 1.3(5.4) [-9.3, 11.9] 0.74 (0.15) 1.4 (6.0) [-10.3, 13.1] 0.71 (0.17) 
RR 33.9 (13.7) 37.2 (16.7) 3.3 (3.2) [-3.0, 9.7] 0.95 (0.02) -2.0(6.3) [-14.3, 10.4] 0.89 (0.07) -4.0 (6.5) [-16.7, 8.7] 0.91 (0.06) 
RL -30.8 (11.7) -34.5 (12.7) -2.2 (2.2) [-6.5, 2.1] 0.97 (0.02) 3.8(3.8) [-3.7, 11.2] 0.90 (0.06) 3.7 (5.2) [-6.4, 13.8] 0.88 (0.08) 

 The difference between ViMove and Vicon is calculated based on the first laboratory session 
 The mean difference is calculated as ViMove minus Vicon 
‡ The difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck flexion; 
LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 

 



Appendix A 

 

Table 1. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of ideal posture 

Test type Angles 
Vicon/ViMove 

Agreement between systems session one  Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Ideal 
posture 

Head 
angles A1/OF/E -0.8(1.3) -1.2(1.9) 0.0(1.1) [-2.1, 

2.0] 
0.71 

(0.19) 0.0(4.0) 0.0(3.9) -0.1(0.5) [-1.0, 
0.8] 

0.99 
(0.0) -0.9(4.3) [-9.4, 

7.7] 
0.04 
(0.2) -1.2(3.6) [-8.2, 

5.8] 
0.29 

(0.23) 

Cervical 
(°) 

A1-A5/CF/E 0.0(2.3) -0.8(3.0) 0.2(1.5) [-2.8, 
3.1] 

0.8 
(0.14) -1.0(4.8) -0.8(4.1) -0.2(1.2) [-2.5, 

2.1] 
0.96 

(0.02) 0.9(5.8) [-10.6, 
12.3] 

-0.08 
(0.28) 0.0(4.5) [-8.8, 

8.9] 
0.21 

(0.32) 

A2 0.6(1.2) 

  

-0.9(2.3) 

    

1.5(2.3) [-3.0, 
6.0] 

0.21 
(0.22) 

A3 -0.2(1.5) -0.9(3.2) 0.5(3.9) [-7.1, 
8.1] 

-0.14 
(0.27) 

A4 0.2(1.4) 0.0(2.2) 0.3(2.6) [-4.8, 
5.3] 

0.09 
(0.32) 

Thoracic 
(°) A5/T3F/E -0.8(1.7) -0.4(1.8) -0.2(1.3) [-2.7, 

2.2] 
0.74 

(0.17) 1.0(2.9) 0.8(2.4) 0.1(0.9) [-1.7, 
2.0] 

0.94 
(0.04) -1.7(4.1) [-9.7, 

6.2] 
-0.26 
(0.24) -1.3(3.2) [-7.5, 

4.9] 
-0.08 
(0.28) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 

Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= 
flexion; Ext= extension; UNF = Upper neck flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 

 

 

 

 



 

Table 2. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of habitual posture 

Test type 
Angles 

Vicon/ViMov
e 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Differenc
e 

between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Differenc
e 

between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Habitua
l 

posture 

Head 
angles A1/OF/E 0.4(4.3) 2.2(7.2) 0.6(2.0) [-3.4, 

4.6] 
0.83 

(0.09) 

-
10.7(7.7

) 

-
10.3(7.3

) 
-0.2(0.6) [-1.4, 

0.9] 
0.99 
(0.0) 2.4(9.6) [-16.4, 

21.1] 
-0.25 
(0.27) 0.2(6.7) [-12.8, 

13.2] 
0.05 
(0.4) 

Cervical 
(°) 

A1-A5/CF/E -8.2(-
7.6) 

-7.4(-
5.9) -0.1(2.8) [-5.5, 

5.4] 
0.84 

(0.11) 

-
10.7(7.7

) 

-
10.3(7.3

) 
-0.4(1.4) [-3.2, 

2.4] 
0.98 

(0.01) 2.9(7.1) [-11.1, 
16.9] 

0.25 
(0.25) 1.6(8.1) [-14.2, 

17.4] 
0.35 

(0.32) 

A2 -4.0(3.4) 

  

-5.2(3.7) 

    

1.4(3.1) [-4.8, 
7.5] 

0.56 
(0.26) 

A3 -3.6(2.3) -5.5(4.9) 1.5(4.8) [-8.0, 
10.9] 

0.3 
(0.24) 

A4 -4.6(3.3) -5.2(3.5) 0.0(3.8) [-7.5, 
7.6] 

0.43 
(0.33) 

Thoraci
c (°) A5/T3F/E 8.6(3.3) 9.6(6.1) 0.7(2.3) [-3.8, 

5.1] 
0.74 

(0.18) 
10.3(5.4

) 
10.1(5.1

) 0.2(1.4) [-2.6, 
2.9] 

0.96 
(0.02) -0.5(8.2) [-16.6, 

15.5] 
-0.06 
(0.34) -1.4(4.2) [-9.7, 

6.9] 
0.56 

(0.21) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 

Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= 
flexion; Ext= extension; UNF = Upper neck flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 

 

 

 

 



 

 

 

Table 3. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of slump posture 

Test type 
Angles 

Vicon/ViMov
e 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Differenc
e 

between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon (SD) ViMove 
(SD) 

Differenc
e 

between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 

two 
(SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Slump 
postur

e 

Head 
angles A1/OF/E 8.7(9.8) 10.5(9.9) -1.1(3.9) [-8.7, 

6.6] 
0.92 

(0.06) 10.5(11.4) 12.3(12.1
) -1.8(3.5) [-8.6, 

5.1] 
0.94 

(0.04) -1.8(9.4) [-20.2, 
16.7] 

0.63 
(0.2) -2.3(9.6) [-21.1, 

16.5] 
0.6 

(0.23) 

Cervical 
(°) 

A1-A5/CF/E 
-

16.5(12.8
) 

-15.3(9.7) -2.0(4.9) [-11.5, 
7.5] 

0.89 
(0.06) 

-
13.2(13.3) 

-
10.7(14.2

) 
-2.5(5.0) [-12.3, 

7.3] 
0.92 

(0.05) -4.5(16) [-35.9, 
26.9] 

0.12 
(0.3) -5.0(14.3) [-32.9, 

23.0] 
0.35 

(0.31) 

A2 
-

17.5(10.4
) 

  

-
19.4(12.1) 

    

2.5(8.7) [-14.5, 
19.5] 

0.7 
(0.18) 

A3 -8.9(8.1) -7.8(8.6) -1.1(9.1) [-18.8, 
16.7] 

0.48 
(0.31) 

A4 -7.6(7.1) -4.3(10.9) -5.2(7.2) [-19.3, 
9.0] 

0.54 
(0.21) 

Thoraci
c (°) A5/T3F/E 25.2(10.6

) 
25.8(11.9

) 0.9(4.8) [-8.5, 
10.3] 

0.9 
(0.07) 23.7(7.8) 23.0(7.6) 0.7(2.8) [-4.8, 

6.2] 
0.93 

(0.05) 2.8(11.3) [-19.4, 
25] 

0.34 
(0.27) 2.6(10.0) [-17.0, 

22.3] 
0.38 

(0.29) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 

Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= 
flexion; Ext= extension; UNF = Upper neck flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 

 

 



Table 4. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of head flexion 

 

Test type Angles 
Vicon/ViMove 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one 
and 
two 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC Vicon 
session 
one and 
two (SE) 

Flexion 

Baseline 
to max 

(°) 

A1/OF/E 67.9(8.7) 64.6(7.9) 2.7(2.2) [-1.7, 
7.1] 

0,91 
(0,06) 

65.0 
(10.0) 61.4(10.5) 3.1(2.8) [-2.5, 

8.6] 
0.92 

(0.05) 3.0(4.3) [-5.4, 
11.3] 

0.86 
(0.09) 3.2(7.9) [-12.2, 

18.6] 0.6(0.2) 

(A1-A5)/CF/E 52.8(5.0) 58.5(8.2) -5.3(7.9) [-20.7, 
10.1] 

0.29 
(0.23) 53.9(7.1) 57.6(9.7) -4.6(9.0) [-22.3, 

13.1] 
0.39 

(0.26) -0.8(4.8) [-10.2, 
8.5] 

0.64 
(0.21) 0.8(4.5) [-8.1, 

9.7] 0.87(0.08) 

Start to 
max (°) 

A1/OF/E 71.6(7.7) 71.0(8.2) 0.7(1.6) [-2.6, 
3.9] 

0.98 
(0.02) 66.8(10.2) 64.3(10) 1.7(1.8) [-1.7, 

5.2] 
0.97 

(0.02) 4.3(8.6) [-12.6, 
21.3] 

0.49 
(0.25) 6.6(8.9) [-10.9, 

24.2] 0.4(0.23) 

(A1-A5)/CF/E 59.3(5.8) 62.3(6.8) -3.0(4.9) [-12.6, 
6.7] 

0.62 
(0.19) 57.3(8.6) 58.5(10.4) -2.0(5.9) [-13.6, 

9.7] 
0.79 

(0.13) 1.6(4.6) [-7.5, 
10.7] 

0.78 
(0.12) 3.9(6.3) [-8.5, 

16.2] 
0.67 

(0.15) 

Max to 
stop (°) 

A1/OF/E -75.2(8.2) -73.9(8.4) -1.4(1.9) [-5.1, 
2.4] 

0.96 
(0.03) 

-
70.0(11.5) 

-
66.7(11.3) -2.5(2.1) [-6.7, 

1.6] 
0.96 

(0.03) -4.8(10.6) [-25.6, 
15.9] 

0.4 
(0.27) -7.2(10.6) [-27.9, 

13.6] 0.34(0.24) 

(A1-A5)/CF/E -63.8(6.6) -66.1(6.9) 2.3(4.9) [-7.3, 
11.9] 

0.69 
(0.17) 

-
61.5(10.5) -60(15.5) -0.8(10.2) [-20.8, 

19.3] 
0.72 

(0.15) -1.9(6.3) [-14.3, 
10.4] 

0.73 
(0.14) -6.1(11.6) [-28.9, 

16.7] 0.46(0.16) 

Mean 
speed 

out 
(°/sec) 

A1/OF/E 23.9(11.7) 22.8(10.5) 1.1(1.4) [-1.5, 
3.8] 

0.99 
(0.01) 23.2(8.1) 20.7(7.9) 1.2(1.1) [-0.9, 

3.2] 
0.98 

(0.01) 1.5(6.5) [-11.2, 
14.2] 

0.79 
(0.11) 2.0(5.7) [-9.1, 

13.1] 0.79(0.11) 

(A1-A5)/CF/E 20.8(9.6) 21.8(9.6) -1.0(2.5) [-5.9, 
3.9] 

0.96 
(0.03) 20.2(6.7) 19.7(7.4) -0.7(2.6) [-5.8, 

4.4] 
0.92 

(0.06) 1.1(6.5) [-11.7, 
13.9] 

0.7 
(0.16) 2.1(5.5) [-8.6, 

12.9] 0.77(0.13) 

Mean 
speed 
back 

(°/sec) 

A1/OF/E -28.2(9.6) -26.8(8.6) -1.4(1.5) [-4.4, 
1.5] 

0.97 
(0.01) -30.3(6.9) -26.6(7.7) -2.0(2.3) [-6.5, 

2.4] 
0.89 

(0.07) 1.4(7.1) [-12.4, 
15.3] 

0.65 
(0.19) -0.1(7.1) [-14.1, 

13.8] 0.62(0.21) 

(A1-A5)/CF/E -25.0(9.5) -26.0(9.3) 1.0(2.2) [-3.3, 
5.4] 

