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ABSTRACT

The aim of this thesis was to investigate the clinical relevance of cervical
sensorimotor control in individuals with chronic idiopathic neck pain.
Sensorimotor control has been defined as all the afferent and efferent information
streams, as well as the central integration components contributing to joint
stability, and recent research has suggested that cervical sensorimotor control
might be disturbed in individuals with neck pain. However, current evidence is
ambiguous and different studies with varying study designs and source
populations report inconsistent findings. This body of work, reporting the findings
of four studies, addresses this issue by investigating cervical sensorimotor control
in a homogenous sample of individuals with chronic idiopathic neck pain.
Chapter 1 provides a brief introduction to neck pain and sensorimotor
control and presents the research question for this thesis: (1) what is the most
useful test or combination of tests for assessing cervical sensorimotor control in
individuals with idiopathic neck pain, and (2) is chronic idiopathic neck pain
associated with cervical sensorimotor control? Chapter 2 discusses literature on
cervical sensorimotor control in individuals with neck pain in more detail, and
further discusses what tests measurements have been used to assess cervical
sensorimotor control.
Chapter 3 reports the findings of Study 1; a systematic review of the
literature with meta-analysis that identified six tests that have been used to
assess cervical sensorimotor control in individuals with idiopathic neck pain.
These tests included measurements of joint position error, postural balance,
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subjective visual vertical, smooth pursuit neck torsion, head steadiness, and The
Fly®. One other outcome measure, head tilt response, although not described in
this population, was deemed relevant for individuals with idiopathic neck pain.
Meta-analysis demonstrated a statistically significant difference between pooled
means for joint position error, however the actual magnitude of the difference was
not considered clinically meaningful. In further meta-analyses for postural
balance, no differences were found between individuals with chronic idiopathic
neck pain and healthy individuals.
Chapter 4 reports the findings of Study 2, which tested whether seven
cervical sensorimotor control tests measure the same, or different, skills. The
study found that different tests did not cluster together in factor analysis,
indicating that all tests measure distinct skills and potentially unique
characteristics of cervical sensorimotor control. Two tests, postural balance and
head steadiness, were found to explain a large proportion of the variance across
the variables. This study suggests that clinically not one test or test battery can
be recommended, and arguably clinicians have to perform all tests to adequately
assess cervical sensorimotor control or nominate which aspect of cervical
sensorimotor control they are examining.
Chapter 5 presents Study 3 and reports a case-control study comparing
outcomes of seven cervical sensorimotor control tests in 50 individuals with
chronic idiopathic neck pain and 50 sex and age matched healthy individuals.
With groups being similar in terms of sex, age, BMI and physical activity levels,
no differences were found for any of the cervical sensorimotor control tests. This
suggests that these tests may not be clinically useful to discriminate between
individuals with chronic idiopathic neck pain and healthy individuals. Additionally,
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correlations between cervical sensorimotor control outcomes and neck pain
intensity and neck disability were weak at best, further questioning the clinical
meaningfulness of these tests.
Chapter 6 reports the findings of Study 4, which investigated whether
changes in cervical sensorimotor control occur over time in individuals with
chronic idiopathic neck pain, and what factors are associated with changes in
cervical sensorimotor control. Only half of the sensorimotor control outcomes
significantly changed over a six-month period. It was further found that changes
in

cervical sensorimotor control outcomes were

not

associated

with

characteristics of neck pain, including neck pain intensity, neck pain duration, and
neck disability. Other factors, such as sex, age, BMI, and physical activity level,
were not associated with changes in cervical sensorimotor control. This suggests
that clinically, cervical sensorimotor control might not be a relevant assessment
for individuals with chronic idiopathic neck pain.
This thesis contributes to the understanding of the relevance of cervical
sensorimotor control in individuals with chronic idiopathic neck pain. Based on
inconsistent findings in recent literature, the clinical meaningfulness of cervical
sensorimotor control has been questioned. From the current studies
demonstrating that (1) seven tests appear to measure unique aspects that may
address different characteristics of cervical sensorimotor control, (2) none of
these tests discriminate between individuals with chronic idiopathic neck pain and
healthy individuals, and (3) cervical sensorimotor control outcomes are not
associated with characteristics of neck pain, it is suggested that cervical
sensorimotor control may not be useful in the clinical assessment of individuals
with chronic idiopathic neck pain.
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Chapter 1 Introduction

1.1 Background

Neck Pain

Neck pain is a common problem in the general population, and reported to
be one of the most prevalent musculoskeletal conditions in Western society
(Hudson & Ryan, 2010). Globally, 70% of the population will experience neck
pain at least once in their lives (Brontfort et al., 2012; Fejer, Kyvik, & Hartvigsen,
2006; Hoy et al., 2014). The prevalence of neck pain in the general population, in
any given 12-month period, is reported to be 12.1% to 71.5%, depending on the
definition used (Haldeman, Carroll, Cassidy, Schubert, & Nygren, 2008). The
one-year incidence of neck pain is reported to be between 10.4% and 21.3%
(Hoy, Protani, De, & Buchbinder, 2010) demonstrating the widespread nature of
neck pain.
Not only is neck pain reported as the second most common musculoskeletal
condition (Ferrari & Russell, 2003), it is also a burdensome problem. Neck pain
is ranked fourth highest of all health conditions in terms of years lived with
disability (Hoy et al., 2014). In Europe, acute neck pain becomes chronic in 15%
to 19% of all neck pain cases (Manchikanti, Singh, Datta, Cohen, & Hirsch, 2009).
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Neck pain and its related morbidity has a substantial effect on the
economy. Total costs due to neck pain in The Netherlands in 1996 (population
size: 15.5 million) were estimated to be US$686 million (Borghouts, Koes,
Vondeling, & Bouter, 1999). In a more recent study in the United States (Martin
et al., 2008), the estimated health care expenditures for back and neck pain
combined demonstrated an increase from $52.1 billion in 1997 (population size:
268 million) to $85.9 billion in 2005 (population size: 296 million); a 65% increase.
Factors contributing to the increase in economic burden included direct health
care costs, reduced work productivity, work absenteeism and insurance costs,
and accounted for approximately 1% of the total health care expenditures in The
Netherlands in 1996 (Borghouts et al., 1999). In perspective, neck pain was
responsible for 17% of all musculoskeletal health care costs, similar to the
economic burden of diabetes (Borghouts et al., 1999).

Treatment

Neck pain is commonly managed by a variety of health professionals,
including general practitioners, chiropractors, and physiotherapists. In general
practice, it has been estimated that 1.8% of all patients present with neck pain
(Boudreau & Falla, 2014). In Canada, from all new chiropractic visits, 25% were
because of neck pain (Waalen, White, & Waalen, 1994). Minimal statistics from
the field of physiotherapy are available, however in the United Kingdom (UK)
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approximately 15% of hospital based physiotherapy was due to neck pain
(Binder, 2007).
Extensive guidelines have been published to assist clinicians in their
strategies to treat neck pain, (Childs et al., 2008; Costello & Jull, 2002) . Due to
the diversity of neck pain presentations seen in clinical practice, different
treatment strategies are recommended for different types of neck pain. Generally,
the treatment options that are recommended in clinical guidelines address
physical impairments such as range of motion or muscle strength deficits through
joint mobilisation, massage, traction, and exercise therapy (Childs et al., 2008).
Despite the availability of clinical guidelines and the wide variety of
treatment options available, neck pain is often persistent, even when treated
(Falla, Jull, & Hodges, 2008). When physiotherapists use the proposed
conventional interventions, often only short term effects are observed
(Kristjansson & Treleaven, 2009). This is supported by the proportion of patients
experiencing recurrent neck pain: 50-85% of people with neck pain will
experience a new episode of neck pain within one to five years after the initial
onset of pain (Haldeman et al., 2008). Furthermore, approximately 10% of all
neck pain cases become chronic, meaning that pain persists for longer than
twelve weeks (Mäkelä et al., 1991).
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1.2 Sensorimotor Control and Chronic Neck Pain

In an attempt to understand why current treatments are often ineffective,
recent research has focussed on the ability to accurately control head and neck
movements. The clinically observable skill of movement control, often referred to
as sensorimotor control, is not only a rapidly emerging area in neck pain research
(Strimpakos, 2011), but is also clinically gaining more interest with the
incorporation of sensorimotor control tests in the assessment and treatment of
people with neck pain (Michiels et al., 2013).
Sensorimotor control comprises the components of sensory input and
motor output for adequate motor control. Riemann and Lephart (2002a) defined
sensorimotor control as all the afferent and efferent information streams, as well
as the central integration components contributing to joint stability. Terminology
in the area of sensorimotor control, including the terms proprioception, motor
control,

sensorimotor

control,

and

neuromuscular

control,

is

used

interchangeably. With the definition by Riemann and Lephart (2002a),
‘sensorimotor control’ may be considered as an umbrella term covering multiple
subsystems.

Relevant

to

the

cervical

spine,

these

subsystems

are:

proprioception, kinaesthesia, the vestibular system, and the visuomotor system,
including oculomotor control (Figure 1.1) (Riemann & Lephart, 2002b). In the
current thesis, the definition by Riemann and Lephart (2002a) will be used to
define sensorimotor control, as opposed to other terms used that describe the
different subsystems of sensorimotor control.
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Sensorimotor control

Proprioception

Kinaesthesia

Vestibular system

Visuomotor system

Figure 1.1. Sensorimotor control and its subsystems
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Currently, little is known about cervical sensorimotor control skills in people
with chronic neck pain. Despite some studies attempting to investigate
sensorimotor control in individuals with neck pain compared to asymptomatic
controls (Chen & Treleaven, 2013; Kristjansson & Oddsdottir, 2010; Kristjansson
& Treleaven, 2009; Meisingset et al., 2015; Tjell & Rosenhall, 1998; Treleaven,
Jull, & LowChoy, 2005a) and also explore possible treatment effects
(Kristjansson & Oddsdottir, 2010; Treleaven, Chen, & Sarig Bahat, 2016),
evidence is not consistent.
Recent studies reporting differences in sensorimotor control between
individuals with neck pain and healthy individuals are in many ways difficult to
compare. Firstly, a variety of research designs have been used, including crosssectional (Juul-Kristensen et al., 2013) and intervention (Cramer et al., 2013;
Sarig Bahat, Takasaki, Chen, Bet-Or, & Treleaven, 2015; Treleaven et al., 2016)
designs. Furthermore, different neck pain populations have been investigated,
e.g. chronic (Pinsault, Vuillerme, & Pavan, 2008) and acute (Lange et al., 2014),
insidious (Sjölander, Michaelson, Jaric, & Djupsjöbacka, 2008) and traumatic
(Treleaven et al., 2008) onset,

and older adults (Quek, Brauer, Clark, &

Treleaven, 2014), adolescents (Silva, Punt, Sharples, Vilas-Boas, & Johnson,
2009), and air force pilots (Nagai et al., 2014). Finally and notably, a variety of
cervical sensorimotor control tests (e.g., joint position error (Revel, AndreDeshays, & Minguet, 1991), postural balance (Treleaven, Jull, & LowChoy,
2005b) have been reported. A variety of clinical tests exist that have been used
in the assessment of cervical sensorimotor control. However, to date no
consensus exists as to what is the best method to measure cervical sensorimotor
control.
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A large proportion of these neck pain studies have reported findings based
on relatively small samples (Stanton, Leake, Chalmers, & Moseley, 2016), often
without justification for sample size or consideration of power post hoc. There is
little consistency between study findings, with some studies reporting differences
in cervical sensorimotor control between individuals with neck pain and healthy
individuals (Elsig et al., 2014; Kristjansson, Dall’Alba, & Jull, 2003; Pinsault et al.,
2008; Rix & Bagust, 2001), and yet others finding no differences (Meisingset et
al., 2015; Sjölander et al., 2008; Woodhouse, Liljebäck, & Vasseljen, 2010). In
studies with larger samples, heterogeneity of participants may confound findings,
as pain mechanisms and vestibular function differ between neck pain conditions
(Scott, Jull, & Sterling, 2005), and studies have included individuals with traumatic
and non-traumatic onsets, acute and chronic presentations, and a range of
severities of neck pain (Kristjansson & Treleaven, 2009; Röijezon, Björklund, &
Djupsjöbacka, 2011; Woodhouse & Vasseljen, 2008).
Alongside the increase in research on cervical sensorimotor control,
clinical practice has also adopted the assessment of cervical sensorimotor control
in individuals with chronic idiopathic neck pain (Michiels et al., 2013). Clinicians
might be However, available evidence focusses mainly on potential differences
between individuals with neck pain and asymptomatic controls, without exploring
the association between pain and cervical sensorimotor control. It is unclear
whether alteration in cervical sensorimotor control is associated with chronic neck
pain, let alone a potential causal relationship existing between the two. This
suggests that research incorporating cervical sensorimotor control outcomes, as
well as the adoption of these outcomes in clinical practice, may have been
presumptuous. Further investigation of the potential link between chronic neck
7

pain and cervical sensorimotor control is necessary in order to provide direction
for future research, as well as clinical practice.
Research focusing on different chronic pain conditions might provide an
answer to the question how chronic neck pain and a sensorimotor control deficit
are linked. The central processing of afferent (sensory) and efferent (motor)
information streams occurs in the motor cortical areas of the brain, and studies
have suggested that cortical reorganisation in individuals with chronic pain might
occur (Tsao, Galea, & Hodges, 2008). If the motor cortical areas of the brain alter
in chronic pain conditions, this might be related to impaired movement behaviour.

Cortical changes and motor behaviour

It is recognised that motor behaviour impairments exist with chronic pain
conditions and it is generally accepted that these impairments occur as a result
of pain (Hodges & Moseley, 2003; van Dieën, Selen, & Cholewicki, 2003). A
review by Nijs et al. (2012) presented evidence for nociception-induced motor
inhibition and consequently limited motor function in humans, suggesting pain
alone can affect motor function. Additionally, the recent proliferation of research
on the involvement of the central nervous system in individuals with chronic pain
has allowed for a second explanation of impaired motor control. Central changes,
observed predominantly in the primary motor cortex, may lead to motor control
inhibition (Boudreau, Farina, & Falla, 2010; Hodges, 2011; Moseley & Flor, 2012;
Tsao et al., 2008; Wand et al., 2011). Early research in cortical changes and
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motor control has suggested that alterations in motor cortical areas can reduce
postural control (Diener, Bacher, Guschlbauer, Thomas, & Dichgans, 1993),
whereas more recently it has been demonstrated that, in individuals with chronic
pain, reorganisation of the motor cortex could be associated with sensorimotor
control deficits (Tsao et al., 2008).
From a clinical point of view, cortical changes in chronic pain may lead to
a variety of symptoms that are important for practitioners to recognise (Wand et
al., 2011). For example, symptoms of central sensitisation, if present, would
change the approach to treat an individual with chronic pain. Another symptom
that may require more attention is impaired motor behaviour, which could
potentially be important for rehabilitation. Clinically, the coupling between a
sensory input and motor output (e.g., eye-hand coordination) may demonstrate
important information regarding the patient’s presentation and their condition,
acting as a rationale to further investigate sensorimotor control in individuals with
chronic pain. Chronic pain, and the potential associated changes in
(predominantly) the primary motor cortex, may interfere with sensorimotor control
which could be addressed clinically by a health professional (Rittig-Rasmussen,
Kasch, Fuglsang-Frederiksen, Svensson, & Jensen, 2014). Before this
association can be investigated, research is needed to address the question as
to what the best method is for cervical sensorimotor control assessment.
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1.3 Chronic Idiopathic Neck Pain

Cervical sensorimotor control has been described in both individuals with
traumatic neck pain (mainly in patients with whiplash associated disorders
following a motor vehicle accident) and individuals with idiopathic neck pain. To
investigate the association between sensorimotor control and pain in individuals
with neck pain, selecting an appropriate study population is important. Neck pain
has a multifactorial aetiology with a wide variety of risk factors, and some of these
risk factors may affect sensorimotor control by themselves, potentially
confounding any relationship observed. In individuals with traumatic neck pain,
sensorimotor control could be affected by factors such as post-traumatic stress
symptoms (Maujean, Gullo, Andersen, Ravn, & Sterling, 2017), structural
changes in cervical muscles (Elliott et al., 2008), and widespread sensory
hypersensitivity (Scott et al., 2005). Even more, psychosocial factors may affect
the (clinical) presentation of individuals with neck pain, especially those with a
traumatic onset (Sheather-Reid & Cohen, 1998). Because of differences in the
underlying mechanisms between individuals with traumatic and idiopathic neck
pain, neck pain resulting from a trauma cannot be regarded as being similar to
idiopathic neck pain and findings are not generalisable across different neck pain
populations (Field, Treleaven, & Jull, 2008; Scott et al., 2005).
Recent research has most commonly focussed on cervical sensorimotor
control in individuals with traumatic neck pain, particularly in those suffering from
whiplash associated disorders. Even though traumatic neck pain is an important
subgroup of individuals with neck pain, idiopathic neck pain is clinically a more
frequently presenting condition (Binder, 2007; L'Hereux-Lebeau, Godbout,
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Berbiche, & Saliba, 2014; Moffett & McLean, 2006). Some studies have identified
less severe and less frequent symptoms in individuals with idiopathic neck pain
compared to people with traumatic neck pain (Kristjansson et al., 2003;
Kristjansson & Oddsdottir, 2010; Woodhouse et al., 2010), however
understanding the sensorimotor control deficits in individuals with idiopathic neck
pain is important because of its greater incidence. Few studies investigating
sensorimotor control in a homogenous sample focus solely on individuals with
idiopathic neck pain (Jørgensen et al., 2011), which is a condition that requires a
better understanding of its pathophysiology (Hoy et al., 2014).
This thesis aims to address the lack of consistent findings of relating to
cervical sensorimotor control outcomes in individuals with chronic idiopathic neck
pain, by investigating whether differences in sensorimotor control can be found
between individuals with chronic neck pain and healthy individuals, and by
addressing the association between cervical sensorimotor control and neck pain
characteristics. While the comparison with traumatic neck pain will be considered
throughout all studies, this thesis reports findings only in individuals with chronic
idiopathic neck pain. Findings of this thesis will inform future research addressing
sensorimotor control in individuals with neck pain, as well as physiotherapists and
other clinicians working in musculoskeletal medicine. The next section of this
chapter will present the rationale for this body of work, including the overall
research aims of the Thesis and the objectives for each of the separate
constituent studies.
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1.4 Rationale of the Thesis

Aims

The main aims of this thesis are to (1) determine the most useful test or
combination of tests for assessing sensorimotor control in individuals with
idiopathic neck pain, and (2) examine the association between pain and
sensorimotor control in a chronic idiopathic neck pain population. This body of
work provides further insight into specific tests for the assessment of
sensorimotor control and their ability to identify and quantify differences between
individuals with idiopathic neck pain and healthy individuals, whether they
measure unique or similar aspects, and their clinical meaningfulness in relation
to neck pain.

Specific aims of the studies

The main aims of this thesis will be investigated by addressing the following
objectives for the papers:
-

To identify cervical sensorimotor control tests that have been investigated
in individuals with idiopathic neck pain and their outcomes compared to
healthy individuals (Study 1).
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-

To determine whether the outcomes of sensorimotor control tests address
similar, or different, characteristics of cervical sensorimotor control in
individuals with chronic idiopathic neck pain (Study 2).

-

To determine whether the outcomes of identified cervical sensorimotor
control tests differentiate between individuals with chronic idiopathic neck
pain and healthy individuals (Study 3).

-

To determine whether cervical sensorimotor control outcomes change
over time in individuals with chronic idiopathic neck pain and healthy
individuals, and what factors are related to changes in cervical
sensorimotor control (Study 4).
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Chapter 2 Literature Review

2.1 Overview

Neck pain is a burdensome and highly prevalent problem with 70% of the
population experiencing neck pain at least once in their lives (Brontfort et al.,
2012; Hoy et al., 2014). Despite guidelines for the treatment of neck pain,
treatment is often ineffective (Childs et al., 2008; Kristjansson & Treleaven, 2009)
and persistent and recurrent neck pain is common (Falla et al., 2008; Haldeman
et al., 2008). Following advances in neuroscience showing neuroplasticity allows
for the human brain to adapt under certain circumstances, it has been suggested
that structural, physiological, and functional changes may occur in the (motor)
cortical areas of the brain in individuals with chronic neck pain (Boudreau et al.,
2010; Moseley & Flor, 2012; Tsao et al., 2008). Rather than solely being an
explanation for pain to become chronic in individuals with central pain
sensitisation, it has been proposed that such cortical alterations may lead to
changes in movement behaviour (Scott et al., 2005; Van Oosterwijck, Nijs,
Meeus, & Paul, 2013). Potentially, changes in movement behaviour could be
observed clinically through cervical sensorimotor control testing, possibly
providing direction for treatment. Limited evidence is available on cervical
sensorimotor control in individuals with neck pain, of which the majority has
focused on individuals with traumatic neck pain such as whiplash (Van
Oosterwijck et al., 2013). However, as individuals with idiopathic neck pain are a
more commonly seen condition clinically, and since it is not possible to
14

extrapolate findings from different neck pain groups due to potentially large
pathophysiological differences between neck pain conditions, more research on
individuals with idiopathic neck pain is warranted to gain a better understanding
of this condition. Findings from recent studies focusing solely on individuals with
idiopathic neck pain show that cervical sensorimotor control may be disturbed.
However, due to large differences in research designs, methodologies, and
populations, it is difficult to compare studies. Furthermore, as a gold standard for
cervical sensorimotor control testing does not exist (Riemann & Lephart, 2002a),
it is not possible to validate available tests, or compare findings with standardised
findings. It is unclear which cervical sensorimotor control tests are the most
effective methods of assessment of sensorimotor control in individuals with
chronic idiopathic neck pain. Additionally, the association between cervical
sensorimotor control and neck pain and neck disability is currently unknown. This
chapter will provide an overview of the literature on (idiopathic) neck pain, cortical
reorganisation in chronic pain conditions, and the assessment of cervical
sensorimotor control.
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2.2 Aetiology of Neck Pain

Many different definitions have been used to describe neck pain. The Bone
and Joint Decade 2000-2010 Task Force on Neck Pain and Its Associated
Disorders (Haldeman et al., 2008) identified over 300 definitions for neck pain.
Differences were mainly found in the anatomical area considered as being the
neck: some studies used the neck to refer to an area that includes only the
cervical spine, whereas others referred to an area that includes neck and
shoulder regions or only cervical and upper thoracic spine. Other differences in
neck pain definitions were based on the origin of pain, the existence of radiating
pain, and the inclusion of related problems like headaches. For this thesis, neck
pain is defined as pain perceived in either the upper or lower cervical spine
(Ahmed, Oliver, & Blackburn, 2007) between the occiput at the base of the skull
and the first thoracic vertebrae.
Neck pain has a multifactorial aetiology; different factors can contribute to,
or cause, neck pain. Most commonly, poor posture, psychological disorders such
as anxiety and depression, neck strain, injuries to the head, and sporting injuries
have been associated with neck pain (Binder, 2007). Depending on the cause of
neck pain, there are several terms used to classify particular types of neck pain.
Neck pain as a result of a traumatic injury to the neck is referred to as traumatic
neck pain. A particular type of traumatic neck pain is one in which the trauma is
a motor vehicle accident. This trauma typically consists of a moment where the
head-neck complex makes a forward-backward acceleration-deceleration
movement referred to as whiplash (Kamper, Rebbeck, Maher, McAuley, &
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Sterling, 2008). The wide range of symptoms that can be experienced after an
accident is referred to as whiplash associated disorder (Scott et al., 2005).
A second type of neck pain is pain that can be linked to a specific
musculoskeletal or neurological condition, for example osteoarthritis, stenosis
and intervertebral disc problems (Kobayashi et al., 2015). Based on imaging,
these conditions are often believed to cause neck pain (Capps, Kinsella, Gupta,
Bhatki, & Opatowsky, 2010). However, it has been suggested (Haldeman et al.,
2008) that these conditions, as well as infection and malignant conditions, rarely
affect the cervical spine and hence may therefore not contribute to a large
proportion of neck pain conditions (Binder, 2007).
Thirdly, neck pain for which there is no clear reason for the onset of pain
is referred to as insidious onset neck pain, also known as idiopathic neck pain. In
idiopathic neck pain, there is no specific cause that can be identified for the onset
of pain. However, some factors are suggested to contribute to the insidious onset
of neck pain, which usually develops gradually over time (Ahmed et al., 2007).
Idiopathic neck pain may be related to different factors, for example nonmodifiable risk factors (i.e. risk factors that cannot be potentially controlled or
treated) including age, sex, and genetics, and different modifiable risk factors
including smoking, posture, and working conditions such as demands, support
and position (Carroll et al., 2008; Fejer et al., 2006; Kaaria, Laaksonen,
Rahkonen, Lahelma, & Leino-Arjas, 2012; Leaver et al., 2013; Nilsen,
Holtermann, & Mork, 2011).
One of the most important predictive factors for developing idiopathic neck
pain is believed to be working conditions and associated posture (Ariëns et al.,
2001). Where good posture is one where musculoskeletal balance is maintained
17

with a minimum of force on the body (Silva et al., 2009), a typically observed
posture in sedentary work is flexion of the lower cervical spine and extension of
the upper cervical spine (Szeto, Straker, & Raine, 2002). As a result, the head is
positioned anteriorly of the theoretical plumb line through the body’s centre of
gravity (Yip, Chiu, & Poon, 2008), resulting in an increased strain on the posterior
tissue.
It has been reported that office workers are more likely to experience neck
pain compared to non-office workers (Hoy et al., 2010), potentially as a result of
their static shoulder and neck posture (Ariëns et al., 2001). Higher income
countries, associated with having a higher percentage of office workers, show a
higher prevalence of neck pain (Ormel et al., 2008). Idiopathic neck pain is
becoming a more common condition as greater numbers of people are more
frequently exposed to workplace factors potentially contributing to neck pain
(Szeto et al., 2002). In clinical practice, idiopathic neck pain is a commonly seen
condition (L'Hereux-Lebeau et al., 2014) and more common than other types of
neck pain (Binder, 2007). With the increase in office work and the expectation
that this increase will continue over the coming decades, idiopathic neck pain has
the potential to become an even greater problem. While this thesis focuses on
individuals with idiopathic neck pain, the discussion of sensorimotor control in
individuals with neck pain in the remainder of this chapter will report findings in
individuals with both traumatic and idiopathic neck pain, to provide a complete
overview of recent literature. A systematic literature review of studies
investigating cervical sensorimotor control in individuals with idiopathic neck pain
will be provided in Chapter 3.
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2.3 Sensorimotor Control

The

cervical

spine,

including

its

bony

structures,

articulations,

musculature, and other soft tissues, is a highly complex part of the human body.
Stability is to some degree provided by the structure of the spine, but due to the
large range of movement available in all directions required for normal
functioning, most stability is provided by multiple layers of muscles (Panjabi,
1992). The bony structures of the spine do not restrict the cervical spine in its
movement, and muscles are responsible for appropriate stability. Good control of
the head however is crucial, and the control of neck (and consequently head)
stability is complex and versatile (Olson & Joder, 2001). A variety of information
streams afferent to and efferent from the central nervous system are in play, and
also connected to the visual and vestibular systems (Riemann & Lephart, 2002b).
The control of the interplay between these afferent and efferent
information streams in the functioning of the head and neck has led to the concept
of cervical sensorimotor control. Sensorimotor control can be regarded as an
umbrella term, overarching multiple subsystems that interact to control the
movement of the head and neck. These subsystems are proprioception,
kinaesthesia, the vestibular system, and visuomotor/oculomotor control
(Riemann & Lephart, 2002b). Together, these subsystems provide information
about position and movement from cervical mechanoreceptors, visual information
from the eyes, and positional and directional information from the vestibular
system.
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Different mechanoreceptors are responsible for the sensation of head and
neck position in space (slow adapting receptors), which is known as
proprioception, and head and neck movement and velocity (rapidly adapting
receptors), known as kinaesthesia (Armstrong, McNair, & Taylor, 2008).
Examples of slowly adapting receptors are Golgi tendon organs and Ruffini end
organs and are responsible for proprioception. Fast adapting receptors, such as
Pacinian corpuscles, are responsible for the detection of movement and
movement velocity (Riemann & Lephart, 2002b; Strimpakos, 2011). The high
density of muscle spindles in slow-twitch muscle fibres is suggested to play an
important role in maintaining postural balance (Cooper & Daniel, 1963; Richmond
& Abrahams, 1975). The cervical spine contains a high density of proprioceptors
(Amonoo-Kuofi, 1983; Armstrong et al., 2008). Especially the suboccipital
superior and inferior oblique capitis muscles, connecting the occiput and C1, and
C1 and C2, have been shown to contain exceptionally high concentrations of
muscle mechanoreceptors of 242 and 190 spindles per gram of muscle
respectively (Kulkarni, Chandy, & Babu, 2001). The rectus capitis posterior major
and minor, connecting C2 and the occiput and C1 and the occiput respectively,
contain 98 spindles per gram of muscle. Compared to 24 and 16 spindles per
gram of muscle for the multifidus or thumb respectively, it is clear how densely
populated the (upper) cervical spine is with mechanoreceptors, and consequently
how large its role is in providing afferent information about the head’s position
relative to the body.
The vestibular system, located in the inner ear, consists of two
components that are important for the detection of rotational and linear
movements and accelerations. Rotational movements are detected by the
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semicircular canals (Spoor et al., 2007), whereas linear accelerations are
detected by the otoliths (saccule and utricle) (Gresty, Bronstein, Brandt, &
Dieterich, 1992), contributing to the perception of spatial awareness.
Consequently, the vestibular system is an important source of information about
the position of the head in space. Information from the vestibular system is
furthermore important for ocular control via the vestibulo-ocular reflex and
postural control via the vestibulospinal reflex (Armstrong et al., 2008). The
vestibulo-ocular reflex controls eye movement during head movement, essential
for normal vision, while the vestibulospinal reflex controls the body to maintain a
stable upright position (Hain & Hillman, 2000). The vestibulo-ocular reflex plays
an important role in the control of voluntary eye movements. During movement,
the vestibulo-ocular reflex and oculomotor systems work concurrently in order to
maintain correct orientation. The visuomotor system, in which a visual input is
coupled to a motor output through the dorsal stream (Goodale, 1983), for
example in the control of reaching and grasping tasks and locomotion (Goodale,
2011), is believed to be different from vision-for-perception through the ventral
stream, which is solely sensory and not coupled to motor output (Milner &
Goodale, 2008). Functional magnetic resonance imaging of the entire brain
during a visually guided motor task supports the idea of cortical processing of
visual information (Ellermann, Siegal, Strupp, Ebner, & Ugurbil, 1998), introduced
by Goodale and Milner (1992) specific for motor output.
In the processing of the above-mentioned information streams, the brain
is the central coupling system between sensory inputs and outputs to the motor
system. Afferent information from the vestibular system, proprioceptive and
kinaesthetic systems, and visual system is being integrated and processed in the
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vestibular nuclei, cerebellum, and centrally. Sensory input is provided to the
central nervous system and is essential information for motor control prior to,
during, and after movement. The somatosensory cortex is responsible for the
processing of most sensory signals (Graziano, 2009) and together with the
primary motor cortex (Sanes & Donoghue, 2000) responsible for most efferent
information streams to initiate the execution of motion (Pruszynski et al., 2011;
Todorov, 2004). Sensorimotor control, a term used to describe both systems and
the coupling between the two, is cortically organised in primarily these cortical
areas.