0.97 
(0.02) -27(5.5) -25.3(9.2) -0.1(4.0) [-7.9, 

7.6] 
0.84 

(0.08) 1.4(6.6) [-11.5, 
14.2] 

0.65 
(0.15) -0.8(7.0) [-14.5, 

13] 0.71(0.18) 

Max 
speed 

out 
(°/sec) 

A1/OF/E 43.9(18.7) 46.2(18.7) -2.3(2.6) [-7.4, 
2.8] 

0.98 
(0.01) 42.4(14.9) 41.2(15.3) -1.2(4.4) [-9.7, 

7.3] 
0.95 

(0.04) 2.3(11.1) [-19.4, 
24] 

0.79 
(0.13) 5.0(12.1) [-18.6, 

28.6] 0.72(0.16) 

(A1-A5)/CF/E 38.3(15.1) 47.0(19.6) -8.6(5.7) [-19.8, 
2.6] 

0.83 
(0.07) 37.2(12.0) 42(15.7) -7.2(6.4) [-19.8, 

5.3] 
0.76 

(0.13) 1.4(10.0) [-18.2, 
21.1] 

0.74 
(0.15) 5.0(13.1) [-20.8, 

30.7] 0.7(0.17) 

Max 
speed 
back 

(°/sec) 

A1/OF/E -
51.6(19.3) 

-
52.2(17.8) 0.6(2.4) [-4.1, 

5.2] 
0.99 

(0.00) 
-

56.7(14.9) 
-

52.2(17.5) -0.9(3.4) [-7.6, 
5.7] 

0.97 
(0.02) 4.0(15.7) [-26.9, 

34.8] 
0.59 

(0.23) 0.1(15.0) [-29.3, 
29.4] 0.64(0.21) 

(A1-A5)/CF/E -
44.5(18.6) 

-
50.3(17.7) 5.8(4.4) [-2.9, 

14.5] 
0.92 

(0.05) 
-

49.6(11.7) 
-

51.3(17.4) 4.9(8.7) [-12, 
21.9] 

0.74 
(0.15) 4.1(15.1) [-25.5, 

33.8] 
0.53 

(0.22) 1.0(14.5) [-27.5, 
29.5] 0.66 (0.2) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck 
flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 



Table 5. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of head extension  

Test type Angles 
Vicon/ViMove 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon (SD) ViMove 
(SD) 

Difference 
between 
Vicon and 

ViMove 
(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon (SD) ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Extension 

Baseline 
to max 

(°) 

A1/OF/E -
69.9(16.0) 

-
61.6(16.4) -8.3(7.0) [-22, 

5.4] 
0.79 

(0.11) 
-

67.3(12.7) -54.7(14.3) -10.3(5.2) [-20.4, 
-0.2] 

0.67 
(0.14) -5.5(5.6) [-16.4, 

5.5] 
0.83 

(0.10) -6.9(5.7) [-18, 
4.2] 

0.84 
(0.09) 

(A1-A5)/CF/E -
63.3(17.1) 

-
55.7(16.3) -7.6(8.9) 

[-
25.1, 
10] 

0.77 
(0.13) 

-
62.0(14.2) -49.5(13.7) -11.3(6.2) [-23.5, 

0.9] 
0.66 

(0.15) -11.3(6.2) [-23.5, 
0.9] 

0.66 
(0.15) -6.3(8.7) [-23.4, 

10.8] 
0.76 

(0.13) 

Start to 
max (°) 

A1/OF/E -
72.5(16.3) 

-
62.8(16.1) -9.8(6.5) 

[-
22.5, 
2.9] 

0.76 
(0.11) 

-
69.0(14.6) -56.4(15.2) -10.6(4.9) [-20.2, 

-1] 
0.73 

(0.12) -6.1(4.7) [-15.4, 
3.2] 

0.87 
(0.08) -6.4(4.3) [-14.8, 

2] 
0.88 

(0.06) 

(A1-A5)/CF/E -
64.2(17.6) 

-
58.8(16.4) -5.4(7.8) 

[-
20.7, 
9.8] 

0.85 
(0.09) 

-
62.8(15.4) -52.6(13.7) -8.6(5.6) [-19.5, 

2.3] 
0.77 

(0.12) -8.6(5.6) [-19.5, 
2.3] 

0.77 
(0.12) -6.3(5.3) [-16.6, 

4.1] 
0.86 

(0.07) 

Max to 
stop (°) 

A1/OF/E 77.2(17.2) 67.4(17.3) 9.8(6.9) [-3.8, 
23.4] 

0.78 
(0.11) 72.2(15.1) 59.0(16.0) 11.1(4.8) [1.7, 

20.5] 
0.73 

(0.12) 7.8(5.2) [-2.5, 
18.0] 

0.83 
(0.10) 8.4(3.7) [1.2, 

15.7] 
0.85 

(0.07) 

(A1-A5)/CF/E 68.1(18.4) 62.0(18.0) 6.1(9.1) 
[-

11.7, 
23.9] 

0.82 
(0.11) 66.3(16.4) 55.2(14.8) 9.3(5.5) [-1.6, 

20.2] 
0.78 

(0.11) 9.3(5.5) [-1.6, 
20.2] 

0.78 
(0.11) 6.8(7.0) [-6.9, 

20.5] 
0.83 

(0.09) 

Mean 
speed 

out 
(°/sec) 

A1/OF/E -21.2(8.8) -19.3(9.5) -1.9(3.1) [-8, 
4.2] 

0.92 
(0.05) -23.0(8.8) -18.5(6.7) -3.6(2.7) [-8.8, 

1.6] 
0.84 

(0.07) 0.9(4.3) [-7.5, 
9.3] 

0.88 
(0.09) -0.8(5.6) [-11.8, 

10.2] 
0.76 

(0.13) 

(A1-A5)/CF/E -19.2(7.4) -20.0(9.7) 0.7(4.3) [-7.8, 
9.2] 

0.87 
(0.07) -21.3(7.1) -18.5(6.3) -1.9(1.6) [-5, 

1.2] 
0.93 

(0.04) -1.9(1.6) [-5.0, 
1.2] 

0.93 
(0.04) -1.5(6.9) [-15, 

12.1] 
0.63 

(0.18) 
Mean 
speed 
back 

(°/sec) 

A1/OF/E 26.7(9.1) 23.5(7.5) 3.2(2.8) [-2.4, 
8.7] 

0.87 
(0.07) 28.8(9.1) 22.9(7.5) 4.5(3.1) [-1.5, 

10.5] 
0.78 

(0.10) -0.8(4.1) [-8.7, 
7.2] 

0.89 
(0.08) 0.6(4.0) [-7.2, 

8.4] 
0.86 

(0.09) 

(A1-A5)/CF/E 24.5(9.5) 22.8(9.0) 1.7(4.1) [-6.3, 
9.8] 

0.88 
(0.08) 26.9(8.4) 22.3(7.3) 3.4(2.8) [-2.1, 

8.9] 
0.83 

(0.09) 3.4(2.8) [-2.1, 
8.9] 

0.83 
(0.09) 0.5(6.1) [-11.5, 

12.6] 
0.72 

(0.16) 

Max 
speed 

out 
(°/sec) 

A1/OF/E -
39.4(16.7) 

-
40.8(19.3) 1.4(5.2) [-8.9, 

11.6] 
0.96 

(0.03) 
-

42.5(16.1) -38.6(14.6) -2.0(3.4) [-8.6, 
4.6] 

0.97 
(0.02) 1.3(6.6) [-11.7, 

14.2] 
0.92 

(0.06) -2.2(10.3) [-22.4, 
17.9] 

0.81 
(0.11) 

(A1-A5)/CF/E -
38.0(15.9) 

-
43.5(20.2) 5.5(12.4) 

[-
18.9, 
29.8] 

0.73 
(0.15) 

-
40.8(12.8) -39.9(13.7) 0.8(6.3) [-11.6, 

13.2] 
0.88 

(0.08) 0.8(6.3) [-11.6, 
13.2] 

0.88 
(0.08) -3.6(12.6) [-28.2, 

21.1] 
0.72 

(0.14) 

Max 
speed 
back 

(°/sec) 

A1/OF/E 46.1(15.9) 44.1(13.0) 2.0(3.5) [-4.9, 
8.9] 

0.96 
(0.02) 49.1(16.6) 41.8(14.7) 4.9(5) [-5.0, 

14.8] 
0.89 

(0.06) -1.0(9.0) [-18.7, 
16.7] 

0.84 
(0.11) 2.3(8.4) [-14.1, 

18.7] 
0.81 

(0.12) 

(A1-A5)/CF/E 42.2(18.4) 48.2(13.5) -6.0(11.4) 
[-

28.4, 
16.4] 

0.7 
(0.15) 45.0(14.7) 43(14.4) -0.2(5) [-9.9, 

9.5] 
0.94 

(0.04) -0.2(5.0) [-9.9, 
9.5] 

0.94 
(0.04) 5.2(10.7) [-15.8, 

26.2] 
0.66 

(0.19) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck 
flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 



 

Table 6. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of upper cervical flexion 

Test type 
Angles 

Vicon/ViMov
e 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Differenc
e 

between 
Vicon and 

ViMove 
(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon (SD) ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 

two 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 

two 
(SE) 

Upper 
cervica

l 
flexion 

Baselin
e to 

max (°) 

A1/Of 25.3(14.4) 23.7(14.3
) 1.6(1.3) [-1.0, 

4.2] 
0.99 

(0.01) 23.3(10.7) 22.6(10.8) 0.7(3.0) [-5.2, 
6.6] 

0.96 
(0.03) 0.5(9.5) [-18.1, 

19.1] 
0.72 

(0.17) -0.4(10.5) [-21.0, 
20.3] 

0.66 
(0.20) 

(A5-A1)/CF/E 25.7(13.3) 26.3(15.6
) -0.7(5.3) [-11.1, 

9.8] 
0.93 

(0.04) 22.8(10.1) 22.6(10.8) 0.1(4.0) [-7.7, 
8.0] 

0.93 
(0.05) 0.6(8.7) [-16.4, 

17.7] 
0.69 

(0.19) 1.8(11.9) [-21.6, 
25.2] 

0.59 
(0.22) 

Start to 
max (°) 

A1/Of 28.0(13.1) 26.7(14.3
) 1.3(2.2) [-3.0, 

5.6] 
0.98 

(0.01) 27.2(10.0) 25.7(9.9) 1.5(0.6) [0.3, 
2.7] 

0.98 
(0.01) -0.2(8.3) [-16.5, 

16.2] 
0.75 

(0.15) -0.5(9.5) [-19, 
18.1] 

0.7 
(0.17) 

(A5-
A1)/CF/E/E 28.4(11.6) 27.7(15.4

) 0.8(4.5) [-8.0, 
9.5] 

0.94 
(0.02) 28.0(9.9) 25.7(9.9) 2.3(2.0) [-1.6, 

6.3] 
0.95 

(0.03) -1.1(6.8) [-14.4, 
12.3] 

0.79 
(0.14) 0.1(10.2) [-20.0, 

20.1] 
0.68 

(0.17) 

Max to 
stop (°) 

A1/Of -
30.3(13.2) 

-
28.1(14.1

) 
-2.2(2.0) [-6.2, 

1.8] 
0.97 

(0.02) 
-

29.1(10.6) 
-

27.2(10.5) -1.8(0.6) [-3.1, -
0.6] 

0.98 
(0.01) 0.0(7.7) [-15.0, 

15.0] 
0.8 

(0.13) 0.4(8.8) [-16.7, 
17.6] 

0.76 
(0.14) 

(A5-A1)/CF/E -
29.6(15.0) -12.1(4.5) -2.1(4.6) [-11, 

6.9] 
0.93 

(0.04) 
-

28.0(11.1) 
-

27.2(10.5) -2.9(1.9) [-6.6, 
0.8] 

0.94 
(0.04) 1.0(6.2) [-11.1, 

13.1] 
0.84 

(0.11) 0.1(9.5) [-18.5, 
18.7] 

0.73 
(0.15) 

Mean 
speed 

out 
(°/sec) 

A1/Of 10.0(4.8) 9.1(3.8) 0.9(1.2) [-1.5, 
3.3] 

0.94 
(0.03) 10.9(3.8) 10.0(3.5) 0.9(0.6) [-0.4, 

2.1] 
0.96 

(0.03) -0.9(2.6) [-6.0, 
4.2] 

0.82 
(0.11) -0.9(2.1) [-4.9, 

3.2] 
0.83 

(0.11) 

(A5-A1)/CF/E 3.6(5.5) 9.9(3.7) 0.6(0.7) [-0.9, 
2.0] 

0.97 
(0.02) 11.0(3.6) 10.0(3.5) 1.0(1.0) [-0.8, 

2.9] 
0.92 

(0.05) -0.6(2.3) [-5.1, 
3.9] 

0.82 
(0.11) -0.2(1.5) [-3.1, 

2.8] 
0.91 

(0.06) 
Mean 
speed 
back 

(°/sec) 

A1/Of -12.1(4.4) -11.7(4.3) -0.5(1.0) [-2.5, 
1.6] 

0.97 
(0.02) 

-
29.1(10.6) 

-
27.2(10.5) -0.8(1.2) [-3.1, 

1.5] 
0.97 

(0.02) 2.0(5.2) [-8.1, 
12.1] 

0.55 
(0.23) 1.7(4.7) [-7.5, 

10.9] 
0.56 

(0.24) 

(A5-A1)/CF/E -5.8(3.1) -12.1(4.5) 0.5(2.5) [-4.4, 
5.4] 

0.8 
(0.12) -14.5(6.1) -13.5(5.7) -0.9(1.0) [-2.8, 

1.0] 
0.97 

(0.02) 2.7(4.8) [-6.7, 
12.1] 

0.47 
(0.22) 1.3(4.5) [-7.4, 

10.1] 
0.62 

(0.22) 
Max 

speed 
out 

(°/sec) 

A1/Of 19.4(9.1) 21.5(12.1
) -2.1(4.6) [-11.2, 

7.0] 
0.89 

(0.06) 21.5(7.8) 23.4(8.2) -1.9(2.7) [-7.3, 
3.4] 

0.91 
(0.06) -2.0(4.7) [-11.3, 

7.2] 
0.83 
(0.1) -1.4(7.2) [-15.5, 

12.7] 
0.77 

(0.12) 

(A5-A1)/CF/E 19.1(8.6) 23.6(11.6
) -4.6(4.2) [-12.9, 

3.7] 
0.82 

(0.08) 21.9(8.0) 23.4(8.2) -1.5(3.5) [-8.4, 
5.4] 

0.89 
(0.08) -2.8(4.7) [-12, 

6.3] 
0.8 

(0.12) 0.3(6.5) [-12.4, 
13.0] 

0.81 
(0.10) 

Max 
speed 
back 

(°/sec) 

A1/Of -9.5(6.8) -25.6(9.6) 0.7(3.5) [-6.2, 
7.6] 

0.92 
(0.05) -9.7(4.3) -28.0(9.6) 1.6(3.1) [-4.4, 

7.6] 
0.94 

(0.03) 3.4(9.8) [-15.9, 
22.6] 

0.51 
(0.26) 3.9(9.2) [-14.2, 

21.9] 
0.49 

(0.26) 

(A5-A1)/CF/E -22.5(8.1) -25.6(9.6) 3.1(3.9) [-4.5, 
10.7] 

0.85 
(0.09) 

-
26.4(11.3) -28.0(9.6) 1.6(3.3) [-5, 8.1] 0.94 

(0.04) 3.8(9.5) [-14.8, 
22.5] 

0.51 
(0.25) 1.9(9.0) [-15.7, 

19.6] 
0.56 

(0.25) 
The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck 
flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 



Table 7. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of lateral flexion right 

Test type 
Angles 

Vicon/ViMov
e 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon (SD) ViMove 
(SD) 

Differenc
e 

between 
Vicon and 

ViMove 
(SD) 

LOA  

CCC 
Vicon 
and 

ViMov
e (SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Differenc
e 

between 
Vicon and 

ViMove 
(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 

two 
(SE) 

Differenc
e 

between 
Vicon 

session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one and 
two (SE) 

Latera
l 

flexion 
right  

Baselin
e to 

max (°) 

A6/OLF 44.0(6.9) 43.7(7.9) 0.3(3.0) [-5.7, 
6.2] 

0.92 
(0.05) 41.6(8.9) 42.5(9.8) -0.9(3) [-6.7, 

5.0] 
0.94 

(0.04) 2.3(3.2) [-3.9, 
8.6] 

0.88 
(0.06) 1.1(2.9) [-4.6, 

6.8] 
0.94 

(0.03) 

A7/CLF 38.1(7.5) 38.4(6.4) -0.3(4.2) [-8.6, 
7.9] 

0.82 
(0.11) 38.5(9.8) 37.5(7.4) 0.9(6.4) [-11.7, 

13.5] 
0.72 

(0.15) -0.4(5.7) [-11.5, 
10.7] 

0.79 
(0.12) 0.9(1.8) [-2.8, 

4.5] 
0.96 

(0.03) 

Start to 
max (°) 

A6/OLF 45.7(7.5) 45.5(8.1) 0.1(2.7) [-5.2, 
5.4] 

0.94 
(0.04) 43.1(9.4) 43.5(10.1

) -0.4(2.4) [-5.1, 
4.3] 

0.97 
(0.02) 2.6(3.4) [-4.2, 

9.3] 
0.87 

(0.07) 2.1(3.5) [-4.8, 
8.9] 

0.90 
(0.05) 

A7/CLF 39.7(8.3) 40.1(6.7) -0.4(4.4) [-8.9, 
8.2] 

0.83 
(0.1) 39.0(10.6) 38.6(7.7) 0.4(6.4) [-12.1, 

12.8] 
0.76 

(0.13) 0.8(5.1) [-9.2, 
10.7] 

0.85 
(0.08) 1.5(3.5) [-5.4, 

8.4] 
0.86 

(0.09) 

Max to 
stop (°) 

A6/OLF -49.3(9) -49.1(9.8) -0.3(2.7) [-5.5, 
4.9] 

0.96 
(0.03) 

-
46.9(11.1) 

-
47.5(11.8

) 
0.6(2.3) [-3.9, 

5.1] 
0.98 

(0.01) -2.4(4.1) [-10.4, 
5.5] 

0.89 
(0.06) -1.5(4.5) [-10.3, 

7.3] 
0.9 

(0.06) 

A7/CLF -42.3(9.9) -44.0(8.3) 1.7(5.0) [-8.2, 
11.6] 

0.83 
(0.1) 

-
41.8(11.4) -42.7(9.6) 0.8(7.5) [-13.9, 

15.5] 
0.75 

(0.15) -0.4(4.9) [-9.9, 
9.1] 

0.90 
(0.07) -1.3(4.6) [-10.4, 

7.8] 
0.86 

(0.09) 
Mean 
speed 

out 
(°/sec) 

A6/OLF 18.2(8.2) 17.6(7.9) 0.6(1.2) [-1.8, 
2.9] 

0.99 
(0.01) 18.1(7.3) 17.4(6.1) 0.7(1.8) [-2.8, 

4.2] 
0.96 

(0.02) 0.1(3.8) [-7.4, 
7.5] 

0.88 
(0.08) 0.2(3.3) [-6.2, 

6.6] 
0.89 

(0.06) 

A7/CLF 14.9(6.7) 17.8(7.6) -2.9(2.1) [-7, 1.2] 0.88 
(0.07) 15.2(5.4) 18.4(8.1) -3.2(3.9) [-10.9, 

4.4] 
0.75 

(0.11) -0.3(2.7) [-5.6, 5] 0.90 
(0.06) -0.6(4.3) [-9.1, 

7.9] 
0.84 

(0.10) 
Mean 
speed 
back 

(°/sec) 

A6/OLF -25.0(9.5) -24.9(9.9) -0.1(0.7) [-1.6, 
1.3] 

1.0 
(0.0) -26.1(9.3) -24.4(9.2) -1.7(4.5) [-10.4, 

7.1] 
0.87 

(0.09) 1.1(5.5) [-9.7, 
11.8] 

0.82 
(0.11) -0.4(6.8) [-13.7, 

12.8] 
0.75 

(0.16) 

A7/CLF -21.4(8.9) -23.2(9.7) 1.8(3.0) [-4.1, 
7.7] 

0.93 
(0.05) -22.4(7.7) -25.4(9.7) 3.0(4.4) [-5.6, 

11.5] 
0.82 
(0.1) 1.0(4.2) [-7.2, 

9.2] 
0.87 

(0.08) 2.2(5.9) [-9.4, 
13.8] 

0.79 
(0.13) 

Max 
speed 

out 
(°/sec) 

A6/OLF 36.0(14.6) 39.4(16.7
) -3.5(4.1) [-11.6, 

4.6] 
0.94 

(0.04) 37.4(14.9) 41.5(17.6
) -4.1(4.3) [-12.6, 

4.3] 
0.93 

(0.04) -1.4(7.1) [-15.3, 
12.4] 

0.88 
(0.08) -2.1(7.4) [-16.6, 

12.4] 
0.90 

(0.07) 

A7/CLF 27.7(11.2) 40.0(16.5
) -12.3(6.3) [-24.7, 

0.1] 
0.63 

(0.12) 29.2(10.2) 43.2(17.3
) -14.0(9.1) [-31.8, 

3.7] 
0.52 

(0.14) -1.5(4.3) [-9.9, 
7.0] 

0.91 
(0.06) -3.2(7.8) [-18.5, 

12.1] 
0.88 

(0.08) 

Max 
speed 
back 

(°/sec) 

A6/OLF -
43.4(17.2) 

-
46.7(19.1

) 
3.3(2.6) [-1.8, 

8.3] 
0.97 

(0.01) 
-

45.1(16.5) 

-
49.2(19.3

) 
4.1(4.1) [-4.0, 

12.2] 
0.95 

(0.03) 1.7(9.0) [-15.9, 
19.2] 

0.85 
(0.10) 2.5(9.0) [-15.1, 

20.1] 
0.88 

(0.08) 

A7/CLF -
36.8(15.8) 

-
45.9(18.8

) 
9.2(5.3) [-1.3, 

19.6] 
0.83 

(0.08) 
-

39.1(13.8) -47.8(18) 8.7(8.2) [-7.3, 
24.8] 

0.75 
(0.12) 2.3(6.7) [-10.8, 

15.4] 
0.89 

(0.07) 1.8(8.2) [-14.2, 
17.9] 

0.90 
(0.07) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck 
flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 

 



 
Table 8. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of lateral flexion left 

Test type Angles 
Vicon/ViMove 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 
Vicon and 
ViMove 

(SD) 

LOA  

CCC 
Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one 
and 
two 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC 
Vicon 

session 
one 
and 
two 
(SE) 

Lateral 
flexion 

left 

Baseline 
to max 

(°) 

A6/OLF -45.1(6.7) -44.2(6.5) -0.8(2.5) [-5.7, 
4.1] 

0.92 
(0.05) -39.6(5.6) -38.3(6.1) -0.7(1.8) [-4.3, 

2.9] 
0.97 

(0.02) -1.1(4.5) [-9.8, 
7.7] 

0.82 
(0.11) -1.0(4.3) [-9.3, 

7.4] 
0.82 

(0.11) 

A7/CLF -44(8.4) -43.3(8.0) -1.3(3.8) [-8.8, 
6.2] 