22

2.4 Chronic Neck Pain and Cortical Changes

The question why pain becomes chronic in such a large proportion of the
neck pain population has led to a variety of research directions investigating the
underlying mechanisms of chronic pain. If it is possible to identify one or multiple
factors associated with chronicity, this could potentially inform clinical guidelines
and improve the efficacy of neck pain treatment. Recent research has focused
on anatomical (Childs et al., 2008; Farrell et al., 2018), functional (Feipel, Salvia,
Klein, & Rooze, 2005; Sarig Bahat, Sprecher, Sela, & Treleaven, 2016), kinematic
(Röijezon, 2009), and psychological factors (Sterling, Jull, & Kenardy, 2006) in
an attempt to determine possible contributors to chronicity. Unfortunately,
however, there is no consensus on the possible contributors to the development
of chronic neck pain.
One of the important tasks of the brain is to experience, and react to, pain
(Melzack & Wall, 1965). Being able to experience pain and subsequent pain
behaviour is important in the event of danger for the human body. In most
musculoskeletal conditions this danger is tissue damage, and pain behaviour
prevents further damage (Loeser & Melzack, 1999). However, after the acute
phase of a musculoskeletal problem, recurring and chronic pain are common
(Haldeman et al., 2008; Mäkelä et al., 1991). Even when the peripheral problem
has been resolved through treatment or natural recovery and no remaining
physical or physiological problems exist, persistence of pain can occur (van
Wilgen & Keizer, 2012). In other words, in people with chronic pain, often
physiological evidence of spinal joint or soft tissue damage is not associated with
the persistence of pain (Gatchel, Peng, Peters, Fuchs, & Turk, 2007). In people
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with chronic pain, in whom often an ongoing nociceptive stimulus does not exist,
central adaptive changes have been suggested as a possible reason for pain
chronicity (Flor, 2003; Moseley & Flor, 2012; Vartiainen, Kirveskari, Kallio-Laine,
Kalso, & Forss, 2009; Wand et al., 2011).
Unlike what was believed previously (Pujol, Vendrell, Junque, Marti-Vilta,
& Capdevilla, 1993), the brain is flexible and keeps changing during life even after
reaching adulthood (Lebel & Beaulieu, 2011). It is this neuroplastic character that
allows the brain to adapt its structural, physiological, and functional
characteristics to specific situations (Arya, Pandian, Verma, & Garg, 2011).
However, research has explored the possibility of these neuroplastic changes
being associated with pain chronicity as a result of cortical maladaptation (Puretić
& Demarin, 2012). The concept of central changes that may have become reason
for the persistence of pain (maldynia) is known as central sensitisation; a state of
persistent hyperexcitability of central neural pathways due to a neurobiological
maladaptation (Dickinson, Head, Gitlow, & Osabahr, 2010). Central sensitisation
leading to higher excitability of neural pathways (Meeus & Nijs, 2007) has been
suggested to be a possible explanation for the persistently perceived pain (Ray,
2015).
Changes that have been found in individuals with chronic pain include
increased membrane excitability and synaptic efficacy and changes in opioid
neurotransmission and excitatory transmitters (Willis, 2001), organisational
changes in cortical somatotopic maps and altered activity in nociceptive areas,
neurodegeneration, and activation of cortical areas that are usually not activated
(Ray, 2015; Woolf, 2004; Woolf & Salter, 2000). Structural changes, primarily
reduced grey matter in, for example, the brainstem and somatosensory cortex
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(Schmidt-Wilcke et al., 2006), were found to be strongly correlated with pain
intensity. A combination of these changes may contribute to a higher excitability
of neural pathways and thus increased brain activity for certain areas, which has
been referred to as pain memory (Ji, Kohno, Moore, & Woolf, 2003).
Neuroplastic changes (Meeus & Nijs, 2007), leading to higher excitability
of neural pathways and increased efficacy of synaptic function, have been
suggested to be a possible explanation for pain hypersensitivity and chronicity,
known as central sensitisation (Ray, 2015; Woolf, 2011). Central sensitisation
often expresses through a variety of symptoms, such as widespread
hypersensitivity for non-nociceptive stimuli (Van Oosterwijck et al., 2013). As a
result of the increased excitability, it is expected that these changes have the
potential of becoming a problem on their own (Puretić & Demarin, 2012).
In several chronic pain conditions, it has been suggested that neuroplastic
changes may be associated with chronicity (Apkarian, Hashmi, & Baliki, 2011;
May, 2008). Evidence for this association has been found in different populations
including individuals with low back pain (Flor, Braun, Elbert, & Birbaumer, 1997;
O'Neill, Manniche, Graven-Nielsen, & Arendt-Nielsen, 2007), fibromyalgia
(Desmeules et al., 2003), phantom limb pain (Flor, 2003), osteoarthritis (Lluch,
Torres, Nijs, & Van Oosterwijck, 2014), and complex regional pain syndrome (Di
Pietro et al., 2013; Vartiainen et al., 2009), but also in patients with chronic
psychiatric conditions such as depression (Brody et al., 2001; Fitzgerald, Laird,
Maller, & Daskalakis, 2008).
In neck pain research, a systematic review (Van Oosterwijck et al., 2013)
investigated the evidence for central sensitisation in individuals with chronic
whiplash. It was concluded that the majority of the 22 included studies provided
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evidence to suggest that central hypersensitivity may play a role in individuals
with whiplash. An investigation of sensory hypersensitivity found cervical
mechanical hypersensitivity in both individuals with whiplash associated
disorders and chronic idiopathic neck pain patients (Scott et al., 2005).
Furthermore, in the whiplash group, widespread hypersensitivity was found to
both thermal and pressure stimuli, confirming the potential presence of central
sensitisation. Several studies have compared individuals with idiopathic neck
pain to asymptomatic controls and have found suggestions for central alterations
including widespread sensitivity (Johnston, Jimmieson, Jull, & Souvlis, 2008),
especially hypersensitivity to pressure (Javanshir, Ortega-Santiago, MohseniBandpei, Miangolarra-Page, & Fernandez-de-Las-Penas, 2010; La Touche et al.,
2010). Others, however, have not found such differences (Chien & Sterling, 2010;
Chua, Timmerman, Vissers, & Oh, 2012; Scott et al., 2005). A recent systematic
review (Malfliet et al., 2015) identified six studies that assessed the presence of
central sensitisation in individuals with chronic idiopathic neck pain. As all
included studies used different methods and measurements, it was concluded
that minimal evidence showed inconsistent results, but a subgroup of individuals
with central sensitisation might be present. So, it is recognised that cortical
changes may occur in individuals with chronic neck pain, however whether those
changes always lead to central sensitisation of pain, and associated symptoms,
is yet to be determined.
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2.5 Neck Pain and Sensorimotor Control

Through discussion of the underlying mechanisms of head and neck
movement control and the involvement of cortical processes, it appears logical
that cervical sensorimotor control is an important system for optimal functioning
of the cervical spine. In individuals with neck pain, often complaining about
secondary symptoms such as dizziness, unsteadiness, and instability
(Kristjansson & Treleaven, 2009; Treleaven, 2008), it could be expected that such
symptoms reflect poor performance of the sensorimotor system. To date, it
remains unclear whether sensorimotor control and neck pain are, in fact, related.
Research has addressed the question whether cervical sensorimotor control is
related to neck pain and multiple plausible pathophysiological explanations have
been given (Humphreys, 2008). Sensorimotor deficits have been suggested to
occur in individuals with traumatic neck pain (Loudon, Ruhl, & Field, 1997), as
well as individuals with non-traumatic, idiopathic, or degenerative neck pain
(Humphreys, 2008).
Different expectations of the relationship between neck pain and cervical
sensorimotor control seem to exist. Firstly, there is support for the view that neck
pain can influence the afferent (e.g., proprioceptive) information, suggesting pain
itself can lead to a sensorimotor deficit (Nagai et al., 2014). Neck pain studies
investigating cervical sensorimotor control have suggested a causal relationship
with pain leading to a sensorimotor deficit (Boudreau & Falla, 2014; Grod &
Diakow, 2002), however a rationale for this causality is not given. One possible
explanation might be that the often observed higher muscle tone in people with
neck pain (Gross et al., 2016) leads to a lower excitability of muscle spindles
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(Eldred, Granit, & Merton, 1953; Vallbo & Al-Falahe, 1990), which would result in
reduced firing of afferent neurons. If this is the case, the somatosensory cortex
receives less information regarding position and movement, suggested to lead to
impaired proprioception (Tsao et al., 2008; Tsao, Galea, & Hodges, 2010).
Secondly, some studies have reported deficits in sensorimotor control as
a potential cause for neck pain (Brandt & Bronstein, 2001; Elsig et al., 2014;
Röijezon et al., 2011; Tjell & Iglebekk, 2012). Rather than neck pain that leads to
a sensorimotor deficit, disturbed sensorimotor control could lead to the
occurrence and/or persistence of neck pain. The leading argument for this
potential causal relation is a potential mismatch in afferent information streams
(McCollum, Shupert, & Nashner, 1996). For example, if incorrect proprioceptive
information is centrally combined with correct vestibular information, an
incongruence of afferent information disturbs the interpretation of these
information streams (Brandt & Bronstein, 2001; Elsig et al., 2014; Röijezon et al.,
2011). Consequently, a mismatch in afferent information may potentially lead to
repeated microtrauma (Tjell & Iglebekk, 2012), which then might lead to pain
(Riemann & Lephart, 2002b; Treleaven, 2008).
Thirdly, it may be that sensorimotor deficits in neck pain are individual
mechanisms and are not a result of or do not lead to pain (Michaelson et al.,
2003; Sjölander et al., 2008). Sensorimotor deficits and neck pain could
potentially coexist without a causal relationship. Other than limited evidence
supporting suggestions that neck pain may be associated with sensorimotor
deficits, very minimal evidence on a possible causal relationship exists. To make
conclusive statements, studies will need to investigate the association, and
possibly the causal relationship, between neck pain and cervical sensorimotor
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control. Currently, the mechanisms underpinning sensorimotor control are not
clear and it might be too early to conclude whether there is a relationship between
sensorimotor control and pain (McCaskey, Schuster-Amft, Wirth, Suica, & de
Bruin, 2014; Rudolfsson, Djupsjobacka, Hager, & Bjorklund, 2014).
Lastly, sensorimotor control in individuals with neck pain might be affected
as a consequence of motor cortical changes. Logically, the link between motor
cortical changes and motor function appears plausible. Several studies have
investigated the association between cortical changes and motor function in
individuals with musculoskeletal disorders. In a population of people with
recurrent low back pain, changes that were found in the motor cortical areas were
compared to the onset of transverse abdominis muscle activation in arm flexion
and arm extension tasks (Tsao et al., 2008). Results showed that the relative
onset of muscle activation, which indicates feedforward as motor control
mechanism (Silfies, Mehta, Smith, & Karduna, 2009), was significantly later in
people with low back pain. Tsao et al. (2008) presented preliminary evidence of
motor cortical reorganisation in people with recurrent low back pain. The location
and centre of gravity of motor cortical maps of the transverse abdominis muscle
in people with low back pain was different from those in healthy individuals. This
finding was supported by a review by Roussel et al. (2013) investigating available
evidence on central sensitisation in people with low back pain. They concluded
that ongoing pain is likely to be associated with changes in cortical areas which
may contribute to low back pain becoming a chronic condition. Currently,
evidence regarding cortical reorganisation and central sensitisation in individuals
with neck pain is lacking.
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Although the clinical importance of understanding central sensitisation and
its relationship with musculoskeletal disorders has been addressed before (Nijs,
Van Houdenhove, & Oostendorp, 2010), research on the impact of motor training
emphasises it even further. In people with recurrent low back pain who undertook
a skilled motor training program, two weeks of training induced a significantly
earlier onset of transverse abdominis muscle activation compared to a control
walking exercise group (Tsao et al., 2010). More interestingly, it was also
demonstrated that the motor cortical representation of the transverse abdominis
was significantly shifted and was now similar to that in healthy individuals. Based
upon this observation, it has been proposed that motor training might be able to
assist in undoing the cortical changes observed in people with chronic or
recurrent pain (Tsao et al., 2010).
Other studies, investigating the effects of motor-skill training, have
described similar effects. For example, in motor training for the tongue, a lot of
research is available demonstrating the effects of exercises on the cortical
organisation of muscle representations (Svensson, Romaniello, Arendt-Nielsen,
& Sessle, 2003; Svensson, Romaniello, Wang, Arendt-Nielsen, & Sessle, 2006).
Furthermore, following two to four weeks of motor training for the hand (Koeneke,
Lutz, Herwig, Ziemann, & Jancke, 2006), higher excitability of the primary motor
cortex was found (Boudreau et al., 2010).
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2.6 Evaluation of Measurements of Cervical Sensorimotor Control

As defined, sensorimotor control consists of multiple subsystems
(proprioception, kinaesthesia, visuomotor system, vestibular system) all relevant
to the cervical spine. In terms of assessing cervical sensorimotor control, testing
multiple subsystems together, rather than addressing one, makes sensorimotor
testing challenging. The question arises whether a valid cervical sensorimotor
control measurement should address all subsystems to make a general
statement about sensorimotor control. Alternatively, should a measurement
specifically address one subsystem of sensorimotor control in order to
discriminate between subsystems and make conclusions specific to this
subsystem? In the assessment of cervical sensorimotor control in people with
neck pain, several tests have been used to date, including outcomes targeting
one subsystem, but also tests that address multiple subsystems. An overview of
these tests and the justification for their use will be given below.

Cervical repositioning error

The ability to reposition the head and neck to a certain position has been
described as measurement for the proprioceptive and vestibular subsystems of
cervical sensorimotor control (Revel et al., 1991). Testing for the repositioning
error, also referred to as head repositioning accuracy but better known as the
joint position error, is the most widely used measurement for cervical
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sensorimotor control (de Vries et al., 2015; Stanton et al., 2016). Originally
introduced by Revel et al. (1991) as the first sensorimotor control test for the neck,
thirty individuals with both traumatic and non-traumatic neck pain were compared
to thirty healthy individuals on their ability to reposition the head to the neutral
head position. It was reported that individuals with neck pain were significantly
less accurate at repositioning the head, identifying a proprioceptive deficit in
individuals with neck pain.
Since the introduction of the joint position error test, it has been widely
used to evaluate sensorimotor control in individuals with neck pain. However, as
this test only addresses the cervical proprioceptive and vestibular systems, it is
not a complete measure of cervical sensorimotor control. As participants are
blindfolded to exclude visual feedback, the visuomotor and oculomotor
subsystems of sensorimotor control do not contribute to the performance on this
test. It can be argued that certain subsystems are being tested specifically (i.e.,
proprioception and kinaesthesia), however no conclusions can be drawn on the
functioning of other subsystems. Furthermore, associations derived from different
studies investigating individuals with both traumatic and idiopathic neck pain vary;
several studies have reported significant differences between people with neck
pain and healthy individuals (Elsig et al., 2014; Kristjansson et al., 2003; Pinsault
et al., 2008), while other studies (Rix & Bagust, 2001; Sjölander et al., 2008;
Woodhouse & Vasseljen, 2008), do not find such differences.
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Postural balance

Postural balance is an often-used outcome measure in a variety of clinical
areas such as musculoskeletal, neurological and geriatric settings (Bohannon,
Larkin, Cook, Gear, & Singer, 1984; Davis, Iverson, Guskiewicz, Ptito, &
Johnston, 2009; Karlberg, Persson, & Magnusson, 1995; Malmström, Karlberg,
Fransson, Lindbladh, & Magnusson, 2009). As multiple sensorimotor control
subsystems related to the cervical spine are involved in maintaining postural
balance, including the vestibular system (Grace Gaerlan, Alpert, Cross, Louis, &
Kowalski, 2012; Humphreys, 2008), postural balance is considered an important
outcome for sensorimotor control testing in individuals with neck pain (Koskimies
et al., 1997). Postural sway has been reported in many studies investigating
individuals with neck pain, and compared to healthy individuals larger sway areas
have been found (Franzen et al., 2009; Juul-Kristensen et al., 2013; Treleaven,
Clamaron-Cheers, & Jull, 2011; Yu, Stokell, & Treleaven, 2011).
Postural balance can be measured in different stances, such as parallel
and tandem stance, with either the eyes open or closed, and on different
surfaces. Postural sway measures can be recorded with a computerised balance
platform allowing for a reliable and precise method to compare sway distances
(Juul-Kristensen et al., 2013; Treleaven et al., 2011; Yu et al., 2011). A balance
assessment with neck torsion (in which the head is kept stationary and the trunk
and feet are rotated 45 degrees) was introduced for the assessment of individuals
with neck pain (Yu et al., 2011). It was suggested that neck torsion would
stimulate cervical mechanoreceptors making the tests more specific as a cervical
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sensorimotor control test, while keeping the head stationary means the vestibular
system would not be activated.

Cervical movement smoothness

The smoothness of head and neck movement is suggested to be an
outcome that represents proprioceptive and kinaesthetic performance, as being
aware of the position of the neck and also neck movement and speed are
involved (Röijezon, 2009; Sjölander et al., 2008). It has been suggested that
people with neck pain move their head and neck with more jerkiness compared
to people without neck pain (Röijezon et al., 2011; Sjölander et al., 2008). A
specific assessment to address cervical movement accuracy, The Fly® test, has
been introduced (Kristjansson, Hardardottir, Asmundardottir, & Gudmundsson,
2004; Kristjansson & Oddsdottir, 2010) in order to evaluate head movement
smoothness. The Fly® test uses a continuously moving target on a computer
screen, and the accuracy of the head movement with which this target is followed
is measured using an electromagnetic tracking device (Kristjansson & Oddsdottir,
2010). Poor performance on this test, and hence impaired movement
smoothness, is represented by a larger distance from the target throughout the
test. Typically, the test uses three movement patterns of increasing speed and
length, increasing the difficulty to smoothly follow the target, and individuals with
neck pain have been reported to perform worse compared to healthy individuals
(Kristjansson & Oddsdottir, 2010).
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Visuomotor system and oculomotor control

The visuomotor system is a specific subsystem of the sensorimotor system
in which the sensory input is visual. A common example is eye-hand coordination
which is important in everyday activities and a necessary skill in most sports
(Richter, Röijezon, Bjorklund, & Djupsjöbacka, 2010; Rodrigues, Vickers, &
Williams, 2002). Visuomotor control for the neck is considered as eye-neck
coordination, and different studies have reported several outcome measures for
visuomotor control in individuals with neck pain (Anastasopoulos, Bhatia,
Bronstein, Marsden, & Gresty, 1997; Docherty, Scharer, Bagust, & Humphreys,
2012; Geisinger, Ferreira, Suarez, & Suarez, 2010; Golomer, Guillou, Testa,
Lecoq, & Ohlmann, 2005; Treleaven & Takasaki, 2015). The perception of
verticality, and correcting an incorrect vertical visual input (Bagust, 2005), is a
measure of the visuomotor system which has been shown to be related to
proprioception of the cervical spine in healthy individuals (Barbieri et al., 2007)
and a group of experts in physical activity and untrained women (Golomer et al.,
2005). Afferent information from the otolith organs of the vestibular system,
contributing to spatial orientation including the perception of subjective verticality,
is most commonly used assessment with the subjective visual vertical test. Using
a projection of a picture of a rod within a tilted square on a computer screen or
virtual reality device, the subjective assessment of verticality can be tested by
asking a participant to position the rod vertically using a computer mouse (Chen
& Treleaven, 2013; Docherty et al., 2012). Alternatively, the head tilt response
test only uses a virtual reality device with motion tracking sensors, in which the
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participant is asked to tilt the head so that a projected line (similar to the rod, but
without the tilted square) is exactly vertical (Geisinger et al., 2010).
The control of eye movements is closely related to the visuomotor system,
as reflexes like the vestibulo-ocular reflex control the eyes which is crucial for
normal vision. This system, also known as oculomotor control, has been
described as a relevant measure for cervical sensorimotor control (Hildingsson,
Wenngren, Bring, & Toolanen, 2009; Hildingsson, Wenngren, & Toolanen, 2009;
Kristjansson et al., 2004; Kristjansson & Oddsdottir, 2010; Prushansky, Dvir,
Pevzner, & Gordon, 2004). Oculomotor control, which in itself requires normal
vestibulo-ocular function, can be tested by assessing convergence (the ability of
the eyes to move inwards) or by assessing the smoothness of eye movements,
e.g. through identifying saccades while the eyes follow a smooth moving target
(Tjell & Rosenhall, 1998). Very few studies have used this test of oculomotor
control, called the smooth pursuit neck torsion test, as a cervical sensorimotor
control outcome, however initial findings show the potential of differences
between individuals with traumatic neck pain and healthy individuals (Treleaven
et al., 2005a).

Muscle function

The onset of muscle activation, tested using electromyography has been
used as outcome for motor control as it demonstrates the feedforward
mechanisms of motor control. It has been described for a wide variety of body
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areas for both assessment and training of motor control including the shoulder
(Roy, Moffet, Hebert, & Lirette, 2009; Worsley et al., 2013), quadriceps (Vila-Cha,
Hassanlouei, Farina, & Falla, 2012) and low back (Allison, 2012; Newcomer et
al., 2002). In individuals with neck pain, the onset of muscle activation during a
voluntary arm task and craniocervical flexion task has been described (D. Falla,
G. Jull, & P. W. Hodges, 2004), however this cannot be regarded as a true
cervical sensorimotor control test because it does not include both a sensory and
motor aspect as per the definition of sensorimotor control. Instead, the use of the
head steadiness has been suggested, which is a better cervical sensorimotor
control test assessing proprioceptive skill (Woodhouse et al., 2010). In the head
steadiness test, a participant is asked to lift the head 1 cm off the table and hold
it still in the lifted position for 40 seconds, testing muscle endurance, but also
proprioceptive function by focussing on not moving the head.

Range of motion

Cervical range of motion is not a measurement that has specifically been
used to address the sensorimotor system, however it does provide crucial
information about the motor component of sensorimotor control. Cervical ROM is
a commonly used measurement in clinical practice (Williams, McCarthy, Chorti,
Cooke, & Gates, 2010), and furthermore a valid and reliable outcome (Audette,
Dumas, Cote, & De Serres, 2010) in research (Dall’Alba, Sterling, Treleaven,
Edwards, & Jull, 2001). In neck pain research, including studies investigating
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cervical sensorimotor control, range of motion has been commonly measured
and has been found to be reduced in people with neck pain compared to people
without neck pain (Armstrong, McNair, & Williams, 2005; Dall’Alba et al., 2001;
Sterling, Jull, Vicenzino, Kenardy, & Darnell, 2003).