0.76 
(0.14) -38.2(8.1) -38.3(7.1) 0.1(4.3) [-8.2, 

8.5] 
0.84 
(0.1) -1.4(4.8) [-10.9, 

8.0] 
0.74 

(0.13) 0.0(3.4) [-6.5, 
6.6] 

0.87 
(0.08) 

Start to 
max (°) 

A6/OLF -45.2(7.6) -44.5(7.1) -0.7(2.6) [-5.8, 
4.3] 

0.93 
(0.04) -38.7(6.4) -37.4(9.2) -0.7(2.0) [-4.7, 

3.3] 
0.97 

(0.02) -0.6(4.5) [-9.4, 
8.2] 

0.85 
(0.09) -0.6(4.2) [-8.8, 

7.6] 
0.86 

(0.08) 

A7/CLF -44.7(9) -43.9(8.8) -1.3(6.9) [-14.9, 
12.3] 

0.61 
(0.20) -37.8(8.7) -39.1(7.7) 1.3(4.1) [-6.8, 

9.5] 
0.86 

(0.09) -0.9(4.0) [-8.7, 
7.0] 

0.86 
(0.08) 1.7(5.3) [-8.7, 

12.2] 
0.78 

(0.13) 

Max to 
stop (°) 

A6/OLF 48.1(8.6) 46.8(8) 1.3(2.6) [-3.7, 
6.3] 

0.94 
(0.04) 40.1(7.1) 41.5(7.6) 0.4(1.8) [-3.2, 

4.0] 
0.98 

(0.01) 0.3(4.3) [-8.2, 
8.8] 

0.89 
(0.07) -0.6(4.4) [-9.2, 

8.1] 
0.88 

(0.07) 

A7/CLF 47.8(9.9) 47.4(9.9) -1.5(3.7) [-8.7, 
5.8] 

0.85 
(0.09) 39.7(9.5) 42.8(8.9) -3.1(4.9) [-12.6, 

6.4] 
0.81 

(0.11) 0.4(3.8) [-7.1, 
7.8] 

0.90 
(0.05) -1.3(3.0) [-7.3, 

4.7] 
0.92 

(0.05) 

Mean 
speed 

out 
(°/sec) 

A6/OLF -18.1(7.4) -17.4(7.0) -0.7(1.3) [-3.2, 
1.8] 

0.98 
(0.01) -14.0(5.4) -17.5(6.7) -0.8(1.3) [-3.4, 

1.7] 
0.98 

(0.01) 1.4(6.0) [-10.3, 
13.1] 

0.71 
(0.17) 1.3(5.4) [-9.3, 

11.9] 
0.74 

(0.15) 

A7/CLF -19.5(8.6) -18.6(8.4) 3.5(2.1) [-0.7, 
7.6] 

0.79 
(0.09) -15.2(7.3) -18.2(7.8) 2.9(2.1) [-1.2, 

7.1] 
0.89 

(0.06) 1.2(4.2) [-7.0, 
9.5] 

0.77 
(0.12) 0.7(5.5) [-10.1, 

11.5] 
0.71 

(0.17) 

Mean 
speed 
back 

(°/sec) 

A6/OLF 25.2(10.7) 24.5(9.7) 0.8(2.0) [-3.1, 
4.7] 

0.98 
(0.01) 20.3(6.9) 21.9(9.8) 0.9(1.7) [-2.4, 

4.2] 
0.98 

(0.01) -1.6(7.0) [-15.3, 
12.2] 

0.75 
(0.15) -1.5(6.6) [-14.4, 

11.5] 
0.73 

(0.16) 

A7/CLF 26.8(9.5) 25.9(8.8) -1.6(4.6) [-10.7, 
7.4] 

0.83 
(0.08) 21.1(7.3) 24.6(8.8) -3.5(3.6) [-10.5, 

3.6] 
0.82 

(0.10) -0.8(4.6) [-9.9, 
8.3] 

0.78 
(0.14) -2.7(5.6) [-13.7, 

8.4] 
0.78 

(0.13) 

Max 
speed 

out 
(°/sec) 

A6/OLF -
34.5(13.4) 

-
37.5(14.2) 3.0(3.2) [-3.3, 

9.3] 
0.95 

(0.03) 
-

26.4(10.5) 
-

37.8(13.8) 3.5(4.8) [-5.9, 
12.9] 

0.94 
(0.04) 3.1(11.6) [-19.7, 

25.9] 
0.68 

(0.18) 3.6(11.1) [-18.1, 
25.4] 

0.75 
(0.14) 

A7/CLF -
37.7(16.2) 

-
41.2(18.1) 11.4(4.3) [2.9, 

20.0] 
0.63 

(0.12) 
-

28.4(12.7) 
-

42.5(18.1) 14.1(7.5) [-0.5, 
28.7] 

0.61 
(0.13) 2.0(8.3) [-14.4, 

18.3] 
0.73 

(0.16) 4.6(11.4) [-17.8, 
27] 

0.72 
(0.15) 

Max 
speed 
back 

(°/sec) 

A6/OLF 45.3(20.8) 47.6(21.2) -2.2(3.6) [-9.2, 
4.7] 

0.98 
(0.01) 36.8(13.5) 46.1(21.3) -2.4(4.6) [-11.5, 

6.7] 
0.96 

(0.03) -2.7(13.0) [-28.1, 
22.7] 

0.77 
(0.14) -2.9(13.9) [-30.2, 

24.4] 
0.75 

(0.15) 

A7/CLF 48.1(17.8) 50.5(18.5) -9.3(9.5) [-27.9, 
9.2] 

0.75 
(0.10) 38.1(14.3) 49.1(17.7) -11(6.9) [-24.6, 

2.6] 
0.72 

(0.12) -1.3(9.7) [-20.4, 
17.7] 

0.75 
(0.15) -3.0(13.4) [-29.2, 

23.3] 
0.76 

(0.14) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck 
flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; RL = Rotation left 



 

Table 9. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of rotation left 

Test type Angles 
Vicon/ViMove 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon (SD) ViMove 
(SD) 

Difference 
between 

Vicon and 
ViMove 

(SD) 

LOA  

CCC Vicon 
and 

ViMove 
(SE) 

Vicon (SD) ViMove 
(SD) 

Difference 
between 

Vicon and 
ViMove 

(SD) 

LOA  

CCC Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC Vicon 
session 
one and 
two (SE) 

Difference 
between 

Vicon 
session 
one and 
two (SD) 

LOA 

CCC Vicon 
session 
one and 
two (SE) 

Rotation 
left 

Baseline 
to max 

(°) 

A8/OR -84.8(10.5) -75.0(13.3) -6.7(5.3) [-17.1, 3.7] 0.74 (0.14) -79.9 (3.1) -74.4 (3.5) -5.5(2.4) [-10.2, -0.8] 0.84 (0.07) -2.8(9.5) [-21.4, 15.8] 0.46 (0.27) -0.9(10.1) [-20.7, 18.9] 0.68 (0.18) 

 /CR   -71.3(12.6)         -71.8 (3.3)             0.5(7.4) [-14.1, 15.1] 0.79 (0.13) 

Start to 
max (°) 

A8/OR -84.2(11.7) -75.3(14.2) -6.4(4.4) [-15.1, 2.3] 0.78 (0.12) -79.5 (3.4) -74.1 (3.4) -5.4(2.7) [-10.7, -0.2] 0.85 (0.08) -2.4(10.3) [-22.6, 17.9] 0.47 (0.27) -1.0(8.8) [-18.1, 16.2] 0.73 (0.15) 

 /CR   -70.7(12)         -70.7 (3.1)             0.0(6.2) [-12.1, 12.1] 0.84 (0.10) 

Max to 
stop (°) 

A8/OR 87.3(12.5) 82.2(13.5) 3.6(3.5) [-3.3, 10.5] 0.92 (0.05) 83.4 (3.7) 79.3 (3.4) 4.0(4.2) [-4.3, 12.4] 0.87 (0.08) 1.5(10.1) [-18.2, 21.3] 0.59 (0.23) 2.9(9.6) [-16.0, 21.8] 0.67 (0.18) 

 /CR   79.5(12.5)         77.7 (3.4)             1.8(7.7) [-13.2, 16.9] 0.77 (0.14) 

Mean 
speed 

out 
(°/sec) 

A8/OR -34.5(12.7) -30.8(11.7) -2.2(2.2) [-6.5, 2.1] 0.97 (0.02) -36.4 (4.4) -34.5 (4.0) -1.8(2.1) [-5.9, 2.3] 0.98 (0.01) 3.7(5.2) [-6.4, 13.8] 0.88 (0.08) 3.8(3.8) [-3.7, 11.2] 0.90 (0.06) 

 /CR   -30.7(11.5)         -34.4 (3.9)             3.7(3.7) [-3.6, 11.0] 0.90 (0.06) 

Mean 
speed 
back 

(°/sec) 

A8/OR 39.8(11.9) 36.6(10.5) 2.0(3.0) [-4.0, 7.9] 0.95 (0.03) 47.3 (5) 44.5 (4.8) 2.9(3.2) [-3.3, 9.1] 0.96 (0.03) -10.0(10.0) [-29.6, 9.7] 0.54 (0.20) -7.9(8.2) [-23.9, 8.2] 0.66 (0.14) 

 /CR   36.4(10.1)         43.9 (4.7)             -7.5(8.4) [-24.0, 9.0] 0.65 (0.15) 

Max 
speed 

out 
(°/sec) 

A8/OR -69.7(26.4) -63.8(23.7) -3.2(6.0) [-14.9, 8.6] 0.96 (0.02) -74.2 (7.9) -70.4 (8.1) -3.9(3.4) [-10.4, 2.7] 0.98 (0.01) 8.3(16.2) [-23.5, 40.1] 0.74 (0.16) 6.5(13.2) [-19.4, 32.4] 0.83 (0.11) 

 /CR   -67.1(25.3)         -73.5 (8.9)             6.4(16.4) [-25.8, 38.5] 0.79 (0.13) 

Max 
speed 
back 

(°/sec) 

A8/OR 72.8(22) 70.0(19.6) 0.5(5.3) [-9.8, 10.9] 0.97 (0.02) 72.8 (7.3) 83.0 (9.2) 2.1(3.9) [-5.5, 9.7] 0.99 (0.01) -16.7(14.8) [-45.7, 12.3] 0.67 (0.16) -13.0(14.0) [-40.4, 14.5] 0.73 (0.12) 

 /CR   72.2(20.2)         86.1 (9.4)             -13.9(14.8) [-42.8, 15.1] 0.71 (0.12) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; 
RL = Rotation left 

 



 

 
Table 10. Agreement between ViMove and Vicon and reproducibility between the first and second session in measurement of rotation right 

Test type Angles 
Vicon/ViMove 

Agreement between systems session one Agreement between systems session two Reproducibility within system after one week 

Vicon (SD) ViMove 
(SD) 

Difference 
between 

Vicon and 
ViMove 

(SD) 

LOA  

CCC Vicon 
and 

ViMove 
(SE) 

Vicon 
(SD) 

ViMove 
(SD) 

Difference 
between 

Vicon and 
ViMove 

(SD) 

LOA  

CCC Vicon 
and 

ViMove 
(SE) 

Difference 
between 

Vicon 
session one 

and two 
(SD) 

LOA 

CCC Vicon 
session 
one and 
two (SE) 

Difference 
between 

Vicon 
session one 

and two 
(SD) 

LOA 

CCC Vicon 
session 
one and 
two (SE) 

Rotation 
right 

Baseline 
to max 

(°) 

A8/OR 82.1(9.8) 80.8(10.0) 1.2(4.5) [-7.6, 
10.1] 