Issues of measurement of cervical sensorimotor control

As sensorimotor control covers multiple subsystems, there are several
methods for assessing sensorimotor control, with differences between testing
methods based on the subsystem that is being addressed. For example, some
measurements may specifically address the visuomotor system (e.g., subjective
visual vertical, head tilt response, The Fly®) or the vestibular system (e.g.,
postural balance) (Cullen, 2012; Cutfield, Scott, Waldman, Sharp, & Bronstein,
2014). It is suggested that all of these measurements address sensorimotor
performance (Kristjansson & Oddsdottir, 2010), however some may be more
specific and thus have a better face validity to certain subsystems than others.
For all the identified cervical sensorimotor tests, a shared problem arises:
the validity of sensorimotor control measurements cannot be determined. The
lack of a gold standard for sensorimotor testing emphasises this issue: findings
of above-mentioned studies cannot be compared to a gold standard. Without a
gold standard, it is difficult to determine the clinical relevance of the introduced
measurements and whether one or another is a more ‘accurate’ measure of
cervical sensorimotor control. However, it is possible to discuss the presented
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sensorimotor control measurements in relation to each other, and to the definition
of cervical sensorimotor control. As a result, the importance of sensorimotor
control measurements can only be addressed in terms of their face validity.
Currently, consensus is lacking regarding the best method to measure and
quantify sensorimotor control in individuals with neck pain (Elsig et al., 2014;
Malmström et al., 2009), as there is no gold standard to assess cervical
sensorimotor control. Humphreys (2008) suggested that valid clinical tests are
needed for the identification and diagnosis in individuals with neck pain, which
will consequently contribute to a more effective management of neck pain
problems. Others (Malmström et al., 2009; Treleaven et al., 2005b) support this
view and emphasise that simple measurements, usable in clinical practice, are
required to validly and reliably measure all aspects of cervical sensorimotor
control and its subsystems (Kristjansson & Treleaven, 2009).
In clinical practice, patients presenting clinically with neck pain often show
symptoms that may be linked to cervical sensorimotor control, such as dizziness,
light-headedness and unsteadiness (Kristjansson & Treleaven, 2009; Treleaven,
2008). Clinicians have been trying to use tests to clinically assess cervical
sensorimotor and its subsystems (Michiels et al., 2013) based on the suggestion
that sensorimotor deficits can be observed in individuals with neck pain (Field et
al., 2008; Michaelson et al., 2003; Sjölander et al., 2008; Treleaven, 2008). As
many tests are available to assess cervical sensorimotor control in individuals
with neck pain, it is unclear what tests should be used clinically and the
assessment of sensorimotor control in relation to neck pain is not widely accepted
(Kristjansson & Treleaven, 2009). To investigate whether idiopathic neck pain is
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associated with sensorimotor skills, consensus on the best way to measure
cervical sensorimotor control is needed.
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Chapter 3 Sensorimotor Control in Individuals with Idiopathic
Neck Pain and Healthy Individuals: A Systematic Review and
Meta-Analysis

As noted in Chapter 2, numerous studies have used assessments of
cervical sensorimotor control to assess individuals with neck pain. Furthermore,
clinicians are starting to implement sensorimotor control measurements in the
assessment of individuals with idiopathic neck pain (Michiels et al., 2013).
However, studies use different tests, and it is unclear whether these different tests
discriminate between individuals with idiopathic neck pain and healthy
individuals. There is currently no consensus on what is the best test to assess
cervical sensorimotor control in individuals with idiopathic neck pain, hence it is
unclear what tests should be used clinically.
The first study of this thesis addresses the questions of what tests have
been used to assess sensorimotor control in individuals with idiopathic neck pain,
and whether these tests differentiate between individuals with idiopathic neck
pain and healthy individuals. This is the first study published that has identified
all sensorimotor control tests that have been used in individuals with idiopathic
neck pain.
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This paper has been published as original research in Archives of Physical
Medicine and Rehabilitation (see Appendix F):

de Zoete R.M.J., Osmotherly P.G., Rivett D.A., Farrell S.F., Snodgrass S.J.
(2017). Sensorimotor control in individuals with idiopathic neck pain and healthy
individuals: A systematic review and meta-analysis. Archives of Physical
Medicine and Rehabilitation, 98:1257-71. doi: 10.1016/j.apmr.2016.09.121
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3.1 Introduction

Approximately 70% of the population will experience neck pain at least
once in their lives (Brontfort et al., 2012). Neck pain is also related to high health
care costs (Driessen, Lin, & van Tulder, 2012) and is ranked fourth highest in
terms of disability (Hoy et al., 2014), which further emphasises the need for
effective interventions for neck pain. Traditional rehabilitation programs as
advocated by both national and international physiotherapy guidelines (Childs et
al., 2008) seem to be unsuccessful in treating many neck pain problems (Falla et
al., 2008). Although short-term effects have been demonstrated, joint
mobilisation, massage, traction, and exercise therapy focused on overall muscle
strength do not show sustained effects on patient symptoms in the long term
(Kristjansson & Treleaven, 2009).
Sensorimotor control is becoming an increasingly reported outcome in
neck pain research (Strimpakos, 2011). In addition to the term sensorimotor
control, other common terms used to describe the components of sensory input
and motor output for adequate motor control include proprioception, kinesthesis,
and somatosensory control. Terminology in the field of sensorimotor control can
be confusing because different terms are used interchangeably to address the
same system (Riemann & Lephart, 2002a). In this review, sensorimotor control
testing is used as an umbrella term to describe tests that encompass all the
afferent and efferent information streams and the central integration components
contributing to joint stability (Riemann & Lephart, 2002a).
Most commonly, individuals suffering from whiplash associated disorders
have been studied in investigations of sensorimotor control. Although traumatic
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cases form an important subgroup in individuals with neck pain, individuals with
idiopathic neck pain (which occurs spontaneously) present more frequently in the
clinic (L'Hereux-Lebeau et al., 2014). Important differences in individuals with
traumatic neck pain, including vestibular deficits and greater balance
disturbances (Field et al., 2008), limited head steadiness (Woodhouse et al.,
2010), structural cervical muscle changes (Elliott et al., 2008), and widespread
sensory hypersensitivity (Scott et al., 2005) limit the generalisability of findings
from this population to people with idiopathic neck pain. Because neck disorders
caused by trauma appear to involve other balance systems and a more complex
presentation, traumatic neck pain and idiopathic neck pain may be regarded
clinically as different conditions (Scott et al., 2005).
Diverse methods for assessing the sensorimotor system have been
reported (Bagust, 2005; Karlberg et al., 1995; Kristjansson & Oddsdottir, 2010;
Revel et al., 1991). In a review by Michiels et al. (2013), some recommendations
for assessment were made based on examination of a limited number of tests;
however, these recommendations are limited by lack of a systematic search of
the literature and a lack of qualitative appraisal or meta-analysis. Although in
some of the available tests different subsystems might be involved (e.g.,
oculomotor and vestibular systems (Cullen, 2012; Cutfield et al., 2014;
Kristjansson & Oddsdottir, 2010)), all methods measure sensorimotor control of
the neck. There is currently no evidence to support any one method to measure
deficits in the cervical sensorimotor system (Field et al., 2008; Humphreys, 2008;
Malmström et al., 2009). Armstrong et al. (2008) suggest that effective
interventions for idiopathic neck pain cannot be established before it is clear how
sensorimotor differences between neck pain and healthy groups can be
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identified. Therefore, the first important step is to achieve consensus on the best
method to assess sensorimotor control in the neck (Armstrong et al., 2008).
The present systematic review and meta-analysis focused on the
assessment of sensorimotor control in individuals with idiopathic neck pain. The
research questions explored are as follows: (1) What tests are used to assess
cervical sensorimotor control in individuals with idiopathic neck pain? and (2) Can
sensorimotor control tests identify and quantify differences between individuals
with idiopathic neck pain and healthy individuals? The findings will inform
understanding of the assessment of sensorimotor control in individuals with
idiopathic neck pain and will be important for future research investigating
assessment and interventions for cervical sensorimotor control deficits.
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3.2 Methods

Identification and selection of studies

A systematic review was conducted searching the electronic databases
Allied and Complementary Medicine Database, CINAHL, Cochrane Central
Register of Controlled Trials, Embase, MEDLINE, Physiotherapy Evidence
Database, Scopus, and SPORTDiscus up to July 2015. A search strategy, agreed
on by all authors, with terms for sensorimotor control and neck pain, was
developed. Keywords for the sensorimotor system included proprioception,
sensorimotor control, somatosensory control, vestibular system, postural
balance, and sensory feedback. Terms for neck and neck pain were consistent
with search strategies recently used by the Cochrane Back Review Group (Gross
et al., 2010). Appendix 1 provides the search strategy used for the database
MEDLINE.
To be included, studies needed to report an outcome measure of the
sensorimotor system in a population of individuals with idiopathic (also reported
as insidious onset) neck pain or healthy individuals. Idiopathic neck pain is
defined as neck pain and perceived in either the upper or lower cervical spine
with the absence of trauma at the onset of pain development (Ahmed et al.,
2007). Specific neck pathologies and degenerative or inflammatory diseases
were not included. Studies describing participants with only headache or only
radiating pain to the arm (i.e., without neck pain per se) were not included.
Studies must have specifically excluded individuals with traumatic neck pain to
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be included in the review. Studies were restricted to those investigating adults
(18 years of age or older) because the development of the central nervous system
in younger participants may be incomplete compared to adults (Tau & Peterson,
2010).
Titles and abstracts initially, and full-texts secondly, were screened by two
reviewers. When the reviewers did not independently agree on the inclusion of a
study, this was resolved by consensus or involvement of a third reviewer. The
level of agreement between reviewers was assessed using Cohen’s Kappa.

Assessment of characteristics of studies

The methodological quality and risk of bias of included studies were
determined using the U.S. National Institute of Health’s Quality Assessment Tool
for Observational Cohort and Cross-Sectional Studies. Quality assessment was
undertaken independently by two reviewers. Disagreements were resolved by
consensus or involvement of a third reviewer. Studies were not excluded for high
risk of bias.
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Data analysis

Outcome measurement data were extracted by the first author using an
extraction table agreed on by all authors. For intervention studies, only the (crosssectional) baseline data were extracted. For studies that reported data for two or
more groups (e.g., participants were measured at baseline and then randomised
into intervention groups), baseline data were combined as outlined by The
Cochrane Handbook for Systematic Reviews of Interventions (Higgins & Green,
2011). For studies reporting outcomes as medians and interquartile ranges
(IQRs), outcomes were converted to means and standard deviations for statistical
purposes using the calculations recommended by Wan, Wang, Liu, and Tong
(2014). For the joint position error (JPE) test, findings are reported as error in
degrees or centimetres. For comparison purposes, outcomes reported in
centimetres were converted to degrees using standard trigonometric functions
(inverse

tangent

of

opposite-adjacent

ratio).

Statistical analyses were performed using Stata 13 (StataCorp.
2013. Stata Statistical Software: Release 13. College Station, TX: StataCorp
LP.). Mean outcomes reported for different sensorimotor control tests were
weighted and pooled. Sample size was used as a weighting factor. Other factors
commonly used in the pooling of data for systematic reviews of intervention and
diagnostic test accuracy studies were not considered relevant for this review
(Higgins & Green, 2011). For pooled groups, medians and IQRs are presented.
To compare individuals with idiopathic neck pain and healthy individuals, the
nonparametric Wilcoxon rank-sum test was used to investigate differences
between pooled means.
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This review was conducted according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses guidelines (Moher, Liberati, Tetzlaff, &
Altman, 2009). The protocol for this systematic review was prospectively
registered on PROSPERO (registration number CRD42015024115).
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3.3 Results

Flow of studies through the review

After removing duplicates, the electronic database search resulted in 1673
studies (Figure 3.1). Four additional titles were identified through hand-searching
reference lists of included studies. From 1677 records, six were excluded
because they were meeting or conference abstracts only, and 54 further studies
were not in English or Dutch and therefore excluded. The resulting 1617 titles
and abstracts were screened by two reviewers, and 123 were considered as
potentially eligible. Reasons for exclusion of the 1494 studies after title and
abstract screening were primarily caused by failure to meet the inclusion criteria.
More specifically, these records either reported outcomes in a different
population, did not report the results of sensorimotor control testing, or did not
involve living human participants. Two reviewers evaluated the full text, and 43
studies were finally included. Studies were included if they either reported a
comparison of sensorimotor outcomes between individuals with idiopathic neck
pain and healthy individuals, or if they reported outcomes for one of these groups.
Both observational studies and intervention studies were included. Studies were
excluded (1) if they reported outcomes for a different participant sample than the
one described above, (2) if they did not test sensorimotor control, (3) if they did
not involve living human adults (e.g., model-based, animal and cadaveric
studies), or (4) if neck pain was the result of specific pathology. The agreement
for the title/abstract and full-text screenings was 0.96 (for chance corrected
50

Kappa kw = 0.73, substantial (Viera & Garrett, 2005)) and 0.85 (kw = 0.64,
substantial) respectively. All disagreements were resolved by consensus. Thirty
studies reported data suitable for meta-analysis.
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Records identified through
database searching
(n=3107)

Additional records identified
through hand-searching of
reference lists
(n=4)

Records after duplicates removed
(n=1677)

Titles and abstracts
screened
(n=1617)

Full-text articles
assessed for
eligibility
(n=123)

Studies included in
qualitative synthesis
(n=43)

Meeting/conference
abstracts excluded
(n=6)
Studies not available in
English or Dutch excluded
(n=54)

Titles and abstracts
excluded
(n=1494)

Full-text articles excluded
(n=80)
·
No cervical
sensorimotor control
test (n=31)
·
Did not include
insidious onset neck
pain or healthy group
(n=13)
·
No or incomplete
outcome data
presented (n=36)

Studies included in
quantitative
synthesis (metaanalysis)
(n=30)

Figure 3.1. Flow of studies through the review
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Characteristics of studies

Evaluation of the methodological quality and risk of bias of included studies
is presented in Table 3.1. The overall methodological quality for cross-sectional
studies ranged from poor to good, and for intervention studies from moderate to
very good. The inter-rater agreement for the quality assessment was 0.87 (kw =
0.75, substantial). A common finding that increased the risk of bias was the lack
of (reporting for) blinding (34/43 studies, 79%). High risk for measurement error
occurred when error assessment was performed manually (mainly in JPE
testing), this is not using computerised outcome registration (Rix & Bagust, 2001).
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3) Participation rate of eligible
persons ≥50%
4) Subjects selected from same
or similar population
5) Sample size justification
6) Exposure(s) of interest
measured prior to outcome(s)
7) Timeframe sufficient
8) Different levels of exposures
as related to the outcome are
examined
9) Exposure measures clearly
defined, valid, and reliable
10) Exposure(s) assessed more
than once over time
11) Outcome measures clearly
defined, valid, and reliable
12) Outcome assessors blinded
to the exposure status
13) Follow-up after baseline
≤20%
14) Adjusted for potential
confounding variables
Total
(0 to 14)

Study

Al Saif et al. 2015
 










n/a

9

Anastasopoulos et al. 1997
 










n/a

5

Beinert et al. 2015
 










n/a

11

Chen et al. 2013
 










n/a

10

Cramer et al. 2013
 












12

2) Study population clearly
specified and defined

1) Research question or
objective clearly stated

Table 3.1. Methodological quality and risk of bias assessment of included studies.
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Docherty et al. 2012

 





















n/a



6

Elsig et al. 2014

 





















n/a



10

Endo et al. 2008

 





















n/a



6

Grod et al. 2002

 





















n/a



3

Heikkila & Astrom 1996

 

























7

Heikkila & Wenngren 1998

 

























7

Jørgensen et al. 2011

 

























9

Juul-Kristensen et al. 2013

 





















n/a



10

Kristjansson et al. 2003

 





















n/a



9

Kristjansson et al. 2004
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9

Malmstrom et al. 2009

 





















n/a



6

Meisinget et al. 2015

 





















n/a



9

Michaelson et al. 2003

 





















n/a



6

Nagai et al. 2014

 





















n/a



6

Palmgren et al. 2006

 

























8

Panichaporn et al. 2013

 





















n/a



5

Pereira et al. 2008

 





















n/a



7

Pinsault et al. 2008

 





















n/a



3

Kristjansson & Oddsdottir
2010
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Quek et al. 2014

 





















n/a



9

Quek et al. 2013

 





















n/a



8

Reddy & Gangavelli 2011

 





















n/a



5

Reddy et al. 2012

 

























7

Röijezon et al. 2008

 

























10

Rubin et al. 1995

 

























4

Rudolfsson et al. 2014

 

























12

Sjolander et al. 2008

 





















n/a



8

Teng et al. 2007

 





















n/a



2

Tjell & Rosenhall 1998

 





















n/a
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Treleaven et al. 2011

 





















n/a



10

Treleaven et al. 2005

 





















n/a



9

Treleaven et al. 2003

 





















n/a



7

Treleaven & Takasaki

 





















n/a



8

van den Oord et al. 2010

 





















n/a



9

Woodhouse et al. 2010

 





















n/a



7

Woodhouse & Vasseljen

 





















n/a



6

 





















n/a



3

2015

2008
Yoshikawa et al. 2008
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Yu et al. 2011

 





















n/a



8

Risk of bias for included studies, assessed using the Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies.
n/a = not applicable.
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To pool data from different studies for JPE and postural sway outcomes,
some calculations were performed. For JPE, five studies (Al Saif & Al Senany,
2015; Beinert, Keller, & Taube, 2015; Heikkila & Astrom, 1996; Heikkila &
Wenngren, 1998; Palmgren, Sandstrom, Lundqvist, & Heikkila, 2006) reported
position error in centimetres. To compare data from these studies with other data
reported in degrees, centimetres were converted to degrees. In postural sway
testing, two studies (Jørgensen et al., 2011; Juul-Kristensen et al., 2013) reported
a sway area in square millimetres, and these data were converted to square
centimetres to compare these findings with that of other studies.

Sensorimotor outcomes in individuals with neck pain and healthy individuals

In the 43 included studies (Table 3.2), six different tests were used to
assess sensorimotor control in individuals with idiopathic neck pain and healthy
individuals. The most commonly used tests were the assessment of JPE and
postural sway. Table 3.3 provides an overview and descriptions of included tests.
In the following paragraphs, descriptions of individuals with neck pain refer to
individuals with idiopathic neck pain.
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Table 3.2. Summary of included studies.
Sample
Publication

Design

Neck pain

Results
Healthy

Neck pain

Healthy

JPE
(Al Saif & Al
Senany, 2015)
(Beinert et al.,
2015)
(Chen &
Treleaven,
2013)
(Cramer et al.,
2013)
(Elsig et al.,
2014)

RCT

-

Case-control

-

Crosssectional

-

RCT

51 (42 F)
47.8±10.4 yr
30 (25 F)
36.9±13.62 yr

(Heikkila &
Astrom, 1996)

Crosssectional

-

(Heikkila &
Wenngren,
1998)
(Kristjansson et
al., 2003)
(Malmström et
al., 2009)

Crosssectional

-

Case-control

20 (9 F)
30.0±9.1 yr
-

Case-control

Crosssectional

4.75°‡‖

30 (15 F)
25.6±2.1 yr
10 (? F)
21.8±3.5 yr
26 (15 F)
31.0±11.9 yr

4.6° (2.0)‖
2.57° (0.8)

-

9.8° (3.1)*

30 (25 F)
37.2±13.5 yr

3.25° (0.96)

34 (21 F)
35 (range 2653 yr)
39 (24 F)
35 (range 2653 yr)
21 (11 F)
26.9±6.4 yr
15 (7 F)

2.67° (.055)
1.74° (1.2)‖
1.77° (1.2)‖

3.33° (1.42)

2.48° (1.12)
1.7° (1.2)
61

45 yr (range
29-74)
91 (48 F)
40.8±3.8 yr

(Meisingset et
al., 2015)

Crosssectional

75 (55 F)
43.1±12.9 yr

(Nagai et al.,
2014)

Crosssectional

-

27 (0 F)
34.3±6.1 yr

RCT

41 (27 F)
31.9±8.5 yr
-

-

(Palmgren et al.,
2006)
(Pereira, Jull, &
Treleaven,
2008)
(Pinsault et al.,
2008)
(Reddy, Maiya,
& Rao, 2012)
(Reddy et al.,
2012)
(Röijezon,
Björklund,
Bergenheim, &
Djupsjöbacka,
2008)

Repeated
measures
case-control
Group
comparison
study
Crosssectional
Pretest
posttest
study
Clinical trial

7 (3 F)
64±12 yr

-

25 (? F)
? (range 18-30
yr)
25 (? F)
? (range 18-30
yr)
-

14 (10 F)
35±10 yr

5.1 (4.6-5.5) §
Target 30: 3.1
(1.6)
Target 60: 2.2
(1.3)

2.79°†‖

30 (22 F)
25.6±5.1 yr

7 (4 F)
56±9 yr

-

5.6 (5.2-6.1)§

tran 3.0° (1.9)
sag 3.2° (2.7)
2.1° (0.4)

2.2° (0.9)

tran 3.5° (4.3)
sag 3.4 (2.0)
tran 3.6
sag 3.4
2.54° (0.73)
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(Sjölander et al.,
2008)

9 ( 9 F)
40±9 yr

16 (13 F)
41±9 yr

(Teng, Chai, Lai,
& Wang, 2007)

Controlled
comparative
group study
Crosssectional

-

20 (9 F)
21.9±3.9 yr

(Treleaven, Jull,
& Sterling, 2003)
(Treleaven et
al., 2008)

Crosssectional
Crosssectional

-

44 (29 F)
34.1±1.8 yr
-

(Van den Oord,
De Loose,
Sluiter, & FringsDresen, 2010)
(Woodhouse &
Vasseljen, 2008)

Crosssectional

(Beinert et al.,
2015)
(Endo, Suzuki, &
Yamamoto,
2008)
(Jørgensen et
al., 2011)
(Juul-Kristensen
et al., 2013)

Case-control

36 (25 F)
37.1±12 yr

2.8 (1.2)

sag 2.9 (2.2)
tran 2.7 (2.1)
Cor 1.8 (1.4)
2.25° (0.2)
tran 3.1 (0.7)
sag 3.5 (0.7)

83 (0 F)
?

57 (38 F)
38.19±10.8 yr

Case-control

-

Crosssectional

-

Crosssectional
Crosssectional

85 (85 F)
45±8.2 yr
-

57 (28 F)
38.2±10.9 yr

2.8 (1.4)

3.17 (1.1)

Postural sway
10 (? F)
21.8±3.5 yr
20 (4 F)
37.9±9.3 yr
107 (107 F)
45±8.6 yr
10 (10 F)
35.90±12.45 yr

2.1 (0.7)

2.86 (1.2)

Sway 38.0 (4.6) cm
EO 3.50 (1.47)
EC 4.19 (2.52)
EO 485 (236)
EC 884 (587)

EO 470 (286)
EC 699 (386)
EO 401.50 (327.49)
EC 653.50 (285.96)
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(Michaelson et
al., 2003)

Comparative
group study

9 (9 F)
40±9 yr

16 (13 F)
41±9 yr

(Panichaporn,
Hiengkaew,
Thanungkul,
Vachalathiti, &
Emasithi, 2013)
(Quek et al.,
2014)
(Quek, Pua,
Bryant, & Clark,
2013)
(Rubin, Woolley,
Dailey, &
Goebel, 1995)

Crosssectional

-

14 (11 F)
44.4±5.96 yr

EO
ML 0.14 (0.08)
AP 0.28 (0.10)

20 (20 F)
71.40±5.1 yr
-

EO 2.33 (0.9)
EC 2.30 (1.1)

(Rudolfsson et
al., 2014)
(Treleaven et
al., 2008)
(Yoshikawa et
al., 2008)

Crosssectional
Crosssectional

54 (30 F)
66.0±4.9 yr

EO 10.5 (7.3)
EC 16.6
(11.7)

EO 6.6 (4.7)
EC 10.9 (6.5)

AP 0.45*‡
ML 0.20*‡

Crosssectional

-

52 (27 F)
36.43±16.36 yr

ML
EO 0.15
EC 0.15
AP
EO 0.40
EC 0.44

RCT

101
51.2±8.9 yr

-

2.51 (0.66)*

Crosssectional

36 (25 F)
37.1±12 yr

-

EO 14.2 (50)
EC 39.1
(104)

Prospective
clinical study

-

29 (8 F)
59.8 (range 2875 yr)

EC 2.74 (2.0)
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(Yu et al., 2011)

(Anastasopoulos
et al., 1997)
(Docherty et al.,
2012)
(Grod & Diakow,
2002)
(Panichaporn et
al., 2013)
(Treleaven &
Takasaki, 2015)

Crosssectional

-

Case-control

-

Crosssectional
Cohort study

-

Crosssectional
Crosssectional

-

-

36 (20 F)
32.7±13.8 yr

20 (? F)
30.25 yr (SEM
2.1)
SVV
29 (? F)
45.5±18.3 yr
50 (40 F)
47.9±8.7 yr
17 (7 F)
38.6 (range 1266 yr)
14 (11 F)
44.4±5.96 yr
48 (35 F)
29.4±10.8 yr
SPNT

EC
AP 14.25 (2)
ML 29.75 (2.7)
0.3° (0.8)
-0.37° (0.75)
0.55° (0.62)

0.80 (0.45)
2.43° (0.98)

1.92° (0.96)

(Pereira et al.,
2008)

Repeated
measures
case-control

-

30 (22 F)
25.6±5.1 yr

0.02 (0.03)

(Tjell &
Rosenhall,
1998)
(Treleaven et
al., 2005a)

Double-blind
clinical study

-

0.02 (0.02)

Prospective
observational
study

-

30 (15 F)
47 (range 29-59
yr)
50 (30 F)
29.9 (range 1945 yr)

0.01 (0.01)
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(Treleaven et
al., 2008)

Crosssectional

36 (25 F)
37.1±12 yr

The Fly® test
20 (20 F)
29.3±8.6 yr

(Kristjansson et
al., 2004)

Case-control

(Kristjansson &
Oddsdottir,
2010)

Case-control

18 (11 F)
38.0±8.3 yr

18 (8 F)
32.2±10.9 yr

Crosssectional

75 (55 F)
43.1±12.9 yr

91 (48 F)
40.8±3.8 yr

Crosssectional

Head steadiness
57 (38 F)
57 (28 F)
45 (range 3237 (range 28.554 yr)
47 yr)

Crosssectional

75 (55 F)
43.1±12.9 yr

(Meisingset et
al., 2015)

(Woodhouse et
al., 2010)
(Meisingset et
al., 2015)

0.05 (0.01)

91 (48 F)
40.8±3.8 yr

A: 2.06 (0.52)
B: 2.70 (0.88)
C: 3.42
(1.30)
1A 2.2 (2.02.4)
1B 2.1 (2.02.2)
2A 3.1 (2.93.3)
2B 2.8 (2.73.0)
Low: 1.08
(0.30)†
High: 2.08
(0.73)†
Low 1.3 (1.21.4)
High 2.8 (2.62.9)

A: 4.07 (0.96)
B: 3.79 (0.93)
C: 4.24 (1.10)
A: 1.78 (0.33)
B: 2.17 (0.44)
C: 2.64 (0.52)
1A 2.5 (2.3-2.7)
1B 2.1 (2.0-2.3)
2A 3.3 (3.1-3.5)
2B 2.8 (2.6-2.9)

Low: 1.15 (0.30)†
High: 2.33 (0.76)†

Low 1.7 (1.6-1.8)
High 4.5 (4.3-4.7)
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For the sample, total participants (female participants) are reported, as well as mean age ± SD (or range, if SD was not
reported). Unreported data about the sample was recorded as a question mark. Reported results are errors from the
mean for JPE and SVV, sway area or distance for postural sway, error in distance over time for the Fly Test®, gain (ratio
between eye movement and target movement) for SPNT and head velocity for head steadiness. For four studies (Cramer
et al., 2013; Palmgren et al., 2006; Quek et al., 2013; Rudolfsson et al., 2014) baseline data were combined.
yr = year, JPE = joint position error (NHP = neutral head position, tran = transverse plane, sag = sagittal plan, cor =
coronal plane), SVV = subjective visual vertical, SPNT = smooth pursuit neck torsion, CLMT = continuous linear
movement test, AP = anteroposterior displacement,
ML = mediolateral displacement.
* Baseline data were combined
† Calculated from median and IQR
‡ No SD reported
§ Mean and 95% CI reported
‖ Error in degrees calculated from error in centimetres
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Table 3.3. Methods to assess sensorimotor control.

Test
Joint
position
error

Postural
sway

Number of
Number participants
of
Neck
Health
studies pain
y
22
340
630

13

Subjectiv 5
e visual
vertical

285

298

36

158

What it measures
Ability to reposition
the head to given
position

Amount of
movement during
quiet stance
Ability to reposition
a
(computer-)screen
presented line
aligning the true
vertical

Outcome measure
(unit)
Error from NHP or
target (° or cm)

Sway area (cm2)
or distance from
center of pressure
Error from true
vertical (°)

Test execution
Repositioning test in which the cervical spine
is actively moved (by the participant) in the
transverse, sagittal or coronal plane (i.e.,
rotation, flexion-extension, lateral flexion), and
is then repositioned to the neutral head
position (NHP) or a pre-set target position.
After each trial, the examiner repositions the
head to the NHP. The error is measured using
a laser pointer or electromagnetic motion
tracking system (e.g. Fastrak).
Recorded during stance on a force platform in
both eyes open and eyes closed conditions.
A titled line is presented on a computer
screen, disk or virtual reality device.
Participants have to reposition the line aligning
to the true vertical by using the computer
mouse or control knob.
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Smooth
pursuit
neck
torsion

4

36

110

Eye movements
while torso is
rotated relative to
the head

Smooth pursuit
neck torsion (ration
between eye and
target movement
in neutral and
torsion positions)

The Fly® 3

93

129

Ability to follow a
computer-presented
target moving in
certain patterns

Error from target
(cm or mm)

Head
steadine
ss

132

148

Ability to keep the
head still over a
period of time

Angular velocity
(°/sec)

2

Participants focus their eyes on a moving
target and keep the head still, in a neutral
position and a position in which the torso is
rotated relative to the head (torsion). The
velocity of eye movements while following the
target is recorded. The gain (ratio between
eye movement and target movement) is
calculated. The outcome measure (smooth
pursuit neck torsion) is the difference between
the gain in neutral and the average gain in
torsion (right and left).
Participants have to follow a target (the 'Fly')
on a computer screen by moving their
head/neck. The accuracy is measured using a
Fastrak system. For different difficulty levels
(i.e. different fly patterns) the accuracy of the
performance is reported.
Head steadiness is assessed by investigating
the ability to hold the head still in a given
position over a certain time and is expressed
in angular velocity, measured by an
electromagnetic motion tracking system.