0.89 
(0.07) 80.9 (3.1) 79.2 (3.5) 1.7(2.4) [-3, 6.5] 0.96 

(0.02) 1.2(5.3) [-9.2, 
11.5] 

0.85 
(0.10) 1.7(5.9) [-9.8, 

13.2] 
0.84 

(0.10) 

 /CR   74.7(15.1)         75.3 (3.3)             1.7(5.9) [-9.8, 
13.2] 

0.84 
(0.10) 

Start to 
max (°) 

A8/OR 85.2(12.8) 81.2(11.4) 4.0(3.4) [-2.7, 
10.7] 0.9 (0.05) 82.9 (3.9) 78.8 (3.7) 4.1(2.7) [-1.2, 9.4] 0.91 

(0.05) 2.3(4.4) [-6.4, 11] 0.92 
(0.05) 2.4(5.8) [-9.0, 

13.8] 
0.85 

(0.09) 

 /CR   78(11.9)         75.2 (3.4)             2.4(5.8) [-9.0, 
13.8] 

0.85 
(0.09) 

Max to 
stop (°) 

A8/OR -87.8(13.5) -79.8(12.9) -7.9(4.8) [-17.2, 
1.4] 

0.78 
(0.11) -85.6 (4.2) -78.7 (3.8) -6.9(4.1) [-15, 1.2] 0.81 

(0.09) -2.2(4.9) [-11.8, 
7.4] 

0.92 
(0.05) -1.1(4.6) [-10.2, 

7.9] 
0.93 

(0.05) 

 /CR   -76.6(12.6)         -75.5 (3.7)             -1.1(4.6) [-10.2, 
7.9] 

0.93 
(0.05) 

Mean 
speed 

out 
(°/sec) 

A8/OR 37.2(16.7) 33.9(13.7) 3.3(3.2) [-3, 9.7] 0.95 
(0.02) 41.3 (6.0) 35.9 (4.7) 5.4(7.0) [-8.4, 

19.2] 
0.87 

(0.07) -4.0(6.5) [-16.7, 
8.7] 

0.91 
(0.06) -2.0(6.3) [-14.3, 

10.4] 
0.89 

(0.07) 

 /CR   33.6(13.1)         37.4 (5.0)             -2.0(6.3) [-14.3, 
10.4] 

0.89 
(0.07) 

Mean 
speed 
back 

(°/sec) 

A8/OR -42.8(15.6) -39.0(13.6) -7.1(10.0) [-26.7, 
12.4] 

0.79 
(0.10) -50.2 (5,4) -44.7 (4.4) -5.4(4.2) [-13.6, 

2.7] 
0.90 

(0.05) 7.3(7.7) [-7.8, 
22.5] 0.8 (0.11) 5.8(5.3) [-4.6, 

16.1] 
0.84 

(0.09) 

 /CR   -39.1(14.2)         -44.0 (4,5)             5.8(5.3) [-4.6, 
16.1] 

0.84 
(0.09) 

Max 
speed 

out 
(°/sec) 

A8/OR 69.6(30.9) 69.3(29.0) 0.2(3.4) [-6.5, 
7.0] 

0.99 
(0.00) 

85.5 
(14.7) 

75,4 
(10.0) 10(27.9) [-44.7, 

64.8] 
0.73 

(0.14) -15.9(22.7) [-60.4, 
28.6] 

0.77 
(0.11) -6.1(12.6) [-30.7, 

18.5] 
0.89 

(0.07) 

 /CR   84.6(54.7)         79.8 
(11.2)             -6.1(12.6) [-30.7, 

18.5] 
0.89 

(0.07) 

Max 
speed 
back 

(°/sec) 

A8/OR -75.6(27.0) -73.7(26.3) -1.9(2.8) [-7.3, 
3.5] 

0.99 
(0.01) 

-94.1 
(13.5) -84.8 (9.1) -9.3(20.8) [-50.1, 

31.5] 
0.81 

(0.09) 18.6(23.3) [-27, 64.2] 0.68 
(0.13) 11.2(11.8) [-12.0, 

34.3] 
0.83 

(0.09) 

 /CR   -82.4(23.0)         -86.7 (9.6)             11.2(11.8) [-12.0, 
34.3] 

0.83 
(0.09) 

The mean difference between systems is calculated as ViMove minus Vicon and the difference between sessions is calculated as the first session minus the second session. 
Abbreviations: SD = standard deviation; LOA = Limits of agreement; CCC = Concordance correlation coefficients; SE = standard error; ARoM = active range of motion; Flex= flexion; Ext= extension; UNF = Upper neck flexion; LFR = Lateral flexion right; LFL = Lateral flexion left; RR = Rotation right; 
RL = Rotation left 
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Abstract 19 

Background 20 

Portable sensor systems may provide an opportunity for clinicians to collect kinematic measurements of 21 

the neck, but the concurrent validity is unknown. The objectives of this study were to investigate the 22 

agreement between measurements obtained with an optoelectronic system (Vicon) and a portable 23 

instrument (ViMove) and to investigate whether the kinematic measurements could differentiate between 24 

participants with and without neck pain. 25 

Methods  26 

Kinematic measurements of flexion, upper cervical flexion, lateral flexion, and rotation were examined with 27 

Vicon and ViMove simultaneously on 20 participants with mechanical neck pain and 20 age and sex 28 

matched participants without neck pain. Agreement was determined using inter-class correlation 29 

coefficient (ICC), mean difference, and 95% limits of agreement (LOA). The ability to differentiate between 30 

participants with and without neck pain were investigated using logistic regression and area under the 31 

curve (AUC). 32 

Findings  33 

Agreement between Vicon and ViMove for all measures was between ICC 0.84-0.99, except for “as fast as 34 

possible” movement speed which had ICCs <0.32. The participants with neck pain had significantly smaller 35 

Active range of motion (ARoM) for rotation left and almost all of the self-selected speeds were faster than 36 

the participants without neck pain. The AUCs ranged from 0.47 to 0.74 and from 0.55 to 0.82 for ARoM and 37 

self-selected speeds respectively. 38 

 39 



 
 

 40 

Interpretation 41 

Based on the concurrent validity of the ViMove instrument, it can be used to obtain reliable measurements 42 

of ARoM and “self-selected speed” in clinical practice. However, the differences between participants with 43 

and without neck pain found in this study were within the day-to-day variation and measuring error.  44 

 45 

1. Introduction  46 
Neck pain (NP) is a common condition that causes 16% of the annual sick leave in Denmark (1) and is 47 

ranked fourth globally in contributing to years lived with disability (2). The majority of people with NP will 48 

only experience short episodes (3, 4), however, the rate of recurrence and chronicity is high (3). Most NP is 49 

categorized as non-specific because a specific nociceptive source cannot be identified. Some non-specific 50 

NP is labelled “mechanical NP,” which has been defined as `Generalized neck and/or shoulder pain with 51 

mechanical characteristics, including symptoms provoked by maintained neck postures, by neck 52 

movement, or by palpation of the cervical muscles´ (5). In the search for a better understanding and more 53 

targeted treatment of recurrent or chronic NP, one of the first steps is to identify kinematic measures that 54 

differentiate between people with NP and people without (6-9).  55 

Cervical active range of motion (ARoM) (10) and movement speed (11-15) have been shown to be reduced 56 

in people with different types of NP when compared to people without NP. Further, improvement in NP 57 

status has been shown to be associated with increased ARoM and speed measures (16). Therefore, a 58 

combination of range of motion and movement speed measurements may have the potential to be used to 59 

differentiate and estimate prognosis in clinical practice (16). Furthermore, combining information from 60 

motion sensors to patient self-reporting tools may be an important link in the understanding of NP. 61 



 
 

Combined motion measurements in these studies were, however, obtained through sophisticated 62 

laboratory test setups and may not be feasible to use in larger studies or in clinical settings.  63 

A solution to this challenge may be to take advantage of motion sensors built into wearable devices that 64 

can obtain combinations of ARoM and speed measurements in everyday life and in clinical settings. 65 

 We participated in the development of a motion tracing system built on wearable sensors (ViMove). A 66 

standardised protocol for clinical examination of ARoM and “self-selected” speed was incorporated into the 67 

system software and the system was optimized to provide a number of output variables of measurements 68 

with the potential to find differences between people with and without NP. In a preceding study, the 69 

ViMove system had demonstrated good agreement for measurements of ARoM and speed when compared 70 

to a state-of-the-art optoelectronic motion capture system and showed acceptable reproducibility in a 71 

small sample of teen subjects not seeking treatment for NP (17).  72 

However, the ViMove system’s ability to distinguish between people with and without NP and the 73 

concurrent validity of the system against a best standard optoelectronic motion tracing system (Vicon) (18) 74 

when used on a mixed population of people with and without NP is still unknown. The aim of this study 75 

was, therefore, to investigate the concurrent validity of range of motion and speed measurement obtained 76 

with ViMove with the following objectives: 1) to determine the agreement between Vicon and ViMove 77 

measurements in a population of participants with and without NP; 2) to compare ARoM and speed 78 

measures for total cervical spine flexion, upper cervical flexion, lateral flexion, and head rotation between 79 

people with NP and without NP measured with Vicon and ViMove and; 3) to determine whether Vicon and 80 

ViMove can distinguish between people with and without NP based on ARoM and velocity measurements.  81 

2. Methods 82 

This study is reported with guidance from the Standards for Reporting of Diagnostic Accuracy Studies 83 

 (19) 84 



 
 

2.1. Study design 85 

This is a cross-sectional study comparing neck range of movement and motion speed in people with 86 

mechanical NP and people without NP using two measuring systems: Vicon and ViMove. 87 

2.2. Participants 88 

We included participants with mechanical NP, defined as pain in the neck area aggravated by static posture 89 

or specific movements. The inclusion criteria were: age between 18 and 60 years; more than 30 days of NP 90 

or discomfort within the past year; and an average pain intensity of at least 5 during the past two weeks, 91 

measured on a 0-10 numerical pain rating scale (NPRS). If the person with NP had radiating arm pain, the 92 

NP had to be greater than the arm pain. Participants with mechanical NP were recruited from 93 

physiotherapy and chiropractic clinics as well as by announcements on Facebook. 94 

 We matched participants without current NP to participants with NP for age (within 5 years) and sex. Being 95 

without current NP were defined as:  less than 8 days of NP or discomfort within the past year; an average 96 

of 0 on NPRS for the past two weeks prior to inclusion as determined by the NPRS and by using similar 97 

exclusion criteria. These were recruited from staff at SDU and by advertisements on Facebook. 98 

To ensure that participants did not have any systemic or other conditions that may influence motor control 99 

function or the ability to perform the tests, we excluded people with generalized pain, defined as pain in 100 

more than 3 body regions, as well as people with inflammatory joint disease, previous surgery of the 101 

cervical spine, serious health conditions such as current cancer, a physical or mental handicap that would 102 

prevent the participants from performing neck exercises, known congenital malformations in the neck, 103 

pregnancy, and if they did not understand written and spoken Danish. 104 

Interested participants were encouraged to contact the research coordinator, who set up an inclusion 105 

interview, where questions regarding inclusion and exclusion criteria were asked. 106 



 
 

This study was approved by the Regional Committees on Health Research Ethics for Southern Denmark 107 

(project S-20130115). 108 

2.3. Instruments 109 

2.3.1. Vicon system 110 

The Vicon system (Vicon®) measures reflex spheres placed on the body using 18 infrared cameras to 111 

generate data points for each reflex sphere. The precision of the Vicon system has a mean error of 0,9 mm 112 

(20). The recording was done at 200 Hz. Using a neck model further described in Hesby et al. 2019. (17), the 113 

data was processed using the Nexus 2.8.0 software.  114 

2.3.2. ViMove system 115 

The ViMove sensor system, (DorsaVi Company (© 2018 dorsaVi Ltd.)) consisted of two sensors, a data 116 

logging device, and ViMove software installed on a HP EliteBook® intel® Core™ i5-4200u CPU @ 1.60GHz 117 