Tests used to assess sensorimotor control.
NHP = Neutral head position
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For JPE testing, sample sizes of included studies ranged from 7 to 91
individuals. Results were reported and analysed for separate movement
directions. Means for JPE to the neutral head position after rotation ranged from
2.2° to 9.8° (median 3.14°, IQR 2.79°-3.33°) in individuals with neck pain, and
1.66° to 5.1° (median 2.67°, IQR 2.1°-3.5°) in healthy individuals. After flexionextension movements, means for JPE ranged from 3.2° to 3.5° in individuals with
neck pain, and 1.72° to 4.4° in healthy individuals. For JPE after lateral flexion,
one study (Palmgren et al., 2006) reported a mean of 2.75° in individuals with
neck pain, and three studies reported means ranging from 2.1° to 3.2° in healthy
individuals. JPE to a pre-set target position was assessed in seven studies. Six
studies used a target of 30° left and right rotation, and one study (Teng et al.,
2007) used a target which was 65% of the range of motion to either side. Only
one of these studies (Kristjansson et al., 2003) investigated the error from the
target in individuals with neck pain and found a mean error of 6.67° after
movements in the transverse plane. All seven studies presented mean JPEs from
the target for healthy individuals, ranging from 2.2° to 5.46°. Three studies
reported JPEs from the target after flexion-extension and lateral flexion for
healthy individuals, ranging from 2.9° to 3.5° and 1.8° to 3.6° respectively (Table
3.4).
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Table 3.4. Ranges for reported means of JPE and the number of included studies.

Direction

JPE to NHP
Neck pain

n

JPE to
target*
Neck pain

Healthy n
n Healthy
n
1.66°Rotation
2.2°-9.8°
10 5.1°
19 6.67°
1 2.2°-5.46°
7
Flexion1.72°Extension
3.2°-3.5°
2 4.4°
8
- 2.9°-3.5°
3
2.1°Lateral flexion 2.75°
1 3.2°
3
- 1.8°-3.6°
3
Ranges for reported means of JPE
JPE = joint position error, NHP = neutral head position, n = number of included studies
* 5 studies used a 30° target, 1 study used a target which was 65% of maximum range
of motion
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Data from 22 studies were pooled for JPE to the neutral position after
rotation. This was the only JPE condition with sufficient reported outcomes for
meta-analysis. A significant difference (p=0.04) existed in JPE between
individuals with idiopathic neck pain and healthy individuals (Figure 3.2).
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4

*

3.5

3

2.5

Error (°)

2
Neck pain
1.5

Healthy

1

0.5

0
JPE to NHP

Figure 3.1. Significant difference (p=0.04) between medians (and
IQRs) of pooled data for joint position error (JPE) to the neutral head
position (NHP) in individuals with idiopathic neck pain and healthy
individuals.
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In postural sway testing, sample sizes of included studies ranged from 9
to 107 individuals. Mean sway areas for eyes open (four studies) ranged from
4.85cm2 to 10.5cm2 (median 7.68, IQR 4.85-10.5) for individuals with neck pain
and 3.5cm2 to 6.6cm2 (median 4.36cm2, IQR 3.76cm2-5.65cm2) for healthy
individuals. Mean sway area for eyes closed (six studies) ranged from 2.51cm2
to 16.6cm2 (median 8.84cm2, IQR 2.51cm2-16.6cm2) for individuals with neck
pain and from 2.74cm2 to 10.9cm2 (median 6.53cm2, IQR 4.19cm2-6.99cm2) for
healthy individuals. Only one study (Quek et al., 2013) reported anteroposterior
and mediolateral sway distances (0.45cm and 0.20cm respectively) in individuals
with neck pain (eyes open). In three studies investigating healthy individuals,
anteroposterior distance ranged from 0.28cm to 2.33cm (eyes open) and from
0.44cm to 2.30cm (eyes closed). The mediolateral distance ranged from 0.14cm
to 0.15cm with eyes open and from 0.15cm to 3.0cm with eyes closed (Table
3.5).
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Table 3.5. Ranges for reported means of postural sway and the number of included studies

Condition
Eyes open

Sway area (cm2)
Neck pain
n
4.85-10.5
2

Eyes closed

2.51-16.6

3

Healthy
3.5-6.6

2.7410.9
Ranges for reported means of postural sway
AP = anteroposterior, ML = mediolateral,
n = number of included studies

n
4
5

Sway distance (cm)
Neck pain
n
AP 0.45
1
ML 0.20
-

Healthy
AP 0.28-2.33
ML 0.14-0.15
AP 0.44-2.30
ML 0.15-3.0

n
3
3
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Data were pooled for postural sway during both the eyes open and eyes
closed conditions. Meta-analyses did not show significant differences (Figure 3.3)
between individuals with idiopathic neck pain and healthy individuals (eyes open:
p=0.16, eyes closed: p=0.30).
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16

14

12

Sway area (cm2)

10
Neck pain
8
Healthy
6

4

2

0
Eyes open

Eyes closed

Figure 3.2. No significant differences between medians (and IQRs)
for postural sway (eyes open: p=0.16, eyes closed: p=0.30) in
individuals with idiopathic neck pain and healthy individuals.
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The subjective visual vertical was assessed in one study (Treleaven &
Takasaki, 2015) investigating individuals with idiopathic neck pain. This study
compared individuals with neck pain (mean error 2.43°) and healthy individuals
(mean error 1.92°) and reported a significant difference between these two
groups. Four other studies on healthy individuals reported means for subjective
visual vertical ranging from 0.3° to 0.55°.
Smooth pursuit neck torsion was assessed in four studies. One study
(Treleaven et al., 2011) assessed smooth pursuit neck torsion in individuals with
idiopathic neck pain and reported a gain (ratio of eye movement to target
movement) difference between the neutral position and a rotated position of 0.06.
Three studies reported the smooth pursuit neck torsion difference between the
neutral position and a rotated position in healthy individuals, ranging from 0.01 to
0.02.
The Fly® test was investigated in three studies. Although one study
(Kristjansson et al., 2004) reported outcomes for healthy individuals only, another
study (Kristjansson & Oddsdottir, 2010) found significant differences between
individuals with neck pain and healthy individuals using three fly patterns. A third
study by Meisingset et al. (2015) found only one out of four patterns to be
significantly different between neck pain and healthy groups.
Two studies investigated head steadiness in both individuals with neck
pain and healthy individuals (Meisingset et al., 2015; Woodhouse et al., 2010).
Meisingset et al. (2015) found significant differences in head steadiness between
individuals with idiopathic neck pain and healthy individuals. In contrast,
Woodhouse et al. (2010) did not show significant differences between idiopathic
neck pain and healthy groups.
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3.4 Discussion

Findings

This systematic review examined whether sensorimotor control tests can
identify and quantify differences between individuals with idiopathic neck pain
and healthy individuals. In this first-ever quantitative review of this topic, metaanalysis for JPE showed a significant difference between idiopathic neck pain
and healthy groups. Consequently, this test may clinically be useful in the
examination of individuals with idiopathic neck pain. Meta-analyses for postural
sway testing did not show significant differences between individuals with
idiopathic neck pain and healthy individuals. However, some individual studies
showed differences between these groups. Although the other tests were not
reported in a sufficient number of studies to conduct meta-analyses, individual
studies for subjective visual vertical, smooth pursuit neck torsion, The Fly® test
and head steadiness showed significant differences between individuals with
idiopathic neck pain and healthy individuals. Further research would be needed
prior to confidently recommending these tests for clinical use.
Included studies had a low to high risk of bias. Most commonly, a lack of
blinding of assessors was found, which increased the susceptibility to bias when
measurements were taken. The assessment of sensorimotor control, especially
when performed manually, can be influenced by knowledge of the condition of a
participant (Schulz & Grimes, 2002). Furthermore, even though tests were
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described similarly across studies, procedures (and consequently variances of
tests) may have differed considerably resulting in statistical heterogeneity.
This review also found that the use of terminology in the area of
sensorimotor control is inconsistent. As defined, sensorimotor control addresses
sensory input and motor output, as well as the coupling between these two
(Treleaven, 2008). Consequently, a sensorimotor test should preferably address
all these aspects. Because different subsystems may be addressed in
sensorimotor control testing (i.e. proprioception, kinesthesis, visuomotor control,
vestibular control), differentiating which subsystem is actually being tested is
difficult because they would all theoretically simultaneously affect the test
outcomes. Including all subsystems is not problematic if the aim is to test
sensorimotor control in general, but when aiming to differentiate the contributions
of different subsystems, isolating the subsystem(s) of interest would be
necessary.

Sensorimotor tests

Most studies investigated sensorimotor control using JPE as the outcome
measure. In JPE testing, questions can be raised regarding its validity and its
usefulness in the assessment of specific subsystems. Since the neutral neck
position is such a commonly adopted position, a memorised position of the head
(Kristjansson et al., 2003) might be recalled during the test. Recalling a
memorised head position may not only involve a sensory component because
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memory may be relied on more than proprioception. Therefore, the validity of the
test in terms of evaluating sensorimotor control may be limited. In studies which
use a pre-set target in the transverse plane, recalling a head position from
previous experience is less likely because it is a less commonly adopted position
for the neck. An advantage of JPE testing is the exclusion of the visuomotor
system by blindfolding participants. Blindfolding allows for more specific
investigation of the proprioceptive and vestibular subsystems without the
interference of the visuomotor system.
Although similar test procedures were used for postural sway testing, the
wide range in outcomes (especially in participants with idiopathic neck pain) (see
Figure 3.3) may be caused by variances between studies regarding exact test
procedures, equipment, participant characteristics and measurement errors.
These factors are better controlled within single studies but may vary across
different studies and measurement settings. Differences in test procedures may
therefore have affected the outcomes of meta-analyses in postural sway
conditions, limiting comparability of findings between studies. In postural sway
testing, the motor output in a quiet stance task is not specifically controlled by the
cervical spine; there is no cervical movement through range in response to the
sensory input. However, considering the high density of proprioceptive receptors
and afferent pathways for the vestibular system in the neck (Sjöström et al.,
2003), postural sway testing is suggested as an appropriate outcome for cervical
sensorimotor control (Riemann & Lephart, 2002a).
In subjective visual vertical testing, a titled line (not aligned with the
vertical) is presented on a computer screen, disk or virtual reality device. As the
participant is asked to reposition the line by aligning it with the true vertical using
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an arm task (e.g. moving a computer mouse), the motor output component (and
its relevance for the neck) is questionable. Therefore it might be argued that this
test does not adequately evaluate cervical sensorimotor control. A variation on
the subjective visual vertical test, involving cervical motor output, has been
introduced by Geisinger et al. (2010). In the head tilt response test, a line is
presented on a virtual reality device. The line is tilted and the participant has to
reposition the line along the vertical, not by using an arm task, but by laterally
flexing the cervical spine. This better represents a motor output component
specific for the neck in cervical sensorimotor control. Similar to subjective visual
vertical testing, the outcome measure in the head tilt response test is the error
from the real vertical as measured in degrees. This study was excluded from the
current review as it did not report outcomes in individuals with idiopathic neck
pain. It is recommended that future research investigates this potentially valid
sensorimotor test in idiopathic neck pain.
The validity of the smooth pursuit neck torsion test for sensorimotor control
may also be questionable in terms of cervical motor output. This is because it
does not include a cervical motor output component but is mainly focused on
sensory input (and the response of the eyes following this input). However, since
smooth pursuit neck torsion assesses cervical proprioceptive reflexes (L'HereuxLebeau et al., 2014) (as measured through eye movements) and is believed to
isolate the vestibular system (because the trunk, and not the head, is rotated)
(Treleaven et al., 2005a), the smooth pursuit neck torsion test is considered
valuable for sensorimotor testing (L'Hereux-Lebeau et al., 2014; Treleaven et al.,
2011).
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The Fly® appears to be a test that includes both sensory and motor
components. The (visual) input in this test is a moving target on a computer
screen, and the motor output is the movement of the neck. Furthermore, because
the target is constantly moving in an unknown pattern, memorizing a certain head
position is not an issue in this test. On the other hand, the random pattern does
not allow for differentiation between different cervical movement directions (as
JPE testing does). The study by Meisingset et al. (2015) is one of the studies
reporting outcomes of The Fly® test and demonstrated findings different to those
reported in other studies using this test (Kristjansson et al., 2004; Kristjansson &
Oddsdottir, 2010). Instead of using the original software (Kristjansson et al.,
2004), a customised program using similar movement patterns was developed
by Meisingset et al. (2015). Although this program might appear similar, error
calculations were possibly not consistent with the original test. Hence, their
results must be compared and interpreted carefully due to potential software
differences.
Although it is assumed that head steadiness is related to proprioceptive
ability, sensory input is limited. Head steadiness while attempting to hold the head
up off the treatment table surface in the supine position may also reflect muscle
endurance. Hence, it may be argued that head steadiness testing is more a
muscle performance test than a sensorimotor control test.
Recently, new sensorimotor tests have been reported by Chen and
Treleaven (2013) (‘JPE torsion’ and ‘Enbloc’ tests). The JPE torsion test is a trunk
torsion test (the head is kept still and the trunk is rotated relative to the head,
similar to smooth pursuit neck torsion testing) in which the repositioning error of
the trunk is measured. As the influence of the vestibular system is avoided in the
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JPE torsion test (because the trunk rather than the head is moved), it is a
potentially useful test for differentiating sensorimotor subsystems. In the Enbloc
test, the repositioning error of the head and trunk as a block is measured. These
tests were investigated in individuals with traumatic neck pain. No literature
reporting on these tests in individuals with idiopathic neck pain is available and
hence these tests were excluded from the present review. Further investigations
of these new tests may help inform our understanding of the various subsystems
contributing to sensorimotor control being evaluated in each test.

Study limitations

Meta-analysis was not possible for most sensorimotor tests due to the
insufficient amount of literature, despite many studies meeting the criteria for
inclusion in the review. Meta-analysis of JPE demonstrated statistically significant
differences in JPE between idiopathic neck pain and control groups, however, the
clinical relevance of the actual difference in median errors (0.47°) is questionable.
Meta-analyses of postural sway did not show significant differences between the
two groups. The small number of studies in these meta-analyses, and
consequently the relatively large variance, is likely to contribute to this finding.
Furthermore, small sample sizes in some of the pooled studies limit the overall
generalizability of individual studies and therefore their results. In addition, as the
homogeneity of the samples of pooled studies is unknown, the findings of metaanalysis must be interpreted carefully. Finally, it should be acknowledged that a
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limitation of reporting the assessment of cervical sensorimotor control in general
is the unknown validity of testing due to the absence of a gold standard.
A strength of the present review is the method of study inclusion. Initial
searches revealed the literature on sensorimotor tests was limited, but combining
data from different study designs allowed for a larger pool of data. This improves
the power of reported outcomes and reduces the chance for a type II error.

Recommendations

The findings of this review support the use of sensorimotor tests to identify
differences between individuals with idiopathic neck pain and healthy individuals.
Further research is needed to determine the clinical meaning of statistically
significant differences in sensorimotor control tests. Future research should
therefore not only focus on comparing sensorimotor test outcomes, but also
critically assess the clinimetric characteristics of these tests. Newly proposed
tests such as the head tilt response test, JPE torsion test, Enbloc test and cervical
torsion test should be investigated to determine their value for cervical
sensorimotor testing in individuals with idiopathic neck pain.
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3.5 Conclusion

This systematic review investigated the use of tests for sensorimotor
control in individuals with idiopathic neck pain compared with healthy individuals.
Six tests were identified in the literature that reported data in individuals with
idiopathic neck pain, with varying results. Meta-analysis found a significant
difference between idiopathic neck pain and healthy groups in JPE testing, and
this test may clinically be useful in assessing sensorimotor control. Heterogeneity
among studies likely contributed to nonsignificant findings for meta-analyses for
postural sway testing. Tests for postural sway, smooth pursuit neck torsion,
subjective visual vertical, head steadiness and The Fly® test demonstrated
differences in individuals with idiopathic neck pain compared to healthy
individuals within single studies, though there were not enough reported data for
meta-analyses for these tests. Future research should further inform the clinical
meaning of differences and differentiating capabilities of these tests.
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3.6 Appendices

Appendix 1. Example of search strategy used for the database MEDLINE

Database: MEDLINE. Results: 733
Subject headings and keywords included terms for the sensorimotor system,
the neck and neck pain, consistent with search strategies recently used by the
Cochrane Back Review Group. The search strategy was customised for
searches in other databases, and limited to humans where possible.
#
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

20
21
22
23

Searches
Neck/
Neck.tw.
exp Cervical Vertebrae/
cervical vertebrae.tw.
cervical.tw.
cervico*.tw.
Neck Muscles/
Cervical Plexus.tw.
Atlanto-Axial Joint/
Atlanto-Occipital Joint/
Spinal Nerve Roots/
Cervical Atlas/
(odontoid or cervical or occip* or atlant*).tw.
exp Cervical Plexus/
1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14
Neck Pain/
cervical pain.tw.
exp Neck Injuries/
neckache.mp. or neck ache.tw. [mp=title, abstract, original title,
name of substance word, subject heading word, keyword heading
word, protocol supplementary concept word, rare disease
supplementary concept word, unique identifier]

cervicodynia.tw.
cervicalgia.tw.
((injur* or pain* or ach* or sore or stiff* or discomfort) adj3 neck).tw.
15 and (pain/ or (wounds.mp. and injuries/) or Radiculopathy/ or
(Sprains.mp. and Strains/)) [mp=title, abstract, original title, name of
substance word, subject heading word, keyword heading word,
protocol supplementary concept word, rare disease supplementary
concept word, unique identifier]
24 16 or 17 or 18 or 19 or 20 or 21 or 22 or 23
25 15 or 24

Results
23122
137020
30939
1736
154685
10490
4896
389
2398
1413
9357
2062
200863
7007
355913
4658
637
6640
33

9
64
10177
7081

22629
358526
87

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

exp Proprioception/
proprioception.tw.
exp Somatosensory Disorders/
somatosensory disorders.tw.
sensorimotor.mp.
sensory motor.mp.
exp Vestibule, Labyrinth/
Postural Balance/
postural balance.tw.
Feedback, Sensory/
sensory feedback.tw.
26 or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34 or 35 or 36
25 and 37
Randomized Controlled Trial/
Controlled Clinical Trial/
random*.tw.
trial.tw.
Observational Study/
exp Cohort Studies/
Cross-Sectional Studies/
Non randomi?ed controlled trial*.tw.
Case-Control Studies/
Intervention Studies/
39 or 40 or 41 or 42 or 43 or 44 or 45 or 46 or 47 or 48
38 and 49
limit 50 to humans

22928
2548
16666
15
15800
3966
14927
15286
384
1308
1210
74067
3905
386986
88814
673685
349305
8813
1407638
187828
360
192898
7380
2500958
752
733
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Chapter 4 Seven Cervical Sensorimotor Control Tests Measure
Different Skills in Individuals with Chronic Idiopathic Neck Pain

Study 1, presented in Chapter 3, identified seven cervical sensorimotor
control tests that have been used in individuals with idiopathic neck pain. Only
minimal differences between individuals with idiopathic neck pain and healthy
individuals were found. It was concluded that it is unclear what characteristics of
sensorimotor control are addressed by each of the different tests, and whether
different tests assess the different subsystems (proprioception, kinesthesis,
visuomotor control, and the vestibular system) of sensorimotor control. Having
seven tests to choose from may be confusing for clinicians, as they might believe
using one test outcome provides an appropriate measure of cervical
sensorimotor control. The second study of this thesis therefore aims to address
the question whether these seven cervical sensorimotor control tests measure
the same or different skills in individuals with chronic idiopathic neck pain. If tests
measure the same skills, it might be possible to recommend one test, or test
battery, which potentially could save valuable time and resources.

This paper has been accepted for publication in the Brazilian Journal of
Physical Therapy:
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de Zoete R.M.J., Osmotherly P.G., Rivett D.A., Snodgrass S.J. (in press).
Seven Cervical Sensorimotor Control Tests Measure Different Skills in
Individuals with Chronic Idiopathic Neck Pain. Brazilian Journal of Physical
Therapy.

Human research ethics approval was obtained from The University of
Newcastle Human Research Ethics Committee; documentation can be found in
Appendices B, C, D and E.
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4.1 Introduction

Head and neck movement control, also known as sensorimotor control
(SMC), is commonly considered important in neck pain research (Treleaven,
2008). Specifically, in individuals with idiopathic neck pain, i.e. people in which
the onset of neck pain is spontaneous, it has been suggested that cervical
sensorimotor control (CSMC) may be affected (Jørgensen et al., 2011;
Meisingset et al., 2015; Rudolfsson et al., 2014). To date, seven CSMC tests
have been either used or suggested to be useful in the assessment of individuals
with idiopathic neck pain (de Zoete, Osmotherly, Rivett, Farrell, & Snodgrass,
2016): the joint position error (JPE) (Revel et al., 1991), postural balance (Chen
& Treleaven, 2013), subjective visual vertical (Treleaven & Takasaki, 2015), head
tilt response (Geisinger et al., 2010), smooth pursuit neck torsion (Tjell &
Rosenhall, 1998; Treleaven et al., 2005a), head steadiness (Woodhouse et al.,
2010), and The Fly® test (Kristjansson & Oddsdottir, 2010).
The most commonly used test is the JPE test, which has been reported in
a large number of studies and included in several reviews and meta-analyses (de
Vries et al., 2015; de Zoete et al., 2016; Stanton et al., 2016). Despite its
widespread use, the clinical significance of the JPE test remains unclear due to
the lack of a gold standard for comparison. This also applies to the other
suggested tests (Elsig et al., 2014; Grod & Diakow, 2002; Hansson, Mansson, &
Hakansson, 2005; Juul-Kristensen et al., 2013; Lange et al., 2014; Nagai et al.,
2014; Oddsdottir & Kristjansson, 2012; Quek et al., 2014; Rix & Bagust, 2001;
Röijezon et al., 2011; Sa & Silva, 2017; Sjölander et al., 2008; Woodhouse &
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Vasseljen, 2008), as the clinical meaningfulness of these tests is based on
minimal evidence, and these tests have similarly not been validated.
Despite the minimal understanding of their meaningfulness, the clinical
use of CSMC tests in individuals with neck pain is rapidly gaining interest
(Michiels et al., 2013). However, the availability of multiple tests purportedly
assessing CSMC may introduce a challenge for clinicians in trying to select an
appropriate test. Furthermore, clinicians may believe they have a valid
measurement of SMC by just using one test, or conversely believe they might
need to use all available tests to properly assess SMC, as it is currently unclear
how many and which tests provide a clinically meaningful understanding of SMC.
This lack in understanding may possibly lead to invalid clinical assessments, and
potentially unnecessary use of valuable resources.
As SMC comprises multiple subsystems (e.g., proprioception, visuomotor
system, vestibular system) (Riemann & Lephart, 2002a), it might be expected
that different tests would measure the performance of one or more of these
subsystems. However, available evidence does not allow for an easy comparison
of reported SMC outcomes in order to determine whether a particular subsystem
is being assessed by each of these tests (Strimpakos, 2011). Individual studies
report different outcomes in different neck pain populations (Lange et al., 2014;
Sjölander et al., 2008; Treleaven et al., 2008) and source populations (Nagai et
al., 2014; Quek et al., 2014; Sa & Silva, 2017).
If groups of tests can be identified that address the different subsystems
of CSMC (Meisingset et al., 2015), a test battery could potentially be developed
for clinical practice. This may lead to a reduction in the amount of time and
resources needed to assess CSMC in clinical practice.
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Presently, based solely on face validity, it is proposed that different tests
measure different subsystems of CSMC (Riemann & Lephart, 2002a). The JPE
and the head steadiness tests have been suggested to assess primarily cervical
proprioceptive or kinaesthetic afferent input (Revel et al., 1991; Woodhouse et
al., 2010). The postural balance test is proposed to evaluate the vestibular and
visual systems, but is thought to also incorporate cervical proprioceptive
information (Quek et al., 2014). Both the subjective visual vertical test and the
head tilt response test assess the visual perception of verticality linked to a motor
output, potentially reflecting the visuomotor system (Geisinger et al., 2010;
Takasaki, Treleaven, Johnston, & Jull, 2012). The Fly® test combines a visual
input with a continuous movement control exercise, and is proposed to address
the visuomotor system as well as proprioception/kinesthesis (Kristjansson et al.,
2004). Finally, the smooth pursuit neck torsion test is considered to assess
oculomotor control (Tjell & Rosenhall, 1998; Treleaven et al., 2005a).
Even though similarities in the assessed subsystems are to be expected
across these tests based on their face validity, to date, any overlap between
different tests has not been investigated and it remains unclear whether tests can
actually be grouped together to assess a particular characteristic of SMC
(Kristjansson & Treleaven, 2009). The present study aims to determine whether
CSMC tests measure the same, or different, subsystems of SMC in individuals
with chronic idiopathic neck pain. It is hypothesised that conditions of the same
test, as well as different tests, should cluster together. This would identify clusters
of tests that would assess different subsystems of CSMC. Subsequently,
clustering of tests could be used clinically in determining what tests should be
used in CSMC assessment.
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4.2 Methods

Design

For this factor analysis, that follows the STROBE guidelines (von Elm et
al., 2008), data were collected between July 2016 and June 2017. This study
complies with the Declaration of Helsinki and was approved by the Human
Research Ethics Committee of The University of Newcastle. All participants
included in this study provided written informed consent.

Participants

Participants with chronic idiopathic neck pain were included, recruited from
The University of Newcastle Callaghan campus, the Hunter Medical Research
Institute Research Register, and physiotherapy practices in Newcastle, NSW,
Australia. Local advertising and social media were also used to recruit
participants. Adults with chronic idiopathic neck pain were deemed eligible to
participate if, at the time they enquired about the study, they rated their pain at
least 4/10 on a numeric rating scale. Exclusion criteria were limited vision (after
correction), current or past history of diabetes, current or past history of migraine
headaches, history of neck trauma or surgery, and other neurological or
musculoskeletal conditions that may be considered to affect SMC.

94

Sample size

For factor analyses, there is no definitive method for sample size
calculation. A sample-to-variables ratio between 2:1 and 5:1 is most common for
factor analyses according to a recent systematic review (Osborne & Costello,
2005). With seven main outcome variables (the seven SMC tests), a sample size
of 35 participants with idiopathic neck pain was considered sufficient (O'Rouke &
Hatcher, 2013). As this study was part of a larger study with follow-up
measurements, a sample of 50 participants was recruited to allow for
withdrawals.

Procedure

Participant characteristics were recorded at the start of each session. Body
mass index (BMI) was calculated from height and weight measures, using a
stadiometer to the nearest cm (Surgical and Medical Supplies Pty. Ltd., Rose
Park, SA, Australia) and a standard analogue scale to the nearest kg (model 762
1019009, seca gmbh & co., Hamburg, Germany) respectively. As subjective pain
response varies with different recall periods in individuals with neck pain, the
100mm visual analogue scale (VAS), anchored by no pain on the left and worst
pain imaginable on the right, was used to assess current pain, average pain over
the last seven days, and average pain over the last four weeks (Kamper et al.,
2015). The Neck Disability Index (NDI, scored 0-50) was used to assess
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perceived disability (Vernon & Mior, 1991). Physical activity levels were assessed
using the Godin-Shephard Leisure-Time Physical Activity Questionnaire (Godin
& Shephard, 1985). Cervical range of motion (ROM) was assessed with the
Cervical Range of Motion instrument (CROM, Performance Attainment
Associates, Lindstrom, MN, U.S.) for rotation (left and right), flexion and extension
(Audette et al., 2010). From three measurements for each direction, range of
motion was recorded as the mean total range in the transverse (rotation) and
sagittal

(flexion/extension)

plane.

Each

data

collection

session

took

approximately 60 minutes. Participants were given a couple of minutes rest in
between each test and were allowed more time if they felt they needed this

Sensorimotor control tests

Seven SMC tests were included in this factor analysis: JPE, postural
balance, subjective visual vertical, head tilt response, The Fly®, smooth pursuit
neck torsion, and head steadiness.
In the conventional JPE test, the participant was seated on a chair facing
a target on the wall 90cm away. A standard laser pointer (Electus Distribution Pty.
Ltd, Rydalmere, NSW, Australia) was placed on top of the head and the
participant was blindfolded. While starting with the laser pointer exactly in the
centre of the target, the participant was instructed to move the head away from
the target. Upon returning to the centre, the difference between starting position
and final position was assessed. This was repeated three times for right rotation,
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left rotation, flexion, and extension, and the mean error for each direction was
calculated for analyses. To minimise sensory reference information, a foam
cushion was placed under the feet (Chen & Treleaven, 2013).
For the JPE torsion test, a laser pointer (Electus Distribution Pty. Ltd,
Rydalmere, NSW, Australia) was attached to the mid-sternum region using a
strap around the chest. While the participant was seated in a neutral position, the
laser pointer was aligned with the centre of the target on the wall 90 cm away.
While the examiner gently held the head stationary, the participant was instructed
to rotate the trunk away from the target and return to the starting position. Similar
to the conventional JPE, the difference between starting position and final
position was measured. This was repeated three times for rotation to the right
and to the left, and the mean value was used for each direction. For both tests,
movements were performed through full range of motion (Chen & Treleaven,
2013).
In the assessment of postural balance, a Kistler force platform (type
9260AA6, Kistler Instrumente AG, Switzerland) was used. While the participant
was asked to take a comfortable stance on the platform, the centre of pressure
was recorded for 30 seconds. This was done with the eyes both open and closed
in a neutral head position, and with torsion to the left and to the right. In order to
achieve the torsion stance, the examiner gently held the participant’s head while
they rotated their body 45 degrees, including their feet, to either the right or left.
The reference position on the platform was marked with pieces of visible electrical
tape. For the collection and analysis of postural sway data (total sway path in
mm), MARS (S2P Ltd, Slovenia) software was used.
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An Oculus Rift (SDK 2.0, Oculus VR, CA, U.S.) virtual reality device was
used for the subjective visual vertical test. Custom made software as described
by Treleaven and Takasaki (2015) was displayed in the virtual reality device. Two
dots representing the end points of a 20 degree tilted imaginary line were
presented within a square that was tilted 18 degrees. Both the tilted square and
dots could be positioned either clockwise or anticlockwise, which was
randomised by the software. The computer mouse could be used to rotate a
button, allowing rotation of the dots by a minimum of 0.01 degree. The participant
was instructed to reposition the dots so that the imaginary line was positioned
vertically (i.e., dots directly over each other). The deviation from the true vertical
was recorded as the average of the deviation of the two dots. This procedure was
repeated 20 times and the mean deviation from these repetitions was used for
analyses (Takasaki et al., 2012).
For the head tilt response test, the Oculus Rift virtual reality device was
used with custom software (Libra@Home, Israel) as described by Geisinger et
al. (2010). In the virtual reality device, a tilted white line was presented. The line
was tilted either clockwise or anticlockwise, and the participant was instructed to
tilt the head laterally so that the line would be positioned vertically. The Oculus
Rift’s head tracking sensors recorded the head tilt angle, which was compared to
the line that was presented in the virtual reality device. This was repeated 20
times, and for each recording the error was calculated using the difference
between the angle of the line and the position of the laterally flexed head
(Geisinger et al., 2010).
The original Fly test software was used as introduced by Kristjansson and
Oddsdottir (2010), together with an electromagnetic tracking device (Polhemus
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Liberty, FasTrak, Colchester, VT, U.S.) to record head movement. On a computer
screen, a representation of the head position was displayed with a crosshair, as
well as a moving target (the “Fly”). By moving the head and neck, the target could
be followed and movement accuracy (distance between crosshair and target)
was measured. This was repeated for three different movement patterns – easy,
medium, and difficult - which differed in length, time, and complexity. For the
duration of each movement pattern, the mean distance between crosshair and
target was used for analyses. A fourth movement pattern was used to familiarise
participants with the test.
The smooth pursuit neck torsion test was adapted from Tjell and Rosenhall
(1998) and Treleaven et al. (2005a). Testing was performed with the participant,
seated facing a wall 100cm away. Custom made equipment which consisted of a
laser pointer attached to a motor was positioned behind the participant with the
laser pointer just above the head. The laser pointer, which projected a red dot
(the target) on the wall, followed a sinusoidal pattern from left to right with a visual
angle of 40 degrees. The target moved with a consistent speed of 20 degrees per
second and a frequency of 0.2 Hz. The participant was asked to follow the moving
target with their eyes, while keeping their head still. The target moved from left to
right and back ten times, and eye movements were recorded using surface
electrooculography. This was done with the body straight ahead, and also in a
torsion position in which the body was rotated 45 degrees on the chair but the
head kept stationary. Eye movement was recorded using Ag/AgCl surface
electrodes (Cleartrace, ConMed, Utica, NY, U.S.) positioned bilaterally just lateral
to the eyes, and with one ground electrode on the forehead. This method has
been previously utilised to record the corneo-retinal potential for the horizontal
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assessment of binocular electrooculography (Heide, Koenig, Trillenberg, Kömpf,
& Zee, 1999). The electrooculography signal was filtered through a 70 Hz low
pass filter and the data were de-identified prior to analysis. Data were analysed
by graphing the average velocity of eye movement and identifying the proportion
of saccades for the sixth to ninth sequence. The difference between neutral and
the average of the left and right torsion positions was calculated and used as
outcome measure.
For head steadiness testing, an electromagnetic motion tracking device
(Polhemus Liberty, FasTrak, Colchester, VT, U.S.) was used to record head
movement. Two conditions were investigated; low load with the participant seated
on a treatment table with the back/head support at a 60 degree angle, and high
load, with the participant lying supine on a horizontal treatment table. The
participant was asked to lift their head approximately 1 cm off the table and hold
it still for 40 seconds. Head movement (i.e., head angular velocity), was recorded
continuously during the tasks (Woodhouse et al., 2010). Participants that were
not able to hold the lifted position for a minimum of 10 seconds were excluded
from the analysis. Raw data from sensor recordings were used to calculate
average displacement and velocity over 40 seconds (Woodhouse et al., 2010).
For some tests multiple test conditions were utilised: JPE was tested
conventionally and with torsion, postural balance was tested in four conditions
with eyes open and eyes closed, and neutral and torsion stance, The Fly® test
used three movement patterns differing in difficulty, and the head steadiness test
was performed in a low load and high load condition. In total, seven tests were
included, consisting of a total of 14 test conditions. A custom script written in
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MATLAB (MATLAB R2015a, The MathWorks, Inc., Natick, MA, U.S.) was used
to randomise the order of range of motion tests and SMC test conditions.

Data analysis

The correlation between test results was examined using Spearman’s rho
to assess the strength of any association between test results. A principle
components factor analysis was then conducted to identify any relationships
between the results of individual SMC tests and to expose the number of
underlying factors present in the data. The optimum number of factors present
was determined by the number of Eigen values greater than 1.00 and visual
interpretation of the factor structure using a loading plot. In order to further clarify
the factors, a Promax oblique rotation was performed. An oblique rotation was
selected as we postulated that the factors identified as skills of SMC in people
with chronic idiopathic neck pain would not necessarily be independent of each
other and may influence other factors present in this population. Item loadings on
each factor were greater than or equal to 0.40 for inclusion in that factor.
Elements within each identified factor were subsequently analysed and each
factor was characterised. All statistical analyses were performed using Stata 13
(StataCorp. 2013. Stata Statistical Software: Release 13. College Station, TX:
StataCorp LP.).
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4.3 Results

The sample of individuals with chronic idiopathic neck pain consisted of 30
females and 20 males with a mean (SD) age of 41.61 (±17.52) years. Participant
demographics are presented in Table 4.1. Strong correlations (Spearman’s rho
higher than 0.60) were found between similar conditions of the same test, but not
between different tests (Table 4.2).
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Table 4.1. Demographics of participants (n=50) with descriptive data for
each test and test condition (mean, SD or median, IQR).
Characteristic
Gender (n female)
Age (years)
Body mass index
Physical activity
(n per group)

30 (60%)*
35.5 (IQR 24.0-55.3)
24.8 (IQR 21.6-29.3)
Insufficient: 11 (22%)*
Moderate: 10 (20%)*
Active:
29 (58%)*
30.16 (±18.77)
49 (IQR 26-62)
50.78 (±20.06)

VAS current
VAS 7 days
VAS 4 weeks
Pain duration
(in months)
130 (±148)
NDI (0-50)
14.96 (±6.19)
Range of motion (deg)
- total rotation
124.33 (IQR 97.83-137.67)
- total sagittal
125.33 (IQR 103.67-134.17)
(flexion/extension)
SVV (deg)
3.74 (IQR 1.92-6.08)
HTR (deg)
2.90 (IQR 2.01-4.42)
JPE (deg)
- conventional
3.85 (IQR 3.16-4.58)
- torsion
4.88 (IQR 3.54-6.83)
Balance (mm)
- eyes open
227.5 (IQR 176.5-298.5)
- eyes closed
288.0 (IQR 208.8-391.3)
- torsion EO
261.0 (IQR 211.5-311.9)
- torsion EC
314.5 (IQR 260.3-401.3)
Fly (mm)
- easy
2.10 (IQR1.86-2.50)
- medium
2.15 (IQR 1.94-2.66)
- difficult
2.82 (IQR 2.42-3.53)
Head steadiness (mm/s)
- low load
0.41 (IQR 0.35-0.62)
- high load
0.61 (IQR 0.50-0.78)
SPNT (difference)
0.02 (IQR 0.01-0.03)
*N (%) for categorical data
Physical activity measured by The Godin-Shephard Leisure-Time Physical
Activity Questionnaire. EC = eyes closed, EO = eyes open, HTR = head
tilt response, JPE = joint position error, NDI = neck disability index,
SPNT = smooth pursuit neck torsion, SVV = subjective visual vertical,
VAS= visual analogue scale.
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Table 4.2. Correlations between cervical sensorimotor control tests and test conditions in individuals with chronic
idiopathic neck pain.

SVV
SVV

JPE
conventi
onal

HTR

JPE
torsion

Balance
EO

Balance
EC

1
0.3699*

1

0.3108

0.0377

1

JPE torsion

0.1599

-0.0868

0.3721

1

Balance EO

0.1813

0.0095

-0.1018

Balance EC

-0.2497
-0.3962*

0.0506

-0.1846

-0.0071

1
0.7270*

Balance torsion EO

-0.3606*

0.1676

-0.0972

-0.1014

0.7502*

1
0.7812*

Balance torsion EC

-0.439*

0.0643

-0.1562

-0.0921

0.7146*

Fly Easy

0.261
0.3318*

0.1065

0.2348

0.2327

-0.2129

0.1744

0.0736

0.3655*

0.1748

0.083

0.0991
0.2954*

-0.0335

-0.028

-0.1254

-0.0386

-0.0165

0.0343

HTR
JPE Conventional

Fly Medium

Balance
torsion
EO

Balance
torsion
EC

Fly
Easy

0.8048*

1
0.9034*

1

-0.1884

-0.1064

-0.1918

-0.2268

-0.1813

0.0112

-0.0692

1
0.5436*

-0.1064

-0.1359

-0.0969

-0.1354

0.0969

0.1827

0.2575

0.087

0.0574

0.2096

0.1196

0.0434

Fly
Medium

Head
steadine
ss Low

Fly
Difficult

Head
steadiness
High

0.6236*

1
0.6649*

1

0.0913

0.1273

-0.0547

0.2078

1

-0.0557

0.2115

-0.0735

0.2654

0.7022*

1

SPNT
0.1441
-0.006
0.0026
-0.0951
0.0001 -0.0463
0.0348
-0.0666
-0.144
-0.1016
-0.0311
0.0203
EC = eyes closed, EO = eyes open, HTR = head tilt response, JPE = joint position error, SPNT = smooth pursuit neck torsion, SVV = subjective visual vertical.
Correlations provided are Spearman's rho, p-value between brackets, bold and * denotes statistically significant (α=0.05).

0.1027

Fly Difficult
Head steadiness
Low
Head steadiness
High
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Table 4.3. Isolated factors (with labels) and their Eigen values after
Promax oblique rotation.

Factor 1
Factor 2
Factor 3
Factor 4

Postural balance
Head steadiness
Continuous movement accuracy
Perception of verticality

Variance
3.15483
2.05738
1.54586
1.49336

Proportion
0.4312
0.2812
0.2113
0.2041
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From the principle components factor analysis, four factors with Eigen
values over 1.00 emerged (Table 4.3). Table 4.4 presents the constituent items
that were included in factors 1 to 4.
Factor one consisted of all four postural balance test conditions; eyes
open, eyes closed, torsion eyes open, torsion eyes closed, and was thus labelled
as ‘postural balance’. Factor two consisted of both low and high load conditions
of the head steadiness test and was labelled ‘head steadiness’. Factor three
consisted of the medium and difficult movement patterns of The Fly® test and
was labelled ‘continuous movement accuracy’. Factor four consisted of the
subjective visual vertical and head tilt response tests and was labelled ‘perception
of verticality’. Through observation of the factor loadings plot (Figure 4.1) it was
determined that factor one (postural balance) and factor two (head steadiness)
formed clusters visually distinct from the other SMC tests.
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Table 4.4. Cervical sensorimotor control test item loadings for each of the
four factors.

Postural balance
(Eigen
value=3.15)

Head steadiness
(Eigen
value=2.06)

Continuous
movement
accuracy (Eigen
value=1.55)

Perceived
verticality (Eigen
value=1.49)

Sensorimotor control test
0.4663
Subjective visual vertical
0.7496
Head tilt response
Conventional joint position error
Joint position error torsion
0.5738
Balance EO
0.7904
Balance EC
0.9960
Balance torsion EO
1.0177
Balance torsion EC
Fly (easy)
0.7326
Fly (medium)
0.5497
Fly (difficult)
0.8184
Head steadiness - low load
0.9815
Head steadiness - high load
Smooth pursuit neck torsion
Item loadings <0.40 are omitted from this table, as these did not account for a large proportion of the variance
within each factor. EC = eyes closed, EO = eyes open.
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1
Principal Components 2
.5

Head
steadiness
high
Head steadiness
low

Fly Difficult

Fly Easy

JPE Torsion SPNT

0

SVV

HTR

Balance EO
Fly Medium

Balance Torsion EO

Balance EC

Balance Torsion EC

JPE Conventional

-.5

0

.5
Principal Components 1

1

Figure 4.1. Factor loading plot of all cervical sensorimotor control tests.
Postural balance and head steadiness account for most of the variance
across tests. EC = eyes closed, EO = eyes open, HTR = head tilt
response, JPE = joint position error, SPNT = smooth pursuit neck
torsion, SVV = subjective visual vertical.
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4.4 Discussion

The present study used factor analysis to investigate whether existing
CSMC tests measure the same, or different, subsystems of SMC. Two factors,
postural balance and head steadiness, explained the majority of the variance in
measured SMC. However, the results of this study demonstrate that most CSMC
tests measure unique skills, and it is not possible to group them according to the
different subsystems of SMC. For clinical practice, this means that different tests
measure unique skills, thus a clinician cannot simply select one test. It is also not
possible to recommend a specific battery of tests which would suffice in the
assessment of CSMC, as all tests are unique.
Two factors, postural balance (factor one) and head steadiness (factor
two), had relatively high Eigen values of 3.15 and 2.06 respectively,
demonstrating that they are responsible for a large proportion of the variance
across the tests. Factors three and four were less distinct clusters and accounted
for less of the overall variance observed. From inspection of the factor loading
plot, it is clear that postural balance and head steadiness groupings are distinct
from the other tests, which implies that these two factors measure different
characteristics of SMC, which do not appear to be captured by other SMC tests.
It has been suggested that postural balance is an important measure of
SMC in individuals with neck pain (Jørgensen et al., 2011; Michaelson et al.,
2003). Cervical proprioceptors, the vestibular system and the visuomotor system
are important in providing relevant afferent information for postural balance, and
this may be affected in individuals with neck pain (Riemann & Lephart, 2002a).
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Even though little consistency exists in the reported discriminating abilities of
postural balance testing between individuals with idiopathic neck pain and
healthy individuals (de Zoete et al., 2016; Jørgensen et al., 2011; Michaelson et
al., 2003; Quek et al., 2014), postural balance may be a unique characteristic of
SMC, not captured by the other tests that are all performed seated.
Factor two consisted of the two test conditions of the head steadiness test
(i.e., low load and high load), and did not include other tests. The head steadiness
test has been used in the sensorimotor assessment of individuals with neck pain
in only one identified study that found differences between individuals with
idiopathic neck pain and healthy controls (Woodhouse et al., 2010). However,
based on the test’s characteristics, it might be argued that the head steadiness
test is predominantly a muscle endurance test and not a true SMC test. Rather
than being the result of differences in SMC skills, the discriminating capabilities
of this test may illustrate a difference in neck muscle endurance and activation
which has been reported in other literature (Falla, 2004; D. L. Falla, G. A. Jull, &
P. W. Hodges, 2004). Other tests examined in this study do not require high levels
of muscle strength, which is probably why the head steadiness test was found to
be distinct from the other tests.
Factor three was labelled continuous movement accuracy and consisted
of two conditions of The Fly® test; the medium and difficult movement pattern.
The Fly® test is a continuous movement accuracy test suggested to involve
sensory (visual) information processing and a motor output specific for the
cervical spine (head movement) (Kristjansson et al., 2003; Kristjansson et al.,
2004). These results suggest the medium and difficult Fly test conditions measure
unique skills that are not being assessed in the other tests. However, limited
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evidence (Kristjansson et al., 2004; Kristjansson & Oddsdottir, 2010) is available
for The Fly® test and outcomes have only been examined cross-sectionally.
In the present factor analysis, not all Fly test conditions cluster together in
one factor: the easy movement pattern failed to contribute to factor three. This
was unexpected as the different test conditions appear to be very similar and the
three conditions are together considered as one test. The only notable differences
between the three conditions are the test duration and the number of changes in
movement direction. The easy pattern takes 25s, the medium takes 40s and the
difficult pattern takes 50s, and the number of direction changes increases with
each level of difficulty. A potential reason for the easy condition not clustering
with the two more demanding conditions (and also with none of the other tests)
is its difficulty: it may simply be too easy to test continuous movement accuracy.
The subjective visual vertical test and the head tilt response test clustered
in factor four. The two tests are both spatial orientation tests in which perceived
verticality is assessed (Geisinger et al., 2010; Treleaven & Takasaki, 2015). The
head tilt response test has been introduced as supplementary to the subjective
visual vertical test (Geisinger et al., 2010) as it introduces a motor output more
specific to the cervical spine (i.e., head tilt, compared to arm/hand movement to
control a computer mouse in the subjective visual vertical test). However, as the
two tests cluster together in factor four, it can be argued that they both measure
spatial orientation.
Based on the assumption that all tests measure SMC, stronger
associations between different tests were expected. From the current findings, it
can be concluded that each of these CSMC tests measure different skills that
have been suggested relevant in SMC assessment. If multiple CSMC tests were
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found to cluster together and contribute to one factor, this would have supported
the assumption that SMC is a single entity that might be measured using a single
test or a small number of different tests. However, the present outcomes lead to
the more likely explanation that each of these tests measure their own individual
skill, which may potentially all be different characteristics of SMC. A noteworthy
observation is the fact that the most commonly used cervical SMC test, the JPE
test, failed to contribute to any of the factors in this study. This suggests that this
test must assess a unique skill, different to all of the other tests we investigated.
The findings from the current study cannot determine whether the skill assessed
by JPE relates to a specific characteristic of SMC, only that it must be unique to
the other tests evaluated in the current study. If JPE is assessing a specific
characteristic of SMC, then alternatively, it may not be an effective test in
individuals with chronic idiopathic neck pain as it did not appear to be grouped
with any factors related to the subsystems of CSMC.

Limitations and strengths

Required sample size in factor analysis remains contentious. Despite the
lack of clear sample size requirements for factor analyses, a participant:variable
ratio of 5:1 was considered sufficient (O'Rouke & Hatcher, 2013). Based on
available literature, however, it was assumed that all test conditions that are part
of the same test, for example the three conditions of The Fly ® test, could be
considered as one factor. As outlined above, the results show that the three
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conditions of The Fly® test do not cluster together in one factor, which results in
the creation of an extra factor and thus a reduction in statistical power.
A strength of the current study is the use of factor analysis to explore
commonalities between the available tests. Unlike related literature to date which
solely reports the group-comparison findings of cross-sectional studies, this study
has allowed us to address whether available CSMC tests measure similar skills.
As this issue has not been addressed before, the present findings contribute to
our understanding of available CSMC tests in both clinical and research settings.
A methodological strength of the current study is that test methods similar
to the original test descriptions were used for all tests. By closely collaborating
with other research groups, we were able to replicate test methods and even use
the original test equipment and software for most of the tests. This results in the
methods of the present study being highly comparable to earlier studies and
strengthens its external validity. Furthermore, as most tests used computerised
recordings, the likelihood that the examiner influenced the recording of test
outcomes is negligible, which reduces assessor bias.

113

4.5 Conclusions

All CSMC tests measure unique skills and cannot be grouped together
under SMC subsystems such as proprioception, visuomotor control and the
vestibular system. Only very similar tests, or test conditions that are part of the
same test, were found to cluster together. This indicates that the available CSMC
tests do not measure similar skills. Clinicians assessing CSMC therefore arguably
have to perform each test, as each provides unique information. The clinical
relevance of this information, in terms of the concept known as CSMC, remains
unknown.
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Chapter 5 No Differences between Individuals with Chronic
Idiopathic Neck Pain and Healthy Individuals on Seven Cervical
Sensorimotor Control Tests: A Case-Control Study

As established in Study 2 (Chapter 4), all seven tests assess unique skills
that may be related to distinct characteristics of sensorimotor control. To compare
individuals with chronic idiopathic neck pain to asymptomatic individuals, all tests
should be used as they each provide unique information. The third study of this
thesis aims to compare cervical sensorimotor control outcomes in individuals with
chronic idiopathic neck pain and healthy individuals. Fifty individuals with chronic
idiopathic neck pain, and 50 age and sex matched healthy individuals, were
investigated using all seven tests.

This paper has been submitted (30 October 2018) for publication in the
Journal of Orthopaedic and Sports Physical Therapy:

de Zoete R.M.J., Osmotherly P.G., Rivett D.A., Snodgrass S.J. (2018). No
Differences between Individuals with Chronic Idiopathic Neck Pain and Healthy
Individuals on Seven Cervical Sensorimotor Control Tests: A Case-Control
Study. Under review.
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Human research ethics approval was obtained from The University of
Newcastle Human Research Ethics Committee; documentation can be found in
Appendices B, C, D and E.
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5.1 Introduction

Cervical sensorimotor control tests, which measure the control and
accuracy of head movements, have been extensively used to investigate if
sensorimotor control is different in individuals with neck pain (de Zoete et al.,
2016; Elsig et al., 2014; Kristjansson et al., 2003; Sjölander et al., 2008).
Sensorimotor control has been suggested to be important in neck pain research
(Elsig et al., 2014) as it might be able to differentiate between individuals with
neck pain and asymptomatic controls (Armstrong et al., 2008; Elsig et al., 2014).
This suggestion is based on studies with a variety of research designs (e.g.,
cross-sectional (Juul-Kristensen et al., 2013), interventions (Cramer et al., 2013;
Sarig Bahat et al., 2015)), neck pain populations (e.g., chronic (Pinsault et al.,
2008) and acute (Lange et al., 2014), insidious (Sjölander et al., 2008) and
traumatic onset (Treleaven et al., 2008)), participant groups (e.g., older adults
(Quek et al., 2014), adolescents (Sa & Silva, 2017), air force pilots (Nagai et al.,
2014)), and notably, cervical sensorimotor control tests (e.g., joint position error
[JPE] (Revel et al., 1991), postural balance (Treleaven et al., 2005b)). A large
proportion of these neck pain studies have reported findings based on relatively
small samples (Stanton et al., 2016), often without justification for sample size.
There is little consistency between study findings, with some studies reporting
differences in cervical sensorimotor control between individuals with neck pain
and healthy individuals (Elsig et al., 2014; Kristjansson et al., 2003; Pinsault et
al., 2008; Rix & Bagust, 2001), and yet others finding no differences (Meisingset
et al., 2015; Sjölander et al., 2008; Woodhouse et al., 2010). In studies with larger
samples, heterogeneity of participants may confound findings, as pain
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mechanisms and vestibular function differ between neck pain conditions (Scott et
al., 2005) and studies have included individuals across traumatic/non-traumatic,
chronic/acute, and a range of severities of neck pain (Kristjansson & Treleaven,
2009; Röijezon et al., 2011; Woodhouse & Vasseljen, 2008).
The results of sensorimotor control tests are unlikely to generalise across
different neck pain populations (Field et al., 2008). Of the studies that investigate
sensorimotor control in homogenous samples, few focus solely on individuals
with idiopathic neck pain (Jørgensen et al., 2011; Meisingset et al., 2015;
Rudolfsson, Bjorklund, & Djupsjobacka, 2012), a condition that warrants more
informed explanations for its aetiology and pathophysiology (Hoy et al., 2014).
Findings across these studies are inconsistent, with recent meta-analyses
identifying only one test (joint position error) that differentiated individuals with
idiopathic neck pain from healthy controls, albeit with questionable clinical
relevance (de Zoete et al., 2016; Stanton et al., 2016).
As it is difficult to make clinical decisions for individuals with idiopathic neck
pain based on varying results of different sensorimotor control tests from studies
which differ across participant characteristics (duration and type of neck pain), a
study with a large homogenous sample incorporating multiple sensorimotor
control test outcomes is needed (Revel et al., 1991). The present study reports
outcomes from seven sensorimotor control tests (JPE, both conventional and
torsion; postural balance; subjective visual vertical; head tilt response; The Fly®
test; head steadiness; and smooth pursuit neck torsion) and investigates whether
there are differences in these outcomes between individuals with chronic
idiopathic neck pain and healthy individuals.
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5.2 Methods

Design

This was a case-control study conducted between July 2016 and June
2017 approved by the Human Research Ethics Committee of The University of
Newcastle, Australia (H2016-0099). All participants provided written informed
consent.

Sensorimotor control tests

Seven sensorimotor control tests were included: JPE conventional (Revel
et al., 1991) and torsion (Chen & Treleaven, 2013), postural sway (Treleaven et
al., 2005a), subjective visual vertical (Chen & Treleaven, 2013), head tilt
response (Geisinger et al., 2010), The Fly® (Kristjansson & Oddsdottir, 2010),
smooth pursuit neck torsion (Treleaven et al., 2005a), and head steadiness
(Woodhouse et al., 2010). Table 5.1 provides a description of all tests (including
21 outcomes representing different conditions for tests), equipment used and
outcome measures calculated for each test.
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Sample size

With seven cervical sensorimotor control tests as dependent variables,
seven sample size calculations were conducted using estimates of variable
distributions from a meta-analysis (de Zoete et al., 2016) or individual studies
(Meisingset et al., 2015; Treleaven & Takasaki, 2015) to determine the minimum
sample size required to detect a difference between groups with α=0.05 and
power 0.8. Of these, the largest sample size estimate used a 0.75deg variability
in score on the subjective visual vertical test (Treleaven & Takasaki, 2015) to
indicate a 0.5deg difference between groups would be detected with 36
participants per group. As this study was part of a larger study with follow-up
measurements, 50 participants per group were recruited to allow for withdrawals.

Participants

Participants were recruited from flyers posted around the university where
the study was conducted, a local research participant volunteer register, through
local newspaper and social media advertising, and from patients attending local
physiotherapy practices. Participants with chronic idiopathic neck pain were
eligible if they were ≥18 years of age, reported neck pain of at least 4/10 on a
numeric rating scale at the time they enquired about the study, and had
experienced pain for ≥12 weeks. Healthy participants had no current neck pain,
had never sought treatment for neck pain, and were matched for sex and age
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with individuals with neck pain. Exclusion criteria for both the pain and healthy
groups were limited vision (after correction), diabetes, (history of) migraine
headaches, (history of) neck trauma or surgery, and other neurological or
musculoskeletal conditions considered to affect sensorimotor control, such as low
back pain, scoliosis, neuralgia, complex regional pain syndrome, joint
reconstructions, or anterior cruciate ligament repairs.