2.3 GHz (Window 7) for processing of sensor output. The recording is sampled at 20 Hz. The system has 118 

shown good concurrent validity against Vicon with a concordance correlation between 0.74 and 0.99 and 119 

acceptable to good reproducibility with a concordance correlation between 0.6 to 0.9 when measuring 120 

ARoM and motion speed in a population not seeking care of NP (17). The system provides angles in degrees 121 

relative to a calibrated position for head flexion, lateral bending, and rotation. 122 

2.3.3. Questionnaires 123 
On the day prior to testing, participants received a link to a questionnaire inquiring about number of days 124 

with NP,  pain intensity present and during the past two weeks in the neck and arms as average pain and 125 

maximal pain on a 0-10 numerical rating scale (21). Functional limitations were recorded using the Neck 126 

Disability Index (NDI) (8) (22). Participants were asked to complete the questionnaires before attending the 127 

physical examinations. The Danish version of the NDI has been found to have good construct validity, good 128 

generalizability, and acceptable measurement error (22). To make the NDI uni-dimensional, it has been 129 

reduced from ten questions to eight questions. The NDI was converted to a score between 0-100. A cut off 130 



 
 

point of 7 has been suggested to differentiate between people with and without functional limitations  131 

(23). Fear avoidance behaviour was elicited using the Danish version of the Tampa Scale for Kinesiophobia 132 

(24). TSK gives a score between 17 and 68 (25). The Danish version of the TSK has, to our knowledge, not 133 

been validated, but it has shown acceptable reliability and construct validity in other Scandinavian 134 

languages (Swedish and Norwegian studies (26, 27)). 135 

2.4. Study procedures 136 

On the day of physical examination, written consent was obtained by a research coordinator and the 137 

participants were encouraged not to disclose pain status to the research assistants doing the trial. 138 

In the Vicon lab at the University of Southern Denmark, height and weight were measured and body mass 139 

index was calculated (kg/m2). Reflex spheres and sensors for the Vicon and ViMove systems were mounted 140 

with the same placement as in the study by Hesby et al (17). 141 

Participants were seated on a box and placed in an upright posture with a plumb line running through the 142 

middle of the ear, the middle of the shoulder, and the greater trochanter (28). The upright posture was 143 

used to calibrate the Vicon and the ViMove systems and served as the base for the movement 144 

examinations.  145 

The movement examinations were done in the following order: flexion, max speed flexion, lateral flexion 146 

right, lateral flexion left, upper cervical flexion, head rotation right, max speed head rotation right, max 147 

speed head rotation left, max speed head rotation left. 148 

Standardised instructions were read out loud to the participants asking them to try the movement prior to 149 

examination. Examination procedures are described in detail elsewhere (17). All examinations were 150 

repeated three times with eyes closed at a self-selected speed (except when asked to repeat the 151 

movement using max speed) and with a small pause at the end range of each movement and between each 152 

movement cycle.  153 



 
 

Simultaneously, recordings from the Vicon and ViMove systems began five seconds before the participant 154 

was instructed to start the movement and ended approximately five seconds after the last repetition. 155 

One research assistant handled the recording in the Vicon system and another handled the recording in the 156 

ViMove system. 157 

2.5. Data management 158 

Output from the ViMove system consists of differences in degrees from the calibrated position for the 159 

occiput sensor and the T3 sensor as well as the difference between the two sensors denoted “cervical” in 160 

the three planes of motion and a time stamp in milliseconds from the start of recording for each measuring 161 

point until the recording was completed. 162 

Data from Vicon contains 3D coordinates from each reflex sphere. The data was transferred to the Nexus 163 

software where a neck model that had previously been used to describe neck posture and motion (18, 29) 164 

was applied to the data. The angles for comparison (Table 1) between participants with and without NP and 165 

between systems were selected based on results from our pilot study that explored comparable angles 166 

between Vicon and ViMove (17).   167 

Event markers were placed in the datasets to indicate a baseline and each movement cycle. From Vicon and 168 

ViMove, data was transferred to Matlab®. We used customized script to calculate the following for each 169 

angle (see Table 1): 170 

1. ARoM as the difference between baseline and maximum value in the primary plan of motion  171 

2. Mean speed was calculated in the interval between two thresholds for start and stop of motion. 172 

The thresholds were set at 4 % of maximum speed (30): 𝑎𝑎2−𝑎𝑎1
𝑡𝑡2−𝑡𝑡1

 , where a1 and a2  are the angles in 173 

degrees and t1 and t2 are the times in seconds at the first and second threshold 1 and 2. 174 

3. Max speed as the highest value of speed 175 

The mean of the three repetitions of the motion data was used in the analysis. 176 



 
 

3. Statistics  177 

3.1. Analysis of results   178 

All data was tested for normal distribution using q-q plot and the Shapiro–Wilk test.  Demographics and 179 

questionnaire data are reported for participants with and without NP separately. 180 

Agreements between Vicon and ViMove were explored using Bland-Altman 95 % limits of agreement (LOA) 181 

(31) and mixed model ANOVA to estimate interclass correlation coefficient (ICC3.1) (32) using the following 182 

interpretation of the ICC: below 0.5 as poor, between 0.5 and 0.75 as moderate, between 0.75 and 0.9 as 183 

good, and above 0.9 as excellent (33). 184 

We used logistics regression to investigate the movement measurement’s ability to distinguish between 185 

people with and without NP for each system. The discriminative ability of each motion measurement from 186 

each system were reported as odds ratios (OR) for the odds of changing from the non-neck pain group to 187 

the NP group per one-unit change in the motion variable.  Further to this, the area under the receiver 188 

operating characteristics curves (AUC) were reported for each motion variable.  189 

Stata 15.1® (StataCorp LLC, College Station, Texas) was used for the statistical analysis.   190 

The significance level was set at 5%.   191 

3.2. Considerations about sample size 192 

ARoM in flexion was chosen as the primary outcome a priori. The sample size calculation was based on a 193 

high-quality study that was included in the preceding literature review (34). In the study, reported values of 194 

neck flexion were 46.1° with a standard deviation of 16.4° for people with NP and 58.0° with a standard 195 

deviation of 11.5° for people without NP. The assumptions were that people with NP would present with a 196 

reduced head flexion when compared to people without NP, there would be unequal variance in the 197 

groups, and normally distributed data. A significance level was set at 5% and 80 % power. Using 198 



 
 

Satterthwaite's one-sided t-test, we estimated 19 participants in each group would detect a difference of 199 

12 degrees. 200 

4. Results  201 
 202 

We included 42 participants: 30 females and 12 males. We excluded one participant because of 203 

inconsistencies between information provided in the questionnaire and answers from the inclusion 204 

interview. We thus created 20 age and sex matched pairs. One pair had an age difference of 9 years (31 205 

case and 22 control) but the rest were matched within five years.  206 

The participants with NP had higher levels of arm pain, functional limitation, and fear of movement (Table 207 

2). Furthermore, participants with NP were overweight, whereas participants without NP were not.  208 

4.1. Agreement between Vicon and ViMove 209 
  210 

Agreement between the two systems was excellent for ARoM in all ranges with ICC values between 0.95 211 

and 0.98 (Table 3). The mean differences between the two systems were between 1.8 ° and 0.0° and the 212 

largest LOA was for head rotation left (-8.9°, 5.3°). Two of the mean speed measurements, lateral flexion 213 

and rotation left, had good ICC values at 0.84. The rest of the mean speed measurement had excellent ICC 214 

of above 0.96. Mean difference was largest for rotation left with -4.44 °/sec and the LOA was (-15.63°, 215 

6.74°). For the rest of the mean speed measurements, the LOA were within 5 °/sec of the mean difference.  216 

The fast motion showed poor agreement between Vicon and ViMove with ICC from 0.13 to 0.31, mean 217 

differences were between 55 °/sec and 148 °/sec, and the LOAs were more than 100°/s above and under 218 

the mean differences.   219 

4.2. Differences in ARoMs and speeds between participants with and without NP  220 
 221 

The largest difference, 10.6° (Vicon) and 9.9° ViMove, in ARoM between participants with and without NP 222 

was found for rotation left closely followed by rotation right (Table 4). The differences for the other 223 



 
 

measurements were between 0.5° and 4.5° with less ARoM for participants with NP measured with both 224 

Vicon and ViMove. 225 

With “self-selected” speed, mean speed was statistically significantly faster for participants with NP than 226 

participants without NP (Table 4) for all motions except for upper cervical flexion.   227 

 228 

 229 

4.3. Differentiation between participants with and without NP using measurements of ARoM and mean speed 230 
Only the OR for rotation left was statistically significant among for ARoM, whereas the ORs for self-selected 231 

movement speeds were statistically significant for all directions, except upper cervical flexion and rotation 232 

left. (Table 4). The measurement with most ability to differentiate between participants with and without 233 

NP revealed by the AUC were ARoM rotation left and right, and self-selected speed for lateral flexion to the 234 

left and right, and rotation right. For “as fast as possible” speeds the ViMove system measured lower 235 

maximum speeds and smaller group differences than were measured with Vicon. Participants with NP had 236 

reduced fast rotation speed to the left measured with Vicon.    237 

   238 

5. Discussion  239 

We investigated the concurrent validity of range of motion and speed measurement obtained with ViMove 240 

and Vicon, and found excellent agreement for measurements of ARoM and "self-selected" motion speed 241 

whereas agreement was poor for the fast movements. ARoM for rotation and "self- selected n" mean 242 

speed for all directions showed differences between participants with and without neck pain, except for 243 

upper cervical flexion and fast rotation to the left measured with Vicon. These motion variables also had 244 

the most ability to discriminate between people with and without neck pain.  245 



 
 

 246 

5.1. Agreement between Vicon and ViMove 247 
The sensor units in the ViMove system are composed of an accelerometer, a gyroscope, and a magnetron. 248 

This type of sensor is also called an inertial measurement unit (IMU). The agreement found in our study is 249 

in line with a study using a smart phone (also containing IMUs) to measure neck motion at “self-selected 250 

speed” compared to an optoelectronic tracking system (35). Jasiewicz et al. (36) compared neck 251 

measurements obtained with an IMU to a magnetic tracking system and found similar bias between 252 

systems as we found. The combination of information from the three types of sensory input in the IMU is 253 

probably the reason why we found smaller bias between the instruments for ARoM and higher ICC values 254 

compared to a study using an electronic gyroscope for measuring neck motion. The bias was most 255 

pronounced in the rotation direction (37). However, none of the three mentioned studies included 256 

participants with clinically relevant NP. Furthermore, to our knowledge, we are the first to examine the 257 

agreement for fast cervical movement between an IMU and a best standard system. We are, therefore, not 258 

aware of any in-depth investigation into the reasons behind the poor agreement between Vicon and 259 

ViMove for the fast motion, but a likely explanation is the low sample rate at 20 hertz from the ViMove 260 

system. If the Vicon measure is the true speed, the average movement time for fast rotation to the left was 261 

0.6 seconds which will result in twelve measuring points from ViMove and 120 measuring points from 262 

Vicon. The lack of measuring points from the ViMove system will result in uncertainty for defining start and 263 

stop motion and peak velocity will be evened out between the measurement point and thereby have a 264 

lower value. 265 

 266 

5.2. Comparison of motion measurements   267 
 268 

 269 



 
 

The participants with NP had reduced ARoM. However, the difference between participants with and 270 

without NP in ARoM were small except for in the rotation directions with most reduction to the left.  271 

The overall reduction in head rotation found in our study agrees with studies investigating similar age 272 

groups and pain types as our study (34, 38). The reduction in head rotation is in agreement with a study by 273 

Vogt et al. (39) that had the primary focus of investigating variation within repeated measurements but 274 

also reported on ARoM; they also found more reduction for rotation of the head to the left than to the 275 

right.  276 

The difference between left and right rotation could be explained if the pain was predominantly located to 277 

one side (40), however, we did not the record specific location of participants’ NP. Generally, the presence 278 

of or lack of differences in range of motion between participants with and without neck pain should be 279 

interpreted with caution. In a preceding study, we investigated the reproducibility of ARoM and “self-280 

selected” speed measurements obtained in two separate test sessions. The LOA found in the preceding 281 

study were larger than the differences between participants with and without neck pain in this study (17). 282 

The variation between two examination sessions is likely to be reflected in the variation between multiple 283 

studies examining the same type of motion. 284 

We based our sample size on the results for neck flexion in the study of Sarig-Bahat et al. (34). However, we 285 

did not find the same degree of difference in flexion between participants with and without neck pain as in 286 

the Sarig-Bahat et al. study.  Several differences between the two studies may explain the difference in 287 

results: the age difference between the participant groups was smaller in our study (two years compared to 288 

five) and the participants with neck pain in our study had higher levels of present neck pain (5.5 on a NPRS 289 

compared to 3.3 on a visual analogue scale). Furthermore, participants in our study were not strapped to a 290 

back rest as in the Sarig-Bahat et al. study. 291 

To our surprise, the "self-selected” motion speeds were higher in participants with NP compared to the 292 

controls without NP.  We have no clear explanation for this difference. However, previous research has 293 

provided mixed results regarding “self-chosen” cervical motion speed, with most studies reporting no 294 



 
 

difference (12, 41, 42). Meisingset et al. (43) found reduced movement speed in a clinical population with 295 

similar NP levels to our study compared to healthy controls. However, there were several methodological 296 

differences in the recording procedures between the two studies; Meisingset et al. used full range 297 

measurements (from the endpoint in one direction to the endpoint in the opposite direction), and had the 298 

participant fixed to the back support, where we used a half-cycle (from neutral to endpoint in one direction 299 

only), and had the participant sitting on a box. Whether these methodological differences changed the 300 

motion behaviour is unclear, but alterations in posture and emotional factors has been shown to change 301 

the recruitment pattern of cervical muscles (44-46).  Therefore, it is possible that the lack of back support, 302 

the upright posture used in our study, and not strapping the participants to a chair have resulted in 303 

differences in the activation pattern of cervical muscles. Furthermore, a series of studies has demonstrated 304 

that people with NP have altered recruitment patterns compared to people without NP: the relatively small 305 

deep cervical muscles, which act as stabilisers, have delayed or reduced activation; and the larger more 306 

superficial muscles, which act as primary movers,  take over (47-52). These alterations in muscle 307 

recruitment in people with NP may explain why “self-selected” motion speed is faster for participants with 308 

NP in our study.   309 

 310 

Caution is advised in interpreting the fast speed because of the poor agreement between Vicon and 311 

ViMove. Even though we considered Vicon a best standard system, we cannot be certain that the true 312 

estimate of fast movement speed is delivered by either system. However, fast rotation to the left measured 313 

with Vicon was statistically significantly reduced in participants with NP compared to participants without. 314 

The differences between people with and without NP are of the same magnitude as the results from two 315 

previous smaller studies, where a reduction in peak speed for rotation and flexion in participants with 316 

insidious or non-specific NP compared to people without NP has been reported (8, 53).  The ViMove system 317 

failed to find any statistically significant differences between participants with and without neck pain for 318 

the fast movements. 319 



 
 

 320 

5.3. Ability to differentiate  321 
An important aspect when introducing a new instrument is its ability to differentiate between people with 322 

and without the condition in question. 323 

We explored the ability of the range of motion and speed measurements to differentiate between 324 

participants with and without NP. Head turning left, mean speed flexion, and mean speed lateral flexion 325 

right and left were the measurements that had some ability to separate between participants with and 326 

without NP. These results should be interpreted as an exploration into finding motion measurements that 327 

may have potential to contribute in diagnostic assessments of people with NP. 328 

In this regard, the mean speed measurements are of interest; besides the group difference, there were 329 

differences in the distribution of the results. The mean speed results from participants with NP were non-330 

normally distributed, whereas the results from the participants without NP were normal distributed. 331 

Looking more closely at the data, it looks like five participants with greater movement speed are causing 332 

the skewness of the results from the participants with NP. It could be a random effect or a subgroup within 333 

our study population. Vicon and ViMove performed with the same limited ability to differentiate between 334 

people with and without neck pain. This is most likely due to the tendency that only a subgroup of people 335 

with neck pain will have impairments in ARoM and speed and finding the subgroups will require much 336 

larger studies. 337 

Our study was not powered for the testing of a diagnostic tool and case-control design is not the preferred 338 

design in the test of diagnostic tools unless the disease is uncommon (54). 339 

 340 

5.4. Strengths  341 
The test procedure used in the study was standardised and tested in our pilot study (17). We thus limited 342 

examination to the participants with the most agreement between Vicon and ViMove and highest 343 

reproducibility of the measurements. The participants in our study had the same or a higher level of neck 344 



 
 

pain and degree of functional limitation measured with NDI compared to other studies investigating 345 

differences in ARoM between people with and without neck pain (34, 38, 39, 43, 55-59). Furthermore, 346 

except for one pair, we successfully paired participants with neck pain with participants without neck pain 347 

within a five-year limit.  Our study design with movement tests in two different speeds, "self-selected" and 348 

"as fast as possible," allowed us to find the important limitation that the ViMove system could not be used 349 

for obtaining fast motion measurement. 350 

5.5. Limitations  351 
 352 

A limitation in interpreting the validity of the ViMove instrument was the availability of a valid gold 353 

standard as none included x-ray recording (60). However, we considered measurement obtained with the 354 

Vicon system and interpreted with a neck model as a best standard system (18). The neck model consists of 355 

more angles that deliver considerably more information about head and neck movement than have been 356 

analysed in this study. Likewise, ViMove delivers angles that compensate for thoracic movement. These 357 

angles have not been analysed in this study because they were not possible to compare to the Vicon model. 358 

The angles not analysed in this study may have provided important differences between participants with 359 

and without neck pain. Furthermore, the neck model was originally designed for measurements of posture 360 

and has not been validated for measurement of neck motion. 361 

 362 

Even though the participants with neck pain had high-levels of pain and disability, the recruitment strategy 363 

from both clinical settings and by advertising on Facebook may have resulted in participants in different 364 

stages of treatment and adaptation of their neck pain. We tried to compensate for this by only including 365 

participants with more than 30 days of neck pain. Generally, the result in this study should be interpreted 366 

with caution because of the numbers of analyses performed on the data, which may have resulted in a type 367 

II error. 368 



 
 

6. Conclusion 369 

The ViMove system was proven to agree with measurements from a “state of the art" optoelectronic 370 

motion tracing system and can be used in future studies investigating ARoM and “self-selected” movement 371 

speed in clinical practice. Agreement between Vicon and ViMove was excellent for measurement of range 372 

of motion and “self-selected” movement speed but poor for measurements of maximum speed. 373 

Measurements from both systems had poor ability to discriminate between people with neck pain and 374 

people without neck pain.  375 

 376 

7. Abbreviations 377 

Body mass index (BMI) 

Confidence interval (CI) 

Inter-class correlation (ICC) 

Inertial measurement unit (IMU) 

Limits of agreement (LOA) 

Neck disability index (NDI) 

Neck pain (NP) 

Numerical pain rating scale (NPRS) 

Odds ratio (OR) 

Tampa Scale for Kinesiophobia (TSK) 
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Table 1. Definitions of angles and variables from the Vicon neck model and the ViMove system ((18)and (17))  570 

Movement 
examination 

Angles  
Vicon ViMove  

Flexion and 
Upper neck 
flexion   

Head flexion: The angle 
between a line drawn 
from the Cyclops† to 
the OC1†† and the 
vertical axis   

Occiput sensor 
flexion/extension:  
Angle displacement 
for the top sensor in 
the sagittal plane 
relative to gravity   

Lateral flexion 
right/left 

Head lateral bending: 
The lateral angle 
between a line drawn 
from the OC1 to the 
tragus, with the vertical 
line going through the 
OC1 
(negative to the left) 
  

Occiput sensor 
lateral flexion: 
Angle displacement 
for the top sensor in 
the frontal plane 
relative to gravity   

Rotation 
right/left 

Head rotation: The 
angle between a line 
drawn from the OC1 to 
the Cyclops, with the 
anterior axis in the 
transverse plane 
(negative to the left) 

Occiput sensor 
rotation: 
Angle displacement 
for the top sensor in 
the transverse plane. 

Max speed 
Flexion 

Head flexion  Occiput sensor 
flexion/extension  

Max speed 
rotation 
right/left 

Head rotation  Occiput sensor 
rotation 

† Cyclops is the midpoint between cantus, †† OC1 is the midpoint between tragi    571 

 572 



 
 

Table 2. Description of participants with and without neck pain 573 

  Neck pain group 
  Yes No  
  n=20 n=20 
  Median (95% CI) Median (95% CI) 

Age (years) 44.0 (38.1, 47.9) 42.5 (35.1, 45.9) 
Pain intensity on NPRS (0-10)     

Neck pain     
Present 5.5 (4.0, 6.0) 0.0 (0.0, 0.0) 
Average in the past two weeks 5.0 (4.0, 6.0) 0.0 (0.0, 0.0) 
Worst in the past two weeks 8.0 (7.0, 9.0) 0.0 (0.0, 0.0) 

Arm pain     
Present 4.0 (1.0, 6.0) 0.0 (0.0, 0.0) 
Average in the past two weeks 4.0 (1.1, 5.0) 0.0 (0.0, 0.9) 
Worst in the past two weeks 6.5 (4.0, 7.9) 0.0 (0.0, 2.0) 

NDI (0-100) † 23.8 (20.0, 30.0) 2.5 (2.5, 2.5) 
TSK (17-68) 36.0 (30.5, 39.8) 27.5 (23.2, 31.9) 
Weight (kg) 80(75, 92) 72 (68, 77) 
Height (cm) 170 (166, 180) 170 (167, 175) 
BMI 29 (26, 32) 24 (23, 28) 
 † Danish version with eight questions (1). Abbreviations: 95% CI =95% confidence intervals (CI); NRS= 574 
numerical rating scale; NDI = neck disability index; TSK = Tampa Scale for Kinesiophobia; BMI = body mass 575 
index 576 

  577 



 
 

Table 3. Agreement between measurements obtained with Vicon and ViMove 578 

    ICC (95% CI) Mean difference (95% CI) 95 % LOA 

AR
oM

 (°
) 

Flexion 0.97 (0.95, 0.99) 0.86 (-0.01, 1.73) (-4.25, 5.97) 

Upper neck 
flexion  0.98 (0.92, 0.99) 1.23 (0.62, 1.84) (-2.43, 4.89) 

Lateral flexion 
right 0.93 (0.87, 0.96) 0.11 (-0.94, 1.15) (-6.21, 6.42) 

Lateral flexion 
left 0.98 (0.96, 0.99) 0.20 (-0.74, 0.35) (-3.11, 3.50) 

Rotation right 0.95 (0.91, 0.98) 0.01 (-1.16, 1.18) (-7.08, 7.10) 

Rotation left 0.95 (0.88, 0.98) -1.80 (0.63, 2.98) (-8.92, 5.31) 

M
ea

n 
sp

ee
d 

(°
/s

ec
on

d)
 

Flexion 0.99 (0.98, 0.99) -0.38 (-0.80, 0.03) (-2.82, 2.06) 

Upper neck 
flexion  0.96 (0.93, 0.98) -0.15 (-0.77, 0.47) (-3.86, 3.55) 