Procedure

Physical activity levels were quantified using the Godin-Shephard LeisureTime Physical Activity Questionnaire (Godin & Shephard, 1985). Participants with
neck pain completed three 100mm visual analogue scales (VAS) each anchored
by no pain on the left and worst pain imaginable on the right, to assess: 1) current
pain, 2) average pain over the last seven days, and 3) average pain over the last
four weeks, as it has been shown that VAS response varies with different recall
periods in individuals with neck pain (Kamper et al., 2015). The Neck Disability
Index (NDI, scored 0-50) assessed perceived disability (Vernon & Mior, 1991).
Height was measured with a stadiometer to the nearest cm (Surgical and Medical
Supplies Pty. Ltd., Rose Park, SA, Australia) and weight with a standard analogue
scale to the nearest kg (model 762 1019009, Seca GmbH & Co., Hamburg,
Germany). Cervical range of motion (ROM) in rotation (left and right), flexion, and
extension was quantified with the Cervical Range of Motion instrument (CROM,
Performance Attainment Associates, Lindstrom, MN, USA), which has good test121

retest reliability (Audette et al., 2010). For each direction, three measures were
recorded and the average of three trials was used to calculate the total ROM in
transverse (rotation) and sagittal (flexion/extension) planes.
The order of range of motion test directions and sensorimotor tests was
randomised using a script written in MATLAB (MATLAB R2015a, The
MathWorks, Inc., Natick, MA, U.S.).
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Table 5.1. Description of sensorimotor control tests used with participants with chronic idiopathic neck pain (n = 50)
and healthy age and sex matched control participants (n = 50).
Test
Joint position
error (JPE)

Description
JPE conventional: The participant was seated 90cm from a
target on the wall. A laser pointer facing straight ahead was
placed on top of the head using a head mount (Revel et al.,
1991). The seat and target were positioned so that the laser
pointer was exactly in the centre of the target. The participant
was instructed to rotate (to the right or left), flex or extend the
neck moving away from the centre of the target and to then
return to the starting position. Participants were blindfolded to
exclude any visual information.
A foam cushion was placed under the feet to limit sensory
reference information.
JPE torsion (Chen & Treleaven, 2013): A laser pointer facing
straight ahead was attached to the mid-sternum region and the
participant was blindfolded. In a neutral position, the centre of
the target was lined up with the position of the laser pointer.
While the examiner gently held the head with two hands to
maintain it in neutral, the participant was asked to rotate the
trunk away from the target and rotate back to the starting
position.

Equipment
A custom made circular
target (Chen & Treleaven,
2013) was used to record
errors from the starting
position. A standard laser
pointer (Electus Distribution
Pty. Ltd, Rydalmere, NSW,
Australia) on a custom
head mount were used.

Data collection and analysis
The distance (mm) identified by the
laser on the target between the start
position (manually placed in neutral)
and end (return) position was
measured for the head (conventional)
and trunk (torsion). This distance was
used to calculate the joint position
error in deg, averaged over the three
trials for each movement direction.

Postural
balance
(conventional
and torsion)

The participant was asked to stand in a comfortable stance for
30 seconds (Treleaven et al., 2005b) under the following six
conditions:
- Eyes open, straight ahead
- Eyes closed, straight ahead
- Eyes open, torsion left
- Eyes closed, torsion left
- Eyes open, torsion right
- Eyes closed, torsion right

A Kistler force platform
(type 9260AA6, Kistler
Instrumente AG,
Switzerland) and MARS
(S2P Ltd, Slovenia)
software were used to
record centre of pressure.

Sway path (mm) was recorded during
the 30 seconds for each of the six
conditions.
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In order to achieve the neck torsion stance (Williams, Tarmizi, &
Treleaven, 2017), the examiner held the participant’s head in its
neutral position while the participant rotated the trunk and lower
limbs 45 deg. Paper tape strips on the force platform marked the
reference positions to align the participant’s feet.
Subjective
visual
vertical

In a virtual reality device, two dots representing the end points of
a 20deg tilted imaginary line were presented within a square that
was tilted 18deg Both the tilted square and dots were positioned
either clockwise or anticlockwise, which was randomised by
custom software (Treleaven & Takasaki, 2015). The computer
mouse could be used to rotate a button by clicking and holding,
allowing rotation of the dots by a minimum of 0.01 deg. The
participant was instructed to reposition the dots so that the
imaginary line was positioned vertically (i.e., dots right above
each other).

An Oculus Rift (SDK 2.0,
Oculus VR, CA, U.S.)
virtual reality device was
used.

The rotational deviation of the
imaginary line represented by the two
dots from the true vertical (deg) was
recorded as the outcome, and the
average of 20 repetitions was
calculated.

Head tilt
response

A white line, tilted either (5 or 15deg) clockwise or (25 or 15deg)
anticlockwise, was displayed in the virtual reality device. The
participant was instructed to laterally flex the neck so that the
presented line was positioned exactly vertically in space. While
holding the head still in the required position, the head position
was recorded before the next line was presented. Testing was
performed using custom software (Libra@Home, Israel) as
described by Geisinger et al. (2010).

An Oculus Rift (SDK 2.0,
Oculus VR, CA, U.S.)
virtual reality device was
used.

Head position (error of the line from
the true vertical in deg) was recorded
using the Oculus Rift’s head tracking
sensors, with the average over 20
repetitions calculated.

The Fly®

On a computer screen, a representation of the head position was
displayed with a + sign, as well as a moving target (the “Fly”)
(Kristjansson et al., 2004; Kristjansson & Oddsdottir, 2010). The
participant was instructed to move the head (and thus the +) in
order to follow the target, aiming to place the + over the target.

The original Fly® test
software was used as
introduced by (Kristjansson
& Oddsdottir, 2010),
together with an
electromagnetic tracking
device (Polhemus Liberty,
FasTrak, Colchester, VT,
U.S.) to record head
movement.

Movement accuracy (error from
target in millimetres), being the
distance between the + sign and the
target was measured continuously,
with the accuracy being the average
error over the duration of the test.
This was repeated for three different
movement patterns – easy, medium,
and difficult - which differed in
trajectory length, duration, and
complexity.

124

Head
steadiness

The participants was asked to lift the head approximately 1 cm
off the table and hold it stationary for 40 seconds. Two conditions
were investigated; low load, with the participants seated on a
treatment table with the back/head support at a 60 deg angle,
and high load, with the participant lying supine on a horizontal
treatment table (Meisingset et al., 2015; Woodhouse et al.,
2010).

An electromagnetic motion
tracking device (Polhemus
Liberty, FasTrak,
Colchester, VT, U.S.) was
used to record head
movement.

Participants that were not able to
hold the lift position for a minimum of
10 seconds were excluded from the
analysis. Raw data from continuous
sensor recordings collected at 240
Hz were used to calculate average
movement velocity in mm/s over 40
seconds.

Smooth
pursuit neck
torsion

Custom made equipment (identical to that used in Tjell and
Rosenhall (1998) and Treleaven et al. (2005a)) consisted of a
laser pointer attached to a motor positioned behind the
participants who was seated facing a wall 100cm away. The
laser pointer, which was just above the head, was projected on
the wall and oscillated smoothly left and right with a consistent
speed of 20 deg per second, with a visual angle of 40 deg and a
frequency of 0.2 Hz. The participant was asked to follow the
moving target with their eyes, while keeping the head still in its
neutral position. Eye movements were recorded while the target
moved left-right ten times. This was done in three conditions:
with the body straight ahead, and also in a (right and left) torsion
position in which the body was rotated 45 deg on the chair while
the head was kept still.

Eye muscle movements
were recorded with
Ag/AgCl surface electrodes
(Cleartrace ConMed, Utica,
NY, U.S.) placed bilaterally
just lateral to the lateral
corners of the eyes using a
PowerLab (PowerLab,
ADInstruments Inc.,
Colorado Springs, CO,
USA).

Ratio of eye saccades between
neutral and torsion position
was recorded using surface
electrooculography.
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Data analysis

Data were checked for normality prior to analyses and non-parametric
tests were used where appropriate. Mann-Whitney U tests determined
differences in range of motion and sensorimotor test outcomes between groups.
For participants with neck pain, Spearman’s rho determined correlations between
sensorimotor test outcomes and pain levels and disability. As the majority of
distributions for sensorimotor tests were positively skewed (few participants with
high scores indicating poor performance), we further examined the data for
individuals who were considered ‘poor performers’. Subgroups were determined
by a cut-off score, selecting the participants whose score was in the highest 10%
of observations (i.e., poor performers). Differences in proportions of poor
performers within the neck pain and healthy groups were determined using Chisquare. All statistical analyses were performed using SPSS Version 24.0 (IBM
Corp., Armonk, NY, USA).
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5.3 Results

Table 5.2 reports the characteristics of participants.
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Table 5.2. Characteristics of participants with chronic idiopathic neck pain
(n = 50) and health age and sex matched control participants (n = 50).

Sex (n female)
Age (years) (median, IQR)
Body mass index (median, IQR)
Physical activity
(n per group)

Control
27
34.5 (IQR 26.0-58.0)
25.0 (IQR 22.9-27.8)
Insufficient: 13
Moderate: 8
Active: 29
N/A
N/A
N/A

Neck pain
30
35.5 (IQR 24.0-55.3)
24.8 (IQR 21.6-29.3
Insufficient:11
Moderate: 10
Active: 29
30.16 (±18.77)
49 (IQR 26-62)
50.78 (±20.06)

VAS current (mean, SD)
VAS 7 days (median, IQR)
VAS 4 weeks (mean, SD)
Pain duration
(months) (mean, SD)
N/A
130 (±148)
NDI (0-50) (mean, SD)
N/A
14.96 (±6.19)
Physical activity measured by The Godin-Shephard Leisure-Time Physical Activity
Questionnaire, NDI: neck disability index, VAS: visual analogue scale.
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Sensorimotor control outcomes

Table 5.3 details the outcomes for range of motion and all sensorimotor
control tests. There were no significant differences between individuals with
idiopathic neck pain and healthy individuals for any of the tests. Only weak
correlations between sensorimotor control tests and levels of neck pain and
disability were found (Table 5.4).
Participant scores for JPE tests were normally distributed, but for all other
sensorimotor tests, scores were right skewed, indicating few poor performers.
Histograms with cut-off scores for subgroups of poor performers for each test are
illustrated in Figure 5.1. The proportions of poor performers within the neck pain
and healthy groups for each test were not significantly different (Table 5.5).
Furthermore, the number of tests where a participant performed poorly was
summed, and the mean values for this were not different between groups (neck
pain mean 1.4, SD ±1.5, healthy 1.6 (±1.6), p=0.660). The number of tests where
a participant performed poorly correlated only weakly with group demographics
(sex, rho = -0.014; age, rho = 0.193; BMI, rho = 0.107; physical activity level, rho
= -0.154), with cervical range of motion (transverse plane, rho = -0.243; sagittal
plane, rho = -0.174), and with pain and disability levels (current pain, rho = 0.083;
7-day average pain, rho = 0.040; 4-week average pain, rho = 0.046; NDI, rho =
0.104).
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Table 5.3. Outcomes of physical tests (range of motion and sensorimotor control test outcomes; median, IQR) for
individuals with chronic idiopathic neck pain (n = 50) and healthy age and sex matched control participants (n = 50), with
p-values for between group differences
Sensorimotor control test
(unit)

Control (n=50)
Median

Range of motion (deg)
- Right rotation
- Left rotation
- Total transverse plane
- Flexion
- Extension
- Total sagittal plane
Joint position error (deg)
- Conventional
- Torsion
Postural balance (mm)
- Eyes open
- Eyes closed
- Torsion EO

IQR

Difference between
groups (p-value*)

Neck pain (n=50)
Median

IQR

71.0
68.0
139.3
69.7
69.0
141.0

64.7, 78.0
60.0, 76.7
125.5, 153.8
62.0, 81.3
58.0, 78.0
125.7, 151.3

62.0
60.7
124.3
59.3
65.0
125.3

48.0, 69.3
50.7, 68.0
97.8, 137.7
50.0, 65.3
50.7, 70.7
103.7, 134.2

<0.001
0.001
<0.001
<0.001
0.03
<0.001

3.92
4.38

3.11, 4.75
3.48, 5.83

3.83
4.88

3.20, 4.58
3.54, 6.83

0.866
0.238

176.50, 298.50
208.75, 391.25
211.50, 311.88

0.945
0.981
0.751

227.50 180.75, 275.75
280.00 242.00, 365.25
254.00 209.63, 285.75

227.50
280.00
261.00
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- Torsion EC
300.00 236.63, 367.63
314.50 260.25, 401.25
Subjective visual vertical
4.01
3.74
(deg)
2.91, 6.07
1.92, 6.08
Head tilt response (deg)
2.64
2.90
1.96, 3.64
2.01, 4.42
The Fly® (mm)
- Pattern A (easy)
2.07
2.10
1.81, 2.74
1.86, 2.50
- Pattern B (medium)
2.34
2.16
1.96, 3.28
1.94, 2.66
- Pattern C (difficult)
3.06
2.82
2.24, 3.71
2.42, 3.53
Head steadiness (mm/s)
- Low load
0.51
0.41
0.37, 0.76
0.35, 0.62
- High load
0.66
0.61
0.46, 0.91
0.50, 0.78
Smooth pursuit neck torsion
0.012 0.004, 0.025
0.009
0.002, 0.022
EC: eyes closed, EO: eyes open.
*All p-values based on independent-samples Mann-Whitney U test. Bold denotes statistical significance with
significance level α=.05

0.506
0.236
0.515
0.912
0.222
0.625
0.247
0.76
0.203
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Table 5.4. Correlations (Spearman’s rho) with p-values between cervical sensorimotor control test outcomes and pain
(three recall periods) and disability in individuals with chronic idiopathic neck pain.

Sensorimotor control test
Joint position error
- Conventional
- Torsion
Postural balance
- Eyes open
- Eyes closed
- Torsion EO
- Torsion EC
Subjective visual vertical
Head tilt response
The Fly®
- Easy
- Medium
- Difficult
Head steadiness

VAS now
rho
p-value

VAS 7 days
rho
p-value

VAS 4 weeks
rho
p-value

NDI
rho
p-value

-0.081
-0.058

0.575
0.690

-0.118
-0.124

0.418
0.397

0.176
-0.089

0.225
0.542

0.119
-0.034

0.409
0.817

0.020
-0.155
-0.074
0.029
0.181
0.294

0.890
0.282
0.608
0.841
0.208
0.042

-0.045
-0.129
-0.051
0.059
0.082
0.227

0.759
0.375
0.729
0.688
0.575
0.124

0.022
-0.038
0.126
0.229
0.034
0.093

0.878
0.794
0.389
0.114
0.817
0.532

0.176
-0.044
0.129
0.125
0.116
0.316

0.222
0.762
0.373
0.387
0.424
0.029

0.050
0.130
0.237

0.732
0.367
0.097

-0.028
0.100
0.106

0.848
0.492
0.470

-0.073
0.123
0.125

0.619
0.402
0.391

-0.113
0.090
0.063

0.433
0.534
0.665
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- Low load
- High load
Smooth pursuit neck torsion

-0.125
-0.174
-0.010

0.388
0.237
0.363

-0.149
-0.247
0.135

0.308
0.094
0.150

-0.149
-0.130
0.122

0.307
0.384
0.949

-0.083
-0.141
0.007

0.568
0.339
0.475

EC = eyes closed, EO = eyes open, NDI = neck disability index, VAS = visual analogue scale.
Spearman's correlation coefficients (rho) with p-values for all sensorimotor control tests, pain levels and neck
disability. Bold denotes statistical significance with significance level α=.05.
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Figure 5.1. Distribution for all skewed outcomes with cut-off values
(highest 10%) for ‘poor performers’. A = subjective visual vertical; B =
head tilt response; C = postural balance eyes open (EO); D = postural
balance eyes closed (EC); E = postural balance torsion EO; F = postural
balance torsion EC; G = The Fly®, easy; H = The Fly®, medium; I = The
Fly®, difficult; J = head steadiness, low load; K = head steadiness, high
load; L = smooth pursuit neck torsion.
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Figure 5.1 cont. Distribution for all skewed outcomes with cut-off values
(highest 10%) for ‘poor performers’. A = subjective visual vertical; B =
head tilt response; C = postural balance eyes open (EO); D = postural
balance eyes closed (EC); E = postural balance torsion EO; F = postural
balance torsion EC; G = The Fly®, easy; H = The Fly®, medium; I = The
Fly®, difficult; J = head steadiness, low load; K = head steadiness, high
load; L = smooth pursuit neck torsion.
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Table 5.5. Cut-off values suggesting poor performers, with proportions of
poor performers within each group (chronic idiopathic neck pain, n=50,
and healthy age and sex matched controls, n=50).

Sensorimotor control
test (unit)

Cut-off
value

Control
group, n
(%)

Neck pain
group, n
(%)

p-value*

Postural balance (mm)
345
- Eyes open
5 (10%)
5 (10%)
1.000
443
- Eyes closed
4 (8%)
6 (12%)
.505
346
- Torsion EO
5 (10%)
5 (10%)
1.000
482.25
- Torsion EC
3 (6%)
4 (8%)
.695
Subjective visual vertical
9.76
7 (14%)
3 (6%)
.182
(deg)
5.21
Head tilt response (deg)
3 (6%)
7 (14%)
.182
The Fly® (mm)
3.28
- Pattern A (easy)
7 (14%)
3 (6%)
.182
4.18
- Pattern B (medium)
6 (12%)
4 (8%)
.505
4.88
- Pattern C (difficult)
7 (14%)
3 (6%)
.182
Head steadiness (mm/s)
0.88
- Low load
6 (12%)
4 (8%)
.505
1.05
- High load
6 (12%)
3 (6%)
.295
Smooth pursuit neck
0.042
6 (12%)
4 (8%)
.505
torsion
EC: eyes closed, EO: eyes open
*All p-values based on Chi2-test for differences in proportions for each group
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5.4 Discussion

This study found no difference in sensorimotor control test outcomes
between individuals with chronic idiopathic neck pain and healthy age and sexmatched control participants. Each test was only weakly correlated with pain and
disability, consistent with recent studies investigating joint position error (Chen &
Treleaven, 2013; Meisingset et al., 2015; Oddsdottir & Kristjansson, 2012). All
tests (except for the JPE) were positively skewed, indicating most participants
performed well. Thus the tests may not be sufficiently challenging to discriminate
between individuals with and without neck pain. Alternatively, individuals may
have an inherent performance ability on these tests and neck pain may not
influence this. In contrast to sensorimotor control outcomes, ROM was reduced
in all directions in individuals with neck pain compared to controls, consistent with
previous studies (De Loose et al., 2009; Jull, Amiri, Bullock-Saxton, Darnell, &
Lander, 2007; Meisingset et al., 2015; Nagai et al., 2014; Woodhouse &
Vasseljen, 2008). The collective results from the current study question the
clinical utility of sensorimotor control tests for individuals with chronic idiopathic
neck pain (Rudolfsson et al., 2012; Woodhouse & Vasseljen, 2008).
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Previous research

Most studies addressing cervical sensorimotor control have reported
outcomes for single tests (Jørgensen et al., 2011; Kristjansson et al., 2004;
Pinsault et al., 2008; Rix & Bagust, 2001; Tjell & Rosenhall, 1998; Woodhouse et
al., 2010). Sensorimotor control is complex and believed to comprise multiple
subsystems including proprioception, kinaesthesia, and the visuomotor and
vestibular systems (Bogduk & Mercer, 2000; Riemann & Lephart, 2002a;
Strimpakos, 2011). Using a single test to evaluate these systems provides a
limited representation of their complexity. Recently, however, two studies have
evaluated cervical sensorimotor control using combinations of different tests in
participants with idiopathic neck pain (Meisingset et al., 2015; Treleaven et al.,
2011).
Meisingset et al. (2015) used four tests to evaluate sensorimotor control in
166 participants: JPE, The Fly®, head steadiness and postural balance. Only one
sensorimotor test outcome (head steadiness) significantly differed between
individuals with idiopathic neck pain and healthy individuals. The head steadiness
test, which requires individuals lying supine to lift their head off the plinth and hold
for 40 seconds, might be considered a test of muscle endurance rather than
sensorimotor control. Thus these findings provide little evidence for sensorimotor
control changes in individuals with idiopathic neck pain. The current study
findings agree with those of Meisingset et al. (2015), except we also found no
difference between groups for the head steadiness test. This conflicting finding
may be attributable to slightly different participant samples, as the current study
recruited via advertising and Meisingset et al. recruited from private
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physiotherapy clinics and a specialised pain clinic. Nevertheless, the notion of
sensorimotor control changes in individuals with chronic idiopathic neck pain is
not supported by the findings from Meisingset et al. (2015) and the current study,
questioning the clinical relevance of sensorimotor control testing in individuals
with idiopathic neck pain. Only one other study (Treleaven et al., 2011) reported
outcomes from multiple sensorimotor control tests (smooth pursuit neck torsion,
JPE, and postural balance). This study lacked a healthy control group so cannot
determine if the tests can discriminate individuals with idiopathic neck pain from
healthy individuals.
Some studies compare sensorimotor control outcomes between
individuals with idiopathic neck pain and traumatic neck pain (mainly whiplash
injuries). Most report no differences between groups (Kristjansson et al., 2003;
Kristjansson & Oddsdottir, 2010; Sjölander et al., 2008), however some report
(small) differences for postural balance (Field et al., 2008; Michaelson et al.,
2003) and the subjective visual vertical test (Treleaven & Takasaki, 2015), though
it is unclear which group has greater deficits in sensorimotor control. Field et al.
(2008) found greater postural sway in individuals with traumatic neck pain for
normal stance, whereas for narrow stance (increased difficulty) the idiopathic
neck pain group performed worse. They suggested a general stiffening strategy
in individuals with traumatic neck pain might explain this phenomenon. Treleaven
and Takasaki (2015) found individuals with idiopathic neck pain performed worse
than those with whiplash on the subjective visual vertical test. They hypothesised
that higher disability levels (39.9 vs. 21.5 on the 50-point NDI) in individuals with
whiplash contribute to their perception of the task as difficult, and they may
increase their mental effort to perform well. Alternatively, they suggested the often
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unilateral nature of idiopathic neck pain (as opposed to bilateral, common in
whiplash) may be a reason individuals with idiopathic neck pain perform worse
on balance and spatial orientation tasks, though they did not report the
proportions of unilateral pain in their sample (Treleaven & Takasaki, 2015).

Cervical sensorimotor control and idiopathic neck pain

Evidence on cervical sensorimotor control tests in individuals with
idiopathic neck pain is ambiguous and inconsistent (de Zoete et al., 2016).
Several studies have found differences between individuals with idiopathic neck
pain and healthy individuals for JPE (Kristjansson et al., 2003; Pinsault et al.,
2008; Rix & Bagust, 2001; Sjölander et al., 2008), postural balance (Jørgensen
et al., 2011), subjective visual vertical (Treleaven & Takasaki, 2015), and The
Fly® (Kristjansson et al., 2004; Kristjansson & Oddsdottir, 2010), whereas others
found no differences for JPE (Kristjansson et al., 2003; Meisingset et al., 2015;
Pinsault et al., 2008; Woodhouse & Vasseljen, 2008), postural balance
(Jørgensen et al., 2011; Meisingset et al., 2015; Michaelson et al., 2003),
subjective visual vertical (Treleaven & Takasaki, 2015), head steadiness
(Woodhouse et al., 2010), and The Fly® (Meisingset et al., 2015). The
assumption that sensorimotor control is altered in individuals with chronic
idiopathic neck pain is based on cross-sectional studies with inconsistent findings
(Grod & Diakow, 2002; Hansson et al., 2005; Juul-Kristensen et al., 2013;
Michaelson et al., 2003; Pinsault et al., 2008; Rix & Bagust, 2001; Röijezon et al.,
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2011; Sjölander et al., 2008). Small sample sizes, as well as a large number of
statistical tests (Chen & Treleaven, 2013; Cramer et al., 2013; Juul-Kristensen et
al., 2013; Meisingset et al., 2015) and a lack of blinding (Kramer, Hohl, Bockholt,
Schneider, & Dehner, 2013; Rix & Bagust, 2001), may possibly lead to studies
finding significant differences between pain and healthy groups based on chance
alone. The question can thus be raised whether sensorimotor outcomes are in
fact associated with neck pain or disability, or whether other factors that have not
yet been measured resulted in the observed differences between groups in those
studies reporting them.
The test with the most support in the literature for discriminating individuals
with neck pain is the joint position error test, with two recent meta-analyses (de
Zoete et al., 2016; Stanton et al., 2016) reporting small but statistically significant
differences (0.1-3.0deg (Stanton et al., 2016) and 0.5deg (de Zoete et al., 2016))
indicating greater JPE in individuals with idiopathic neck pain compared to
healthy controls. However, these small mean differences may not be clinically
meaningful. A systematic review (de Vries et al., 2015) found that only 50% of
included studies reported significant differences in JPE between individuals with
idiopathic neck pain and healthy individuals. These findings question the clinical
utility of JPE in individuals with idiopathic neck pain.
One possible explanation for non-significant findings is that the tests may
not be sensitive enough to discriminate between individuals with chronic
idiopathic neck pain and healthy individuals. Alternatively, on observing the
distributions of the outcome values, the tests may have an inherent ceiling effect
and might not be capable of discriminating a very good performance from a good
performance. However, assuming we could develop tests with better sensitivity
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to detect smaller differences in cervical sensorimotor control between individuals
with idiopathic neck pain and healthy controls, the magnitude of these differences
would be small, bringing into question their clinical relevance.
Another possible explanation for the findings in the present study is that
there is, in fact, no difference in cervical sensorimotor control between individuals
with idiopathic neck pain and healthy individuals. It could be that the distributions
found in this study, including the poor performers, represent a normal spread of
biological responses. The finding that the tests do not discriminate between
groups in the current study is strengthened by the weak correlations found
between sensorimotor outcomes and levels of neck pain and neck disability.

Strengths and limitations

A strength of this study is the large, homogeneous population of individuals
with chronic idiopathic neck pain studied. Groups were well-matched for sex, age,
BMI and physical activity level, which might be thought to influence sensorimotor
control. Pain and disability scores for participants with neck pain were sufficient,
and are similar to previous studies (Elsig et al., 2014; Juul-Kristensen et al., 2013;
Kristjansson et al., 2003; Meisingset et al., 2015; Michaelson et al., 2003; Rix &
Bagust, 2001; Sjölander et al., 2008; Williams et al., 2017). Furthermore, the
median ages for both groups are similar to previous studies (Kristjansson et al.,
2003; Meisingset et al., 2015; Michaelson et al., 2003; Rix & Bagust, 2001;
Treleaven et al., 2005a; Treleaven & Takasaki, 2015; Williams et al., 2017).
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Another strength was the sensorimotor test methods were replicated
identically to the original reported test methods (Table 5.1) by closely
collaborating with research groups who developed each test. Identical materials
and software were used for conventional and torsion JPE (Chen & Treleaven,
2013), and The Fly® (Kristjansson & Oddsdottir, 2010), where the complete set
of original testing equipment was sent to our lab for use. Original software (with
similar hardware) was used for the subjective visual vertical (Treleaven &
Takasaki, 2015), head tilt response (Geisinger et al., 2010), and smooth pursuit
neck torsion (Treleaven et al., 2005a) tests.
Researcher bias during testing is unlikely, as most tests utilised
computerised data collection. Other than JPE, the assessing researcher had no
influence on the recording or calculation of outcomes, and based on expectations
of a difference between groups from previous studies, bias towards a nil result is
unlikely. To eliminate potential bias in the manual identification of saccades in the
analysis of smooth pursuit neck torsion data, all electrooculography recordings
were de-identified by a researcher (SS) not involved in the identification of these
signals.
The current sample is larger compared to previous studies reporting these
outcomes in individuals with idiopathic neck pain. They were mainly recruited
through advertising, with only one of the 50 participants with neck pain referred
by a physiotherapist. The neck pain group in this study might therefore slightly
differ from a treatment-seeking patient sample. However, the majority of previous
studies testing cervical sensorimotor control have also recruited through
advertising (Chen & Treleaven, 2013; Cramer et al., 2013; Field et al., 2008; JuulKristensen et al., 2013; Kristjansson & Treleaven, 2009; Quek et al., 2014;
145

Röijezon et al., 2011; Sarig Bahat et al., 2015; Treleaven et al., 2011; Treleaven
et al., 2005a; Treleaven et al., 2008; Treleaven & Takasaki, 2015; Williams et al.,
2017), so our sample is likely to be similar to those of the studies used for
comparison.
Participants performed all tests in one session (approximately 75 minutes),
so sensorimotor skills may have possibly improved throughout the session. To
prevent a practice effect, tests were randomised in order. Furthermore, no
previous study has reported any learning effects from practice with any of the
tests.
The neck pain group in the present study reported high levels of physical
activity, similar to the healthy control group. Higher levels of physical activity
might contribute to better performance on sensorimotor control tests, despite the
presence of neck pain. However, as physical activity level is not a commonly
reported outcome in neck pain research, it is unknown whether our sample differs
from others in this aspect.
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5.5 Conclusions

This study found that the outcomes of seven cervical sensorimotor control
tests are not significantly different between individuals with chronic idiopathic
neck pain and healthy age and sex matched controls. The sensorimotor control
tests also only weakly correlated with levels of neck pain and neck disability,
questioning their clinical utility in individuals with chronic idiopathic neck pain.
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Chapter 6 Cervical Sensorimotor Control Does Not Change
over Time and is Not Related to Chronic Idiopathic Neck Pain
Characteristics: A Six-Month Longitudinal Observational Study

As found in Study 3 (Chapter 5), no differences in cervical sensorimotor
control existed between individuals with chronic idiopathic neck pain and healthy
individuals. Furthermore, outcomes of sensorimotor control tests did not correlate
with neck pain intensity and neck disability. This raises the question whether
cervical sensorimotor control outcomes are, in fact, associated with idiopathic
neck pain. To further investigate this relationship, the association between
cervical sensorimotor control outcomes and neck pain characteristics was
investigated over a six-month period in 50 individuals with chronic idiopathic neck
pain and 50 sex and age matched healthy individuals.

This paper has been submitted (16 July 2018) for publication in the
Archives of Physical Medicine and Rehabilitation:

de Zoete R.M.J., Osmotherly P.G., Rivett D.A., Snodgrass S.J. (2018). Cervical
Sensorimotor Control Does Not Change over Time and is Not Related to Chronic
Idiopathic Neck Pain Characteristics: A Six-Month Longitudinal Observational
Study. Under review.
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Human research ethics approval was obtained from The University of
Newcastle Human Research Ethics Committee; documentation can be found in
Appendices B, C, D and E.
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6.1 Introduction

Cervical sensorimotor control has been suggested as an important
component in the clinical assessment of individuals with chronic idiopathic neck
pain (Meisingset et al., 2015; Rudolfsson et al., 2014; Treleaven, 2008). Cervical
joint position error (Revel et al., 1991), postural balance (Chen & Treleaven,
2013), subjective visual vertical (Treleaven & Takasaki, 2015), head tilt response
(Geisinger et al., 2010), The Fly® (Kristjansson & Oddsdottir, 2010), head
steadiness (Woodhouse et al., 2010), and smooth pursuit neck torsion (Tjell &
Rosenhall, 1998) are measurements that have been reported to discriminate
between individuals with neck pain and healthy individuals (de Zoete et al., 2016).
Clinicians have adopted these tests to evaluate sensorimotor skills (Michiels et
al., 2013), and some are incorporating sensorimotor control interventions
assuming it will improve neck pain (Sarig Bahat et al., 2015). However, the
association between cervical sensorimotor control and neck pain has been
minimally investigated and it is unclear how, or if, sensorimotor control skills are
related to neck pain. Available studies provide minimal evidence, only reporting
on the association between one sensorimotor control outcome, joint position
error, and neck pain, and all demonstrate that in a cross-sectional analysis, joint
position error is not associated with neck pain intensity, duration, and frequency,
or neck disability (Beinert & Taube, 2013; Chen & Treleaven, 2013; Meisingset
et al., 2015; Oddsdottir & Kristjansson, 2012; Sa & Silva, 2017).
Minimal investigations have examined whether cervical sensorimotor
control may change over time in individuals with chronic idiopathic neck pain.
Only a few intervention studies have reported sensorimotor control outcomes in
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individuals with chronic idiopathic neck pain over time, using either the joint
position error test (Cramer et al., 2013; Petersen, 2013) or the postural balance
test (Sarig Bahat et al., 2015). As these studies used only one sensorimotor
control outcome each, used relatively short follow-up times (ranging between
nine and 13 weeks), and no consistent changes were reported across studies,
little is known about changes in cervical sensorimotor control outcomes over time.
Previous studies solely investigated the efficacy of an intervention, and it is
unknown whether pain may be related to in sensorimotor control skills.
Furthermore, minimal clinically important differences for available cervical
sensorimotor control tests are unknown. If clinicians are considering an
intervention based on improving cervical sensorimotor control, it would be useful
to know whether improved symptoms of neck pain are actually associated with
improved sensorimotor control.
A more informative analysis to address the association between neck pain
characteristics and sensorimotor control skills would be one with multiple time
points, changing neck pain intensities, and all available sensorimotor control
outcomes. Therefore, the current study investigates the association between
cervical sensorimotor control and neck pain in individuals with chronic idiopathic
neck pain and healthy individuals over a 6-month period. It aims to answer two
questions: (1) do cervical sensorimotor control test outcomes change over time
in individuals with chronic idiopathic neck pain, and (2) are neck pain
characteristics related to changes in cervical sensorimotor control outcomes?
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6.2 Methods

Design

This was a longitudinal observational study conducted between July 2016
and December 2017. Individuals with chronic idiopathic neck pain attended four
measurement sessions over a period of six months: a baseline session, and three
follow-up sessions at four, eight, and 26 weeks. Participants in the control group
attended two measurement sessions: a baseline session and a 26-week followup session. This study was approved by the Human Research Ethics Committee
of The University of Newcastle and all participants provided written informed
consent.

Sensorimotor control tests

Seven sensorimotor control tests were evaluated on each occasion of
measurement: joint position error (conventional (Revel et al., 1991) and torsion
(Chen & Treleaven, 2013)), postural sway, subjective visual vertical (Treleaven
& Takasaki, 2015), head tilt response (Geisinger et al., 2010), The Fly®
(Kristjansson & Oddsdottir, 2010), smooth pursuit neck torsion (Treleaven et al.,
2005a), and head steadiness (Woodhouse et al., 2010). In total, these seven
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tests consisted of 14 test conditions. Descriptions of all tests, including different
test conditions, are provided in Table 5.1.

Sample size

Seven cervical sensorimotor control tests were used as dependent
variables and for each variable a sample size calculation was conducted, using
the estimates of variable distributions from previously reported outcomes in a
meta-analysis (de Zoete et al., 2016) and cross-sectional studies (Meisingset et
al., 2015; Treleaven & Takasaki, 2015). A significance level of α=0.05 and power
0.8 were chosen. Of independent sample size calculations for between-group
differences for all variables, the largest estimate was 36 participants per group,
calculated using a 0.75 degree variability in score on the subjective visual vertical
test (Treleaven & Takasaki, 2015) to indicate a 0.5 degree estimated difference
between groups. To account for the potential loss of participants over a 26-week
period, 50 participants per group were recruited.

Participants

A total of one-hundred participants were recruited from flyers posted
around the university, a local research participant volunteer register, local
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newspaper and social media advertising, and from patients attending local
physiotherapy practices. Adults (≥18 years of age) were included in the chronic
idiopathic neck pain group if they reported neck pain of at least 4/10 on a numeric
pain rating scale at the time they enquired about the study, and had experienced
neck pain for at least 12 weeks. Asymptomatic controls were included if they had
no current neck pain, had never sought treatment for neck pain, and were
matched on sex and age with individuals with neck pain. Exclusion criteria for
both the pain and healthy groups were limited vision (after correction) as several
of the sensorimotor control tests included a visual component, diabetes, current
or history of migraine headaches, current or history of neck trauma or surgery,
and other neurological or musculoskeletal conditions considered to affect one or
more of the sensorimotor control test outcomes, such as joint reconstructions,
anterior cruciate ligament repairs, neuralgia, complex regional pain syndrome,
joint reconstructions, lower limb injuries, or surgeries.

Procedure

Each

session

(baseline

or

follow-up)

consisted

of

the

same

measurements, with the only difference being additional questionnaires for
individuals in the neck pain group. Standardised instructions were provided for all
sensorimotor control tests by following an instructions script.
For all participants, all sessions started with questionnaire completion.
Physical activity levels were quantified in all participants using the Godin154

Shephard Leisure-Time Physical Activity Questionnaire (Godin & Shephard,
1985). Participants in the neck pain group also completed questionnaires about
pain characteristics: three 100mm visual analogue scales (VAS) were used, each
anchored by no pain on the left and worst pain imaginable on the right, to assess:
1) current pain, 2) average pain over the last seven days, and 3) average pain
over the last four weeks, as it has been shown that VAS response varies with
different recall periods in individuals with neck pain (Kamper et al., 2015). The
Neck Disability Index (NDI, scored 0-50) assessed perceived disability related to
the neck (Vernon & Mior, 1991). Height was measured with a stadiometer to the
nearest cm (Surgical and Medical Supplies Pty. Ltd., Rose Park, SA, Australia)
and weight with a standard analogue scale to the nearest kg (model 762
1019009, Seca GmbH & Co., Hamburg, Germany). Cervical range of motion
(ROM) in rotation (left and right), flexion, and extension was quantified with the
Cervical Range of Motion instrument (CROM, Performance Attainment
Associates, Lindstrom, MN, USA), which has good test-retest reliability (Audette
et al., 2010). For each direction, three measures were recorded and the average
of three trials was used to calculate the total ROM in transverse (rotation) and
sagittal (flexion/extension) planes. These measurements were followed by the
seven sensorimotor control tests. The order of range of motion test directions and
sensorimotor tests was randomised using a script written in MATLAB (MATLAB
R2015a, The MathWorks, Inc., Natick, MA, U.S.).
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Data analysis

Results are presented as means (SD) or median (IQR), along with
(adjusted) differences or ratios over time, and differences or ratios at each time
point. Using linear mixed regression modelling, changes in cervical sensorimotor
control, as well as changes in neck pain characteristics including pain intensity,
pain duration, and neck disability, were investigated for all time points. To
investigate factors associated with changes in cervical sensorimotor control,
linear mixed models were used to address the association between the 14
cervical sensorimotor control test outcomes (as dependent variable) and (1) neck
pain intensity, (2) neck pain duration, (3) neck disability, and (4) group (neck pain
or control) as independent variables. As the association with pain characteristics
was investigated in the first three models, these models were conducted with only
the neck pain group, whereas in the fourth model all participants (both neck pain
and healthy control groups) were included. Participants were measured
repeatedly and hence a random effect for participant was used, whereas time
(nominal) was used as fixed effect. The association between neck pain
characteristics and sensorimotor control was examined overall, as well as at each
time point. The effect of potential confounders was investigated by including each
factor (sex, age, BMI, physical activity level) separately in the four models, and
then by including all four factors in each model. Factors that were significantly
associated with sensorimotor control outcomes were then included in the above
models to investigate their interaction effect with neck pain characteristics.
As pain may or may not change for individuals in the neck pain group, we
repeated the fourth model using a subset of the data, that is, by only including
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participants whose pain changed at least 20mm on the (100mm) VAS from
baseline to six-months follow-up. Twenty millimetres is considered a clinically
relevant change in pain score (Gallagher, Liebman, & Bijur, 2001), and excluding
people without meaningful changes in pain intensity might potentially increase
the ability to detect associations between sensorimotor control outcomes and
pain variables.
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6.3 Results

A total of 100 participants completed baseline assessments (see Table 6.1
for a summary of baseline characteristics). Three participants in the control group
(medical circumstances: 2; relocation: 1), and nine participants in the neck pain
group (medical circumstances: 3; failure to respond to communication: 5;
relocation: 1) did not complete some follow-up sessions (Figure 6.1). Table 6.2
summarises all sensorimotor control outcomes for all time points for each group.
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Baseline

Control
(n=50)

Neck pain
(n=50)
Loss to follow
up: n=5

Four-week
follow-up

Neck pain
(n=45)
Loss to follow
up: n=2

Eight-week
follow-up

Loss to follow
up: n=3

Neck pain
(n=43)
Loss to follow
up: n=2

Six-month
Follow-up

Neck pain
(n=41)

Control
(n=47)

Figure 6.1. Flow of participants through the study
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Table 6.1. Baseline characteristics for individuals with chronic idiopathic neck pain and healthy individuals, with p-values
for between group differences.

Sex (n female)
Age (years) (median, IQR)
Body mass index (median, IQR)
Physical activity
(n per group)

Control (n=50)
27
34.5 (IQR 26.0-58.0)

Neck pain (n=50)
30
35.5 (IQR 24.0-55.3)

25.0 (IQR 22.9-27.8)
24.8 (IQR 21.6-29.3
Insufficient: 13
Insufficient:11
Moderate: 8
Moderate: 10
Active: 29
Active: 29
VAS current (mean, SD)
N/A
30.16 (±18.77)
VAS 7 days (median, IQR)
N/A
49 (IQR 26-62)
VAS 4 weeks (mean, SD)
N/A
50.78 (±20.06)
Pain duration (months) (mean, SD)
N/A
130 (±148)
NDI (0-50) (mean, SD)
N/A
14.96 (±6.19)
Physical activity measured by The Godin-Shephard Leisure-Time Physical Activity Questionnaire,
NDI: neck disability index, VAS: visual analogue scale.
*No statistically significant differences were found for between group differences.
†Pearson Chi2 test.

Differences between
groups (p-value)*
0.55†
0.86
0.86
0.82

N/A
N/A
N/A
N/A
N/A
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Table 6.2. Cervical range of motion and sensorimotor control outcomes for individuals with chronic idiopathic neck
pain and healthy individuals, for all time points.

Range of motion
(deg)
- Right rotation

Neck pain (n=45)

IQR

6-month follow-up

Neck pain (n=43)

IQR

IQR

Control (n=47)

IQR

Neck pain (n=41)

Median

8-week follow-up

Median

IQR

Neck pain (n=50)

Median

Median

Control (n=50)

4-week follow-up

Median

Baseline

Median

Sensorimotor
control test
(unit)

IQR

71

64.7, 78.0

62

48.0, 69.3

64

45.7, 70.0

60.7

49.3, 68.0

70

65.5, 77.5

64

47.7, 48.7

68

60.0, 76.7

60.7

50.7, 68.0

62

46.2, 69.8

62

50.0, 70.3

64.7

59.8, 74.8

62

46.0, 67.3

139.3

125.5, 153.8

124.3

97.8, 137.7

129

89.7, 137.2

120.7

94.0, 135.3

137.3

125.3, 148.0

127.3

100.0, 139.0

69.7

62.0, 81.3

59.3

50.0, 65.3

58.7

50.5, 68.5

58.7

47.7, 67.0

65

60.3, 1.5

55.3

49.3, 67.0

69

58.0, 78.0

65

50.7, 70.7

63

48.3, 70.8

62.7

49.7, 67.7

64

57.0, 75.5

61.3

48.3, 69.3
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125.7, 151.3

125.3

103.7, 134.2

127

106.8, 137.2

126

99.0, 137.7

132.3

118.7, 143.3

117.3

106.7, 134.8

3.92

3.11, 4.75

3.83

3.20, 4.58

3.38

3.05, 4.36

3.29

2.94, 4.23

3.63

3.09, 4.54

3.54

2.94, 4.25

4.38

3.48, 5.83

4.88

3.54, 6.83

3.83

3.25, 5.17

3.75

3.08, 4.96

4.38

3.17, 5.50

3.5

2.29, 4.75

227.5

180.8, 275.8

227.5

176.5, 298.5

246

204.0, 279.0

223

185.0, 277.5

237

184.0, 288.0

225

185.0, 256.5

- Eyes closed

280

242.0, 365.3

280

208.8, 391.3

298

248.0, 370.0

303

233.5, 367.5

286

199.0, 340.0

283

223.0, 380.5

- Torsion EO

254

209.6, 285.8

261

211.5, 311.9

263.5

228.5, 307.0

251

190.3 317.5

260

215.5, 300.5

237.5

199.0, 308.3

- Left rotation
- Total
transverse plane
- Flexion
- Extension
- Total sagittal
plane
Joint position
error (deg)
- Conventional
- Torsion
Postural
balance (mm)
- Eyes open
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- Torsion EC
Subjective
visual vertical
(deg)
Head tilt
response (deg)
The Fly® (mm)
- Pattern A
(easy)
- Pattern B
(medium)
- Pattern C
(difficult)
Head
steadiness
(mm/s)
- Low load
- High load
Smooth pursuit
neck torsion
(SPNT
difference)

300

236.6, 367.6

314.5

260.3, 401.3

309.5

262.0, 420.0

294.5

241.5, 352.3

291

229.5, 381.5

4.01

2.91, 6.07

3.74

1.92, 6.08

2.87

1.64, 4.07

2.75

1.87, 4.49

3.54

2.26, 5.81

3

2.24, 4.61

2.64

1.96, 3.64

2.9

2.01, 4.42

2.82

1.70, 4.14

3.14

1.77, 3.82

2.41

2.08, 2.92

2.65

1.85, 3.87

2.07

1.81, 2.74

2.1

1.86, 2.50

1.95

1.74, 2.32

2.02

1.66, 2.41

1.86

1.57, 2.32

2

1.81, 2.42

2.34

1.96, 3.28

2.16

1.94, 2.66

2.27

1.98, 2.61

2.28

1.95, 2.77

2.12

1.84, 2.62

2.28

1.89, 2.44

3.06

2.24, 3.71

2.82

2.42, 3.53

2.5

2.16, 3.05

2.65

2.32, 3.25

2.57

2.24, 2.93

2.61

2.21, 3.41

0.51

0.37, 0.76

0.41

0.35, 0.62

0.41

0.36, 0.64

0.5

0.40, 0.73

0.46

0.35, 0.71

0.44

0.34, 0.68

0.66

0.46, 0.91

0.61

0.50, 0.78

0.6

0.44, 0.78

0.65

0.54, 0.89

0.64

0.50, 0.87

0.62

0.51, 0.76

0.012

0.004, 0.025

0.009

0.002, 0.022

0.008, 0.021

0.017

0.008, 0.033

0.017

0.010, 0.025

0.014

0.005, 0.035

0.014

292.5

243.5, 399.0

EC: eyes closed, EO: eyes open, SPNT: smooth pursuit neck torsion.
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Neck pain characteristics and sensorimotor control

Out of three recall periods for VAS, only the recall for average pain
reported over the previous four weeks, changed significantly over time (p=.05)
within the pain group. Therefore, the pain intensity outcome used for the linear
mixed models was the VAS with four-week recall. Separate models were used
for neck disability, which also changed significantly over time (p<.01), neck pain
duration, and group. Seven out of 14 sensorimotor control outcomes (JPE
conventional [p=.03], JPE torsion [p=.01], subjective visual vertical [p=.01], The
Fly® easy, medium, and difficult [p<.01, p=.01, and p=.04, respectively], and
head steadiness high load [p=.02]) significantly change over time, whereas the
other outcomes did not.
Out of 14 cervical sensorimotor control test outcomes, only two were
significantly associated with pain intensity over time. The postural balance test
with eyes closed and torsion, and the high load head steadiness test condition
showed a significant interaction effect with pain (p=.04 and p=.02 respectively).
Upon post-hoc testing, out of four time points, only one time point demonstrated
a significant association; the postural balance test (eyes closed, torsion) was
significantly associated with pain at the four-week follow up session (β=67.53,
95%CI -130.32, -4.73; p=.04), and for head steadiness (high load) there were no
time points where it was significantly associated with pain.
In the second model, NDI was only significantly associated with two (out
of 14) cervical sensorimotor control outcomes: postural balance with eyes open
(p=.04) and the high load condition of the head steadiness test (p<.01). Upon
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post-hoc testing, postural balance (eyes open) was associated with neck
disability at baseline (β=4.27, 95%CI 1.67, 6.88; p<.01) but at no other time
points, and head steadiness (high load) was associated with NDI at the eightweek follow-up (β=0.0118, 95%CI 0.0018, 0.0217; p=.02) but no other time
points.
In the third model, duration of neck pain was only significantly associated
with one out of 14 cervical sensorimotor control outcomes, balance with eyes
closed (p=.02). However, upon post-hoc testing, no statistically significant
associations were found at the four different time points between duration of neck
pain and balance with eyes closed.
In the fourth model, investigating the association between sensorimotor
control and group (neck pain/control) over time, a significant interaction between
cervical sensorimotor control and group was found for only two out of 14
outcomes. The joint position error torsion (β=-1.25, 95%CI -2.12, -0.38; p=.01)
and balance with torsion and eyes open (β=-27.15, 95%CI -53.64, -0.67; p=.05)
were significantly associated with group. However, upon direct group comparison
for each time point individually using Mann-Whitney U Tests, no statistically
significant differences in sensorimotor control were found between the groups.
When repeating the above model with only individuals whose neck pain intensity
changed at least 20/100 (VAS from baseline to six-month follow-up), none of the
sensorimotor control outcomes were significantly associated with group (neck
pain/control) for any of the time points.
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Exploring other possible factors associated with sensorimotor control outcomes

Adjusting each model for sex, age, BMI, physical activity level and current
pain intensity on the day of testing did not affect the relationship between
sensorimotor control outcomes and neck pain characteristics (i.e. pain intensity,
pain duration, neck disability, and group). A higher age was associated with a
worse performance on the subjective visual vertical test (β=0.07, 95%CI 0.03,
0.11; p<.01) and the head tilt response test (β=0.04, 95%CI 0.02, 0.05; p<.01),
and was associated with increased steadiness for both head steadiness test
conditions (low load: β=-0.004, 95%CI -0.007, -0.002; p<.01, high load: β=-0.005,
95%CI -0.008, -0.002; p<.01). BMI was associated with the medium and difficult
movement patterns of The Fly® test (β=0.034, 95%CI 0.006, 0.062; p=.02 and
β=0.039, 95%CI 0.003, 0.75; p=.03 respectively) and both test conditions of the
head steadiness test (low load: β=-0.012, 95%CI -0.020, -0.004; p<.01, and high
load: β=-0.013, 95%CI -0.03, -0.003; p=.01). For The Fly® test conditions, a
higher BMI was associated with a worse performance, whereas for the head
steadiness test conditions a higher BMI was associated with increased
steadiness. Physical activity was positively associated (i.e., higher physical
activity levels, worse performance) with balance with torsion (both eyes open and
closed, p<.01 and p<.01 respectively), and negatively associated (i.e., higher
physical activity levels, better performance) with all three test conditions of The
Fly® test (easy: p<.01, medium: p<.01, difficult: p=.01). Accounting for these
confounders did not change any of the relationships found in the mixed linear
models, i.e. the same interaction effects were found after adjusting for the above
identified confounding factors.
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6.4 Discussion

The results of this study show that cervical sensorimotor control is not
associated with neck pain intensity, duration, and neck disability in individuals
with chronic idiopathic neck pain. To the best of our knowledge, this is the first
study that uses a longitudinal design to investigate this association. Furthermore,
mean sensorimotor control outcomes do not significantly change over a sixmonth period in individuals with chronic idiopathic neck pain despite significant
changes in neck pain intensity and neck disability. Clinically, cervical
sensorimotor control tests that do not respond to changes in neck pain
characteristics may not be meaningful. As these tests might not provide relevant
information regarding the improvement/deterioration of idiopathic neck pain, the
meaningfulness of these outcomes is questionable. Based on the current
findings, the clinical utility of the currently available cervical sensorimotor control
tests in individuals with chronic idiopathic neck pain is arguably low.
For each of the different models (i.e. for pain intensity, pain duration, and
neck disability) used to investigate interaction effects with cervical sensorimotor
control outcomes, very few associations were found and none of these were the
same. This inconsistency across different models, and the fact that for each
model only one or two out of 14 cervical sensorimotor control test outcomes
demonstrated a significant interaction effect, further question whether these
associations are clinically meaningful. Additionally, upon post-hoc analyses, most
of the associations were found to be only significant at one out of four time points,
and others were not significant at any of the four time points. For example, in the
post-hoc analysis for the association between the high load condition of the head
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steadiness test and pain intensity, there was only a significant association at the
eight-week follow-up and not at any other time points. Furthermore, the strength
of this association (a 1-point increase on the VAS [100mm] is associated with a
0.003mm/s increase in head movement velocity) suggests it may not be clinically
meaningful. This finding is consistent with evidence available on the association
between sensorimotor control outcomes and neck pain characteristics. Although
only the joint position error has been used to investigate this relationship, all
studies available report that this test is not associated with neck pain intensity
(Beinert & Taube, 2013; Chen & Treleaven, 2013; Meisingset et al., 2015;
Oddsdottir & Kristjansson, 2012; Sa & Silva, 2017), duration (Meisingset et al.,
2015; Sa & Silva, 2017), frequency(Sa & Silva, 2017), or neck disability (Chen &
Treleaven, 2013; Meisingset et al., 2015; Oddsdottir & Kristjansson, 2012; Sa &
Silva, 2017).
The associations identified in the current study between cervical
sensorimotor control and neck pain characteristics are consistent with previously
reported associations between neck pain characteristics and the joint position
error test, however for the other tests no previous studies have investigated
relationships between pain and cervical sensorimotor control test outcomes. As
this study provides the first evidence on the association between these other tests
and neck pain characteristics, it is important to note that the reported findings are
similar to findings of recent studies, and the ranges of sensorimotor control test
outcomes in the current study are similar to those reported in recent studies. For
the joint position error, two systematic reviews and one meta-analysis (de Vries
et al., 2015; de Zoete et al., 2016; Stanton et al., 2016) report mean ranges
between 2.1 and 9.8 degrees for individuals with idiopathic neck pain, and
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between 1.7 and 5.1 for healthy individuals. The values reported in the current
study (both neck pain and healthy individuals ranging between 3.1 and 4.4
degrees) fall within these previously reported ranges. For the subjective visual
vertical test, several studies have reported similar values (mean of 2.4 degrees
for individuals with idiopathic neck pain, and between 0.3 and 1.9 degrees for
healthy individuals) (Anastasopoulos et al., 1997; Docherty et al., 2012; Grod &
Diakow, 2002; Treleaven & Takasaki, 2015), compared to group medians
between 2.8 and 4.0 degrees in the current study. The Fly® test has been
previously reported in both individuals with chronic idiopathic neck pain and
healthy individuals, and the current findings (medians between 1.81 and 3.06cm)
are in line with reported ranges (mean ranges between 2.1 and 3.4cm for
individuals with idiopathic neck pain, and between 1.8 and 4.4cm for healthy
individuals) (Kristjansson et al., 2004; Kristjansson & Oddsdottir, 2010). The
current test outcomes for smooth pursuit neck torsion (medians range 0.01-0.02
for healthy individuals, and 0.01-0.02 for the neck pain group) are within
previously reported ranges for healthy individuals (mean 0.01, SD 0.02) (Pereira
et al., 2008; Tjell & Rosenhall, 1998; Treleaven et al., 2005a), although slightly
different to one study (Treleaven et al., 2005a) reporting outcomes in individuals
with idiopathic neck pain (mean 0.06, SD 0.02). Reported means for postural
balance testing cannot be compared to current findings due to a wide variety of
reported outcome measures (e.g., sway area, sway distance) (Beinert & Taube,
2013; Field et al., 2008; Jørgensen et al., 2011; Juul-Kristensen et al., 2013). For
the head tilt response test, no data are available in individuals with chronic
idiopathic neck pain for comparison, however, compared to a recent study on
individuals with vestibular hypofunction and healthy individuals (Geisinger et al.,
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2010), ranges reported in the current study are considered similar for both
participants with neck pain and healthy individuals. Available data on the head
steadiness test from two studies (Meisingset et al., 2015; Woodhouse et al.,
2010) use different outcomes measures and do not allow for a comparison with
the current data.
As the pain duration of neck pain participants at baseline varied (130 ±148
months), a further point of consideration is the fact that the four-week, eight-week,
and six-month follow-up time points in the current study do not represent similar
stages of chronicity for individuals with neck pain. Stages of neck pain chronicity,
based on neck pain duration, may be related to both psychological symptoms as
well as function (Boersma & Linton, 2005). Rather than being able to comment
on cervical sensorimotor control at different stages of chronicity, these repeated
measures solely allow for the investigation of changes in cervical sensorimotor
control over time for the purpose of examining whether those changes are
associated with changes in pain or disability. As only a few of the sensorimotor
control outcomes were associated with pain characteristics, and these
associations were only significant at one of the four time points, the clinical
relevance of these cervical sensorimotor control outcomes is further questioned.
If sensorimotor control and neck pain were strongly associated, this association
would be expected to have been consistent across at multiple time-points.
Only for pain reported over a recall period of four weeks (“What was your
average pain over the last 4 weeks?”), and not for the other pain outcomes, a
significant change in pain intensity was found between the different time points.
Furthermore, recent findings demonstrate significant differences in pain intensity
ratings for different recall periods, in which typically higher pain intensities were
169