Lateral flexion 
right 0.98 (0.96, 0.99) -0.28 (-0.77, 0.21) (-3.22, 2.66) 

Lateral flexion 
left 0.89 (0.56, 0.96) -1.83 (1.12, 2.53) (-6.09, 2.44) 

Rotation right  0.98 (0.96, 0.99) 0.22 (-0.43, 0.88) (-3.72, 4.17) 

Rotation left 0.84 (0.50, 0.93) -4.44 (2.59, 6.29) (-15.63, 6.74) 

M
ax

 sp
ee

d 
(°

/s
ec

on
d)

 Flexion 0.32 (-0.07, 0.62) 58.55 (40.12, 76.98) (-49.79, 166.89) 

Rotation right  0.16 (-0.09, 0.43) 138.40 (103.23, 173.57) (-71.30, 348.10) 

Rotation left 0.14 (-0.09, 0.39) -148.76 (110.82, 186.69) (-374.97, 77.46) 

Mean speed is the measurement from “self-selected” motion speed. Max speed is the measurement from 579 
“as fast as possible” motion speed. Abbreviations ARoM= active range of motion; ICC = interclass 580 
correlation coefficient; 95% CI = 95% confidence interval; LOA = limits of agreement 581 



 
 

Table 4. Measurements of range of motion, motion speed and the measurements ability to differentiate between participants with and without neck pain 582 

    Vicon ViMove 
   Neck pain 

OR (95 % CI) AUC 

Neck pain 

OR (95 % CI) AUC    Yes No Yes No 

   
Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI) 

AR
oM

 (°
) 

Flexion 
57.3 (52.0, 62.7) 62.0 (56.2, 67.7) 0.97 (0.91, 1.02) 0.58 56.3 (50.3, 62.2) 61.6 (55.8, 67.4) 0.96 (0.91, 1.02) 0.61 

Upper cervical flexion 
14.3 (9.6, 19.0) 18.0 (12.8, 23.3) 0.97 (0.91, 1.03) 0.59 12.4 (7.8, 17.0) 15.9 (10.8, 21.1) 0.96 (0.90, 1.03) 0.57 

 Lateral flexion right 
37.9 (33.6, 42.2) 38.4 (35.1, 41.6) 0.99 (0.92, 1.07) 0.47 37.1 (32.5, 41.7) 38.4 (34.7, 42.2) 0.98 (0.91, 1.06) 0.48 

Lateral flexion left  
36.5 (31.8, 41.2) 38.7 (36.2, 41.2) 0.97 (0.89, 1.05) 0.61 36.0 (31.1, 41.0) 38.8 (36.0, 41.6) 0.96 (0.88, 1.04) 0.61 

Rotation right  
63.8 (57.8, 69.8) 70.8 (66.0, 75.7) 0.94 (0.89, 1.01) 0.67 63.7 (57.4, 70.0) 70.3 (66.2, 74.4) 0.94 (0.88, 1.01) 0.67 

Rotation left 
64.4 (58.7, 70.1) 75.0 (69.8, 80.1) 0.92 (0.86, 0.98) 0.74 62.7 (56.9, 68.4) 72.5 (67.7, 77.3) 0.92 (0.86, 0.99) 0.74 

M
ea

n 
sp

ee
d 

(°
/s

ec
on

ds
.) 

Flexion † 21.7 (18.0, 25.9)  14.6 (12.9, 19.7) 1.10 (1.00, 1.21) 0.73 23.0 (18.3, 27.0) 15.0 (11.9, 22.0) 1.09 (1.00, 1.20) 0.72 

Upper cervical flexion † 6.5 (3.9, 11.5)  6.5 (4.4, 10.8) 0.96 (0.88, 1.06) 0.55 5.8 (4.5, 10.7) 6.7 (5.5, 10.2) 0.96 (0.87, 1.06) 0.57 

 Lateral flexion right 
18.9 (15.2, 22.6) 12.1 (9.9, 14.3) 1.21 (1.05, 1.40) 0.78 18.7 (14.8, 22.7) 12.8 (10.4, 15.1) 1.16 (1.02, 1.32) 0.75 

Lateral flexion left † 17.4 (13.3, 20.4)  11.2 (9.6, 12.4) 1.26 (1.07, 1.49) 0.82 14.6 (11.4, 19.9) 9.9 (8.4, 12.0) 1.28 (1.07, 1.54) 0.78 

Rotation right † 30.7 (28.0, 31.9)  23.6 (20.4, 28.6) 1.08 (1.00, 1.16) 0.76 29.7 (27.2, 32.6) 24.3 (20.6, 27.4) 1.07 (0.99, 1.16) 0.74 

Rotation left † 36.8 (31.6, 46.9)  28.9 (24.7, 31.0) 1.04 (0.99, 1.10) 0.71 32.5 (25.9, 40.8) 25.6 (22.9, 29.5) 1.06 (0.99, 1.14) 0.69 

M
ax

 sp
ee

d 
(°

/s
ec

on
ds

.) Flexion 
217.8 (176.6, 258.9) 233.9 (200.8, 266.9) 1.00 (0.99, 1.01) 0.56 158.3 (143.9, 172.8) 169.2 (155.8, 182.6) 0.99 (0.96, 1.01) 0.61 

Rotation right  
296.4 (230.0, 362.7) 375.1 (332.4, 417.8) 1.00 (0.99, 1.00) 0.65 199.0 (174.9, 208.1) 213.4 (195.5, 230.1) 0.98 (0.96, 1.00) 0.66 

Rotation left 
302.0 (246.3, 357.7) 398.0 (339.8, 456.1) 0.99 (0.99, 1.00) 0.73 209.9 (167.4, 220.3) 217.9 (189.0, 227.3) 0.99 (0.97, 1.01) 0.62 

Mean or median (†) speed is the measurement from “self-selected” motion speed. Max speed is the measurement from “as fast as possible” motion speed. Abbreviations ARoM= active range of motion; ICC = 
interclass correlation coefficient; 95% CI = 95% confidence interval; OR= odds ratios; AUC= area under the receiver operating characteristics curve 
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Table 1. Repetitions for head flexion measured with Vicon. 

Repetition ARoM Mean speed  
Mean 95% CI Mean 95% CI 

1 59.4° [57.0°, 61.8°] 20.8°/s [14.4°/s, 27.1°/s] 
2 63.7° [61.3°, 66.0°] 22.3°/s [15.9°/s, 28.7°/s] 
3 65.9° [63.5°, 68.3°] 22.0°/s [15.6°/s, 28.4°/s] 
4 66.6° [64.2°, 69.0°] 23.9°/s [17.5°/s, 30.2°/s] 
5 67.2° [64.8°, 69.6°] 24.8°/s [18.5°/s, 31.2°/s] 

Abbreviation: CI= confidence interval; s= seconds   

Table 1 Repetitions for head extension measured with Vicon. 

Repetition ARoM  Mean speed  
Mean 95% CI Mean 95% CI 

1 -70.5° [-80.1°, -61.0°] -20.6°/s [-25.9°/s, -15.2°/s] 
2 -70.4° [-79.9°, -60.9°] -23.5°/s [-28.8°/s, -18.1°/s] 
3 -70.1° [-79.6°, -60.6°] -22.0°/s [-27.3°/s, -16.7°/s] 
4 -68.8° [-78.3°, -59.3°] -19.6°/s [-24.9°/s, -14.2°/s] 
5 -69.5° [-79.1°, -60.0°] -20.7°/s [-26.0°/s, -15.3°/s] 

Abbreviation: CI= confidence interval; s= seconds   

Table 2 Repetitions for lateral flexion right measured with Vicon. 

Repetition ARoM Mean speed  
Mean 95% CI Mean 95% CI 

1 43.5° [42.3°, 44.6°] 17.7°/s [16.5°/s, 19.0°/s] 
2 43.5° [42.4°, 44.7°] 19.1°/s [17.9°/s, 20.3°/s] 
3 43.5° [42.4°, 44.7°] 17.8°/s [16.6°/s, 19.0°/s] 
4 44.3° [43.1°, 45.4°] 18.0°/s [16.7°/s, 19.2°/s] 
5 45.0° [43.9°, 46.2°] 18.3°/s [17.0°/s, 19.5°/s] 

Abbreviation: CI= confidence interval; s= seconds   

Table 3 Repetitions for lateral flexion left measured with Vicon. 

Repetition ARoM  Mean speed  
Mean 95% CI Mean 95% CI 

1 -44.2° [-45.6°, -42.8°] -17.1°/s [-18.7°/s, -15.6°/s] 
2 -44.4° [-45.8°, -42.9°] -17.3°/s [-18.8°/s, -15.7°/s] 
3 -45.2° [-46.6°, -43.7°] -17.9°/s [-19.4°/s, -16.3°/s] 
4 -45.7° [-47.2°, -44.3°] -19.3°/s [-20.8°/s, -17.7°/s] 
5 -45.7° [-47.3°, -44.2°] -19.3°/s [-20.9°/s, -17.6°/s] 

Abbreviation: CI= confidence interval; s= seconds   

 



Table 4 Repetitions for rotation right measured with Vicon. 

Repetition ARoM  Mean speed  
Mean 95% CI Mean 95% CI 

1 78.3° [76.5°, 80.1°] 35.6°/s [32.5°/s, 38.7°/s] 
2 80.9° [79.1°, 82.7°] 38.5°/s [35.4°/s, 41.6°/s] 
3 82.1° [80.3°, 83.8°] 36.0°/s [32.8°/s, 39.1°/s] 
4 83.7° [81.9°, 85.5°] 37.4°/s [34.3°/s, 40.6°/s] 
5 83.6° [81.8°, 85.5°] 36.5°/s [33.2°/s, 39.9°/s] 

Abbreviation: CI= confidence interval; s= seconds   

 

Table 5 Repetitions for rotation left measured with Vicon. 

Repetition ARoM  Mean speed  
Mean 95% CI Mean 95% CI 

1 -74.5° [-76.1°, -72.9°] -29.2°/s [-32.6°/s, -25.7°/s] 
2 -76.3° [-77.9°, -74.7°] -31.4°/s [-34.8°/s, -27.9°/s] 
3 -76.5° [-78.1°, -74.9°] -30.5°/s [-33.9°/s, -27.0°/s] 
4 -77.3° [-78.9°, -75.7°] -31.3°/s [-34.8°/s, -27.9°/s] 
5 -77.0° [-78.6°, -75.4°] -33.1°/s [-36.5°/s, -29.6°/s] 

Abbreviation: CI= confidence interval; s= seconds   

 

Table 6 Repetitions for upper flexion measured with Vicon. 

Repetition ARoM Mean speed  
Mean 95% CI Mean 95% CI 

1 23.0° [20.9°, 25.0°] 9.1°/s [8.1°/s, 10.2°/s] 
2 24.3° [22.2°, 26.3°] 10.0°/s [9.0°/s, 11.1°/s] 
3 25.7° [23.6°, 27.7°] 9.8°/s [8.7°/s, 10.8°/s] 
4 26.2° [24.2°, 28.3°] 9.7°/s [8.7°/s, 10.7°/s] 
5 27.5° [25.4°, 29.6°] 11.2°/s [10.2°/s, 12.3°/s] 

Abbreviation: CI= confidence interval; s= seconds   

 

 



 

 

 

   

   
Figure 1. 95% limits of agreement between Vicon and ViMove for active range of motion and ‘self-selected’ mean speed. 

 

 



   

 

   

 

   

 

Figure 2. 95% limits of agreement between Vicon and ViMove for active range of motion, ‘self-selected’ mean speed and ‘as fast as possible’ maximum speed. 



 

   

Figure 3. 95% limits of agreement between Vicon and ViMove for active range of motion from ‘as fast as possible’ motion. 
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