found for longer recall periods (Kamper et al., 2015). In the current study, at
baseline, mean current pain (VAS 0-100mm) was 30.2, whereas pain reported
over a recall period of four weeks was 50.8. In individuals with idiopathic neck
pain, pain intensities fluctuate considerably so pain ratings may vary from day to
day. Using a longer recall period may account for short-term fluctuations and
provide a better representation of pain intensities experienced over a longer time.
Hence, in the further linear mixed modelling analyses, the four-week recall period
pain intensity was used to investigate associations between neck pain and
cervical sensorimotor control outcomes. Furthermore, including individuals with
neck pain whose pain intensity did not change over the six-month study period in
the statistical models will reduce the potential to detect significant associations
with pain characteristics. Therefore, we repeated the model investigating the
effect of group (neck pain/control) with only those participants included who had
changes in pain intensity larger than 20 (on the 100mm VAS). However, similar
to the original model, none of the sensorimotor control outcomes was found to
interact with group.
Other factors that may potentially affect the association between neck pain
characteristics and sensorimotor control outcomes, such as sex, age, BMI, and
physical activity level, were included in the models and some factors were found
to interact with sensorimotor control outcomes. However, further inspection of
these interactions determined that these potential confounders explained very
little change in sensorimotor control outcomes. For example, a one-year
difference in age was associated with a 0.07 and 0.04 degree change in the
subjective visual vertical test and head tilt response test, respectively. With
reported medians (IQR) for subjective visual vertical of 4.01 (2.91, 6.07) and 2.64
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(1.96, 3.64) (Table 6.2) for head tilt response, these relationships are unlikely to
be clinically relevant.
Recent research has predominantly used cervical sensorimotor control
tests to compare group means of individuals with idiopathic neck pain and healthy
individuals (Chen & Treleaven, 2013; Elsig et al., 2014; Geisinger et al., 2010;
Jørgensen et al., 2011; Kristjansson & Oddsdottir, 2010; Michaelson et al., 2003;
Revel et al., 1991; Rudolfsson et al., 2014; Tjell & Rosenhall, 1998; Treleaven et
al., 2008; Woodhouse & Vasseljen, 2008), and only for the joint position error test
the association with neck pain characteristics has been described. No other
longitudinal evidence exists, and no other cross-sectional studies have
investigated associations between neck pain characteristics and cervical
sensorimotor control. Compared to available literature, the current study has
included a similar sample of individuals with idiopathic neck pain. Pain intensities
around 40 (on the 100mm VAS) are representative of this population (Cramer et
al., 2013; Juul-Kristensen et al., 2013; Sarig Bahat et al., 2015), recruitment of
individuals with idiopathic neck pain through advertising is common (Chen &
Treleaven, 2013; Field et al., 2008; Treleaven et al., 2005a, 2005b; Treleaven &
Takasaki, 2015), and reported sex and age distributions are similar (Quek et al.,
2014; Röijezon et al., 2011; Treleaven et al., 2008).
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Study limitations and strengths

Multiple statistical analyses with separate p-values introduces the risk of a
Type I error (Feise, 2002). In the current study, only a few sensorimotor control
test outcomes were found to be associated with pain or disability, and these
associations were weak and inconsistent across test conditions, suggesting they
may be chance findings. As previous data on within-subject changes of cervical
sensorimotor control in individuals with chronic idiopathic neck pain do not exist,
the sample size calculation for this study was based on between-group
differences. Since no changes were found between baseline and follow-up for
any of the outcomes, a post-hoc power calculation would not provide meaningful
information. Theoretically, the sample size would have to be unrealistically large
in order to pick up minimal, non-significant within-subject changes.
While all other tests utilised computerised data collection, the joint position
error test was administered manually which introduces the risk of researcher bias.
However, based on expectations from previous group comparison studies, bias
towards no significant interaction effects is unlikely. For the analysis of smooth
pursuit

neck

torsion

data,

saccades

were

manually

identified

from

electrooculography signals. To eliminate potential bias, signals were de-identified
by a researcher (SS) not involved in the identification of these signals.
Compared to recent studies, the current study used a larger sample of
individuals with chronic idiopathic neck pain and used longer follow-up times. As
only one of the 50 individuals with neck pain was referred by a physiotherapist
and the rest through advertising, the neck pain group might be slightly different
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from a treatment-seeking population, however it is similar to the populations
reported in previous studies investigating joint position error (Chen & Treleaven,
2013; Cramer et al., 2013; Kristjansson & Treleaven, 2009; Treleaven et al.,
2011; Treleaven et al., 2008), postural balance (Field et al., 2008; Juul-Kristensen
et al., 2013; Kristjansson & Treleaven, 2009; Quek et al., 2014; Röijezon et al.,
2011; Sarig Bahat et al., 2015; Treleaven et al., 2011; Treleaven et al., 2005b;
Treleaven et al., 2008; Williams et al., 2017), subjective visual vertical (Treleaven
& Takasaki, 2015), and smooth pursuit neck torsion (Kristjansson & Treleaven,
2009; Treleaven et al., 2011; Treleaven et al., 2005a; Treleaven et al., 2008). In
the present study, individuals in the neck pain group reported high levels of
physical activity, equal to the healthy control group. Despite the presence of neck
pain, higher levels of physical activity might contribute to better performance on
sensorimotor control tests, however physical activity was not found to be
associated with any test. As physical activity level is not a commonly reported
outcome in neck pain research, it is not possible to compare physical activity
levels of our sample to other studies.
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6.5 Conclusion

This study showed that for the majority of individuals with chronic
idiopathic neck pain, as well as healthy individuals, outcomes of seven cervical
sensorimotor control tests do not change over a six-month period. Further, for
those participants who demonstrated change in cervical sensorimotor control
outcomes, these changes were not associated with changes in neck pain
characteristics such as pain intensity, duration, and neck disability. Other factors,
including sex, age, BMI, and physical activity level were associated with some of
the investigated cervical sensorimotor control outcomes. However, when
accounting for these factors in adjusted models, we were still unable to detect
relationships between neck pain characteristics and cervical sensorimotor control
outcomes. Cervical sensorimotor control tests that are not associated with neck
pain intensity and duration, and neck disability, might not provide clinically useful
information, questioning the clinical relevance of using these tests in the
assessment of individuals with chronic idiopathic neck pain.
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Chapter 7 Further Exploration of Data

7.1 Introduction

Chapters 4, 5 and 6 presented findings based on a longitudinal dataset of
100 participants; 50 individuals with chronic idiopathic neck pain and 50 sex and
age matched healthy individuals. Analyses of this data set found that (1) there
were no differences in cervical sensorimotor control outcomes between
individuals with chronic idiopathic neck pain and asymptomatic age and sexmatched controls (Chapter 5), (2) correlations between neck pain intensity, neck
disability, and cervical sensorimotor control outcomes were weak (Chapter 5),
and (3) there were few associations between neck pain characteristics and
cervical sensorimotor control outcomes when data were examined over time
(Chapter 6). The fact that different analyses, both cross-sectional and
longitudinal, did not identify significant differences in cervical sensorimotor control
outcomes between individuals with chronic idiopathic neck pain and healthy
individuals, provides support that this is a valid finding. Furthermore, consistency
in the associations at one time point and across time points between neck pain
characteristics and cervical sensorimotor control outcomes help confirm these
findings.
Based upon the findings presented in this thesis, no differences in cervical
sensorimotor control likely exist between individuals with chronic idiopathic neck
pain and healthy individuals. Furthermore, neck pain characteristics may not be
associated with cervical sensorimotor control outcomes in this population. These
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results may appear in contrast to the findings of smaller studies which have
reported deficits in cervical sensorimotor control in individuals with neck pain
(Elsig et al., 2014; Kristjansson et al., 2003; Pinsault et al., 2008; Rix & Bagust,
2001) and current popular opinion which is generating clinical interest in cervical
sensorimotor control (Michiels et al., 2013). Therefore, as part of this thesis,
numerous additional statistical analyses were performed in order to gain a better
understanding of the results and improve confidence in the conclusions drawn.
For the publication of the results of Studies 2, 3 and 4, a selection of all performed
statistical analyses were made to concisely present their findings. However,
these additional analyses presented in this chapter have allowed to validate the
findings as presented in Chapters 4, 5 and 6. This chapter provides a rationale
for the six additional analyses that were performed, the methods for each of the
analyses, as well as an overview of the results and an interpretation of these
findings. The following sections (7.1.1-7.1.5) provide a rationale for each of the
additional analyses.

7.1.1 Correlations between cervical sensorimotor control and neck pain and neck
disability at the four time points

Chapter 5 reported weak correlations (Pearson’s r≤0.316) between
cervical sensorimotor control outcomes and neck pain and neck disability. This is
in line with recent studies that have investigated the associations by correlating
neck pain intensity, duration, and neck disability, with joint position error
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outcomes (Beinert & Taube, 2013; Chen & Treleaven, 2013; Meisingset et al.,
2015; Oddsdottir & Kristjansson, 2012; Sa & Silva, 2017). Prior to analysing the
associations between the sensorimotor control test outcomes and neck pain
characteristics using linear mixed regression models, the question was raised
whether cervical sensorimotor control outcomes were correlated with neck pain
and neck disability at each of the three follow-up measurement sessions
separately. If there was potential for the baseline findings presented in Chapter 5
to be a chance finding, it was considered worth exploring correlations at each
individual time point to see if baseline results were replicated.

7.1.2 Association between neck pain characteristics and cervical sensorimotor
control

Chapter 6 describes the analyses of longitudinal data by reporting findings
of linear mixed regression models. However, before exploring the associations
between cervical sensorimotor control and neck pain characteristics over time
using these statistical models, it was questioned whether visually clear
relationships could be observed when neck pain intensity, duration, and neck
disability are plotted in relation to cervical sensorimotor control outcomes. Based
on the weak correlations between cervical sensorimotor control outcomes and
neck pain intensity and neck disability at each time point as presented in Chapter
5, it was expected that these relationships would potentially also be weak.
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7.1.3 Outcomes for different pain recall periods

To assess neck pain intensity for Studies 2, 3, and 4, three different visual
analogue scales were used to assess pain for different recall periods. Current
pain, average pain over a seven-day recall period, and average pain over a fourweek recall period were used, as it has been reported that individuals with chronic
neck pain respond differently when recalling their pain over different time periods
(Kamper et al., 2015).
In Studies 2 and 3 (Chapters 4 and 5), individuals with chronic idiopathic
neck pain reported pain intensities of 30.2 (±18.8) (current pain), 49 (IQR 26-62)
(seven-day recall period), and 50.8 (±20.1) (four-week recall period). In Study 4,
presented in Chapter 6, changes in pain intensities were investigated over a sixmonth period using linear mixed regression models. For the purpose of the study
presented in Chapter 6, the pain intensity using a four-week recall period was
reported because this was the only neck pain intensity outcome that changed
significantly over the six-month follow-up period (p=0.049). Furthermore, the pain
intensity at baseline using the four-week recall period most accurately reflected
the pain scores that were verbally given in the initial participant screening (using
a Numeric Pain Rating Scale). The other recall periods, current pain and sevenday average pain, did not significantly change over the six-month period (p=0.213
and p=0.305, respectively).
As the analyses presented in Chapters 5 and 6 only use a four-week recall
period for pain intensity outcomes, it was questioned whether using different pain
recall periods (i.e., current pain and a seven-day recall period) would significantly
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change the results, because it was hypothesised that pain at the time of testing
may have had a stronger relationship with cervical sensorimotor control
outcomes. Thus, the analyses investigating associations between cervical
sensorimotor control outcomes and neck pain intensity were repeated using each
pain recall period.

7.1.4 Potential ceiling effects in cervical sensorimotor control outcomes

As suggested in Chapter 5, it is plausible that cervical sensorimotor control
tests are not sensitive enough to pick up small differences between
performances, whether this is between subjects (Chapter 5) or within subjects
over time (Chapter 6). From inspection of Figures G.1-G.14 presented in
Appendix G, it was observed that some participants did not significantly change
their sensorimotor performance over time. For the majority of individuals with
neck pain, intensities of neck pain and neck disability fluctuated over time. A
participant’s pain intensity could improve from one to another session, but then
worsen at the following measurement session. Therefore, it was considered also
worth investigating graphs of cervical sensorimotor control outcomes versus neck
pain intensity and neck disability to visualise whether any patterns in
sensorimotor performance could be identified. Through visual inspection of these
graphs (Appendix H, Figures H.1-H.56), it was found that some cervical
sensorimotor control tests (postural balance with eyes open, subjective visual
vertical, head tilt response, the difficult condition of The Fly® test, the high load
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condition of the head steadiness test, and smooth pursuit neck torsion) did not
differ across different pain intensities. This could potentially indicate the presence
of a ceiling effect, as for some individuals sensorimotor control outcomes were
consistent regardless of their pain intensities, that is, their sensorimotor control
was not worse when their neck pain was worse. A ceiling effect in these graphs
may further suggest the tests are not able to identify (small) differences in
sensorimotor control performance.
Based upon the observation that for each of these tests a similar
proportion performed well, and also did not change their sensorimotor control
performance despite a change in pain intensity, it was questioned whether these
individuals were the same participants across the tests. That is, if a subject
demonstrates a consistently good performance on one of the tests, do they also
perform consistently well on the other tests, and if a participant’s scores fluctuate
on one test, are they also variable on other tests. These consistent performers
could be individuals that may not have a cervical sensorimotor control deficit as
they performed consistently well. It may be argued that it might be possible to find
differences between individuals with chronic idiopathic neck pain (for each
cervical sensorimotor control test separately) by manually selecting subjects and
creating subgroups. Identifying one group consisting of individuals whose
performance on a test was consistently good, and another group consisting of
individuals whose performance varied at different time points, it was
hypothesised that differences might be present between consistently wellperforming participants and participants whose performance considerably
changed across time points. In addition, the role of sex, age, BMI, and physical

180

activity level could be investigated in these subgroups to find out whether these
factors interact with cervical sensorimotor control outcomes.

7.1.5 Predicting pain characteristics using cervical sensorimotor control
outcomes at different time points

In addition to investigating associations between cervical sensorimotor
control and characteristics of neck pain at one time point or across multiple time
points, additional analyses were undertaken to determine whether cervical
sensorimotor control could be related to neck pain in a different way. As cervical
sensorimotor control does not seem to be related to neck pain characteristics
when measured at one point in time (Chapter 6), it was questioned whether they
were related from one time point to another. As it has been suggested that a
sensorimotor deficit may lead to neck pain, potentially poor cervical sensorimotor
control outcomes at a single time point may be associated with higher pain
intensities at a later time point. Therefore, it was examined whether cervical
sensorimotor control outcomes at baseline, four-week follow-up, and eight-week
follow-up, could predict neck pain intensities at respectively four-week follow-up,
eight-week follow-up and six-month follow-up.
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7.2 Methods

All analyses presented in this Chapter are based on the sample described
in Chapters 4, 5 and 6, including 50 individuals with chronic idiopathic neck pain
and 50 sex and age matched controls. Data from seven cervical sensorimotor
control tests (joint position error, postural balance, subjective visual vertical, head
tilt response, The Fly®, head steadiness, smooth pursuit neck torsion) were
collected at four different time points: baseline, four-week, eight-week, and sixmonth follow-up, as described in Chapter 6.

7.2.1 Correlations between cervical sensorimotor control and neck pain and neck
disability at each of the four time points

To investigate whether cervical sensorimotor control was correlated to
neck pain intensity, Chapter 5 reported the correlations between current pain,
seven-day average pain, and four-week average pain, with each of the cervical
sensorimotor control outcomes at baseline. For the other timepoints (i.e., fourweek follow-up, eight-week follow-up, and six-month follow-up), these analyses
were repeated: the correlations between all three neck pain intensity recall
periods, as well as neck disability, and all cervical sensorimotor control outcomes,
were investigated. Spearman rho <.4 was considered a weak correlation, rho .4.6 was considered a moderate correlation, and rho >.6 was considered a strong
correlation (Walker & Almond, 2010).
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7.2.2 Association between neck pain characteristics and cervical sensorimotor
control

To investigate whether cervical sensorimotor control outcomes changed
over time for individuals, prior to the linear mixed regression model analyses,
graphs of cervical sensorimotor control over time for each participant in the neck
pain group were constructed. With the sensorimotor control outcomes on the yaxis and neck pain intensity on the x-axis, sensorimotor control changes in
relation to changes in neck pain could be inspected, and a first impression of a
potential association could be established (Appendix H, Figures H.1-H.56). The
different time points were taken into account by plotting each time point as a
separate data point and connecting these with a coloured line. For all graphs, the
cervical sensorimotor control outcome is an error (e.g., joint position error is an
error in degree, and postural balance is a sway distance in cm), hence a larger
score on the y-axis represents a worse performance.

7.2.3 Outcomes for different pain recall periods

Chapter 6 used a pain recall period of four weeks for all linear mixed
regression models as this was the only pain intensity outcome that significantly
changed over time. However, the same linear mixed model analyses were
repeated for the other recall periods (i.e., current pain and average pain over a
seven-day period) in order to investigate whether different recall periods could
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potentially affect the association between pain characteristics and cervical spine
sensorimotor control.

7.2.4 Potential ceiling effects in cervical sensorimotor control outcomes

Similar to the linear mixed regression models reported in Chapter 6, a new
model was constructed for each of the six cervical sensorimotor control tests for
which a ceiling effect was visually observed. Two subgroups were created
manually by selecting individuals with consistently good performance on a test in
one group (the ‘ceiling’), and individuals whose performance changed at the
different time points in the other group. This model was used to investigate the
association between these two subgroups and neck pain characteristics. The role
of potentially confounding factors, including sex, age, BMI, and physical activity,
was investigated by including all factors together in each model, as well as by
including these factors individually. If a significant confounder was identified, the
model was adjusted for this factor.
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7.2.5 Predicting pain characteristics using cervical sensorimotor control
outcomes at different time points

Spearman’s correlation coefficients were used to investigate whether a
poor cervical sensorimotor control outcome at one time point could be associated
with higher pain intensities at a later time point. Relationships that were
investigated were: (1) cervical sensorimotor control outcomes at baseline with
neck pain intensity and neck disability at four-week follow-up, (2) cervical
sensorimotor control outcomes at four-week follow-up with neck pain intensity
and neck disability at eight-week follow-up, and (3) cervical sensorimotor control
outcomes at eight-week follow-up with neck pain intensity and neck disability at
six-month follow-up.
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7.3 Results

7.3.1 Correlations between cervical sensorimotor control and neck pain and neck
disability at the four time points

The correlations at the baseline measurement session were presented in
Chapter 5. At the four-week follow-up session, it was found that all sensorimotor
control tests only weakly correlated with all neck pain intensity outcomes
(Spearman’s rho ≤0.399, p≤.958) and neck disability (rho≤0.298, p≤.979). At the
eight-week follow-up, almost all sensorimotor control tests correlated weakly with
neck pain intensity outcomes (rho≤0.369, p≤.989), with the difficult condition of
The Fly® test moderately correlated with current neck pain (rho=0.401, p=.011).
All outcomes at this time point correlated weakly with neck disability, with
rho≤0.384, p≤.818. For the six-month follow-up session, pain intensity
(rho≤0.378, p≤.994) and neck disability (rho≤0.278, p≤.768) were weakly
correlated with almost all sensorimotor control tests, with current pain intensity
moderately correlated with head tilt response and the medium and difficult
conditions of The Fly® test (rho=0.425, p=.006; rho=0.428, p=.007; rho=0.535,
p<.001, respectively).
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7.3.2 Associations between neck pain characteristics and cervical sensorimotor
control

Appendix H presents the graphs of cervical sensorimotor control outcomes
for each participant in the neck pain group (see Figure 7.1 for an example of these
graphs for postural balance with eyes open, four-week average pain).
Theoretically, if cervical sensorimotor control was positively associated with neck
pain characteristics (i.e., someone with a higher neck pain intensity performs
worse on sensorimotor control tests), a slope with a 45 degree angle would have
been present. However, upon inspection of all graphs in Appendix H, no such
associations could be identified. This provides a first impression that cervical
sensorimotor control outcomes may not be associated with characteristics of
neck pain.

187

Figure 7.1. Relationship between balance with eyes open (BalanceEO,
sway path in mm) and neck pain intensity (VAS4weeks: four-week recall,
VAS 0-100mm).
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7.3.3 Outcomes for different pain recall periods

Neck pain intensities for the three different recall periods, and neck
disability, for all participants at each time point are shown in Figures 7.4, 7.5, 7.6,
and 7.7. The findings of the additional linear mixed models show that current pain
is significantly associated with the high load condition of the head steadiness test
(p=.001). Upon post-hoc analysis, it was found that this association was
significant at two time points: at baseline (=-0.0032; 95%CI -0.0061, -0.0003;
p=.032), and at eight-week follow-up (=0.0027, 95%CI 0.0003, 0.0051; p=.026).
For the other outcomes, no significant associations were found with current pain
intensity.
Using a recall period of seven days, it was found that pain intensity was
significantly associated with the high load condition of the head steadiness test
(p=.017). Upon post-hoc analysis, it was identified that a significant association
was found at the eight-week follow-up session (=0.0032; 95%CI 0.0006, 0.0058;
p=.017) but not at the other time points. For the other outcomes, no significant
associations were found with average pain intensity reported over a seven-day
period.
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Figure 7.1. Changes in neck pain intensity (VASnow: current
pain, VAS 0-100mm) for each individual participant with chronic
idiopathic neck pain at each time point (TIME: 1, baseline; 2,
four-week follow-up; 3, eight-week follow-up; 4, six-month
follow-up).
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Figure 7.2. Changes in neck pain intensity (VAS7days: sevenday recall, VAS 0-100mm) for each individual participant with
chronic idiopathic neck pain at each time point (TIME: 1,
baseline; 2, four-week follow-up; 3, eight-week follow-up; 4, sixmonth follow-up).
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Figure 7.3. Changes in neck pain intensity (VAS4weeks: fourweek recall, VAS 0-100mm) for each individual participant with
chronic idiopathic neck pain at each time point (TIME: 1,
baseline; 2, four-week follow-up; 3, eight-week follow-up; 4, sixmonth follow-up).
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Figure 7.4. Changes in neck disability (NDI: 0-50) for each
individual participant with chronic idiopathic neck pain at each
time point (TIME: 1, baseline; 2, four-week follow-up; 3, eightweek follow-up; 4, six-month follow-up).
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7.3.4 Potential ceiling effects in cervical sensorimotor control outcomes

Age was associated with participants performing consistently well (i.e., the
‘ceiling group’) for three cervical sensorimotor control outcomes. For subjective
visual vertical (=0.053; 95%CI 0.012, 0.093; p=.011) and head tilt response
(=0.034; 95%CI 0.018, 0.050; p<.001), older age was associated with poorer
performance on the test. For the high load condition of the head steadiness test
(=-0.0052; 95%CI -0.0083, -0.0021; p=.001), younger age was associated with
a poorer performance. Lower BMI was significantly associated with a consistently
good performance on the high load condition of the head steadiness test (=0.0110; 95%CI -0.0210, -0.0009; p=.033). Lower physical activity levels were
associated with a consistently good performance on the difficult condition of The
Fly® test (=-3.72; 95%CI -5.85, -1.60; p=.001).

7.3.5 Predicting pain characteristics using cervical sensorimotor control
outcomes at different time points

Correlations between baseline cervical sensorimotor control tests and pain
intensity (all recall periods) and neck disability were weak. Spearman’s rho varied
from 0.015 to 0.359, except for the medium and difficult conditions of The Fly®
test which showed moderate correlations with seven-day average pain (0.416;
p<0.01 and 0.455; p<0.01 respectively). Correlations between four-week cervical
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sensorimotor control outcomes and eight-week pain intensity and neck disability
were also weak (rho ranging between 0.000 and 0.259). Correlations between
eight-week cervical sensorimotor control and six-month pain intensity and neck
disability were mostly weak (rho ranging between 0.009 and 0.384). The eightweek medium and difficult conditions of The Fly® test were moderately correlated
with six-month current pain (rho=0.455; p<0.01 and rho=0.503; p<0.01
respectively), and weakly to moderately correlated with six-month pain (sevenday recall period) (rho=0.465; p<0.01 and rho=0.395; p<0.05).
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7.4 Discussion

This chapter presented additional analyses to those reported in Chapters
4, 5 and 6. Overall, the results indicated: (1) only weak correlations between
cervical sensorimotor control tests and neck pain and neck disability at four
different time points; (2) no apparent relationship between cervical sensorimotor
control and neck pain intensity and neck disability (illustrated in Appendix H,
Figures 1-56); (3) weak associations between cervical sensorimotor control tests
and neck pain intensity over time for three different recall periods; (4) several
factors (including age, BMI, and physical activity levels) were statistically
associated with a consistent performance on different tests, although the clinical
meaningfulness of these associations is questionable; and (5) the majority of
correlations between pain intensity at one time point and cervical sensorimotor
control outcomes at the following time point were weak to moderate.

7.4.1 Correlations between cervical sensorimotor control and neck pain and neck
disability at the four time points

Similar to the correlations found in Chapter 5, mostly weak correlations
were found between cervical sensorimotor control outcomes and neck pain and
neck disability at the four-week, eight-week, and six-month follow-ups. At the fourweek follow-up, all cervical sensorimotor control tests only correlated weakly with
all neck pain intensity recall periods and neck disability. At the eight-week follow196

up, only the difficult condition of The Fly® test moderately correlated with only
one out of three neck pain intensity recall periods (current pain). At the six-month
follow-up, only the medium and difficult conditions of The Fly® test moderately
correlated with only one out of three neck pain intensity recall periods (current
pain). Since these moderate correlations were at different time points, with
different neck pain recall periods, and since they were not strong (rho 0.401,
0.378, 0.425, and 0.535 respectively), it is more likely that these are chance
findings, rather than identifiable relationships between The Fly® test and neck
pain intensity.

7.4.2 Association between neck pain characteristics and cervical sensorimotor
control

Figures 7.2, 7.3, 7.4, and 7.5 demonstrate the changes in neck pain
intensities (for each recall period) and neck disability for each participant for each
time point over the six-month period. In Chapter 6, it was described that only neck
pain intensity reported over a four-week recall period significantly changed over
time, providing the rationale for choosing this pain outcome for the linear mixed
regression models. Additional to analysing the relationships using linear mixed
models, Figures 7.2-7.5 confirm the inexistence of relationships between cervical
sensorimotor control outcomes and characteristics of chronic idiopathic neck
pain.
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7.4.3 Outcomes for different pain recall periods

In Chapter 6, it was reported that pain intensity (four-week recall period)
was significantly associated with the high load condition of the head steadiness
test, but only at the eight-week follow-up session. This is consistent with the
findings for (current) pain intensity from these additional analyses. The fact that
current pain intensity was significantly associated with the head steadiness test
is not surprising; the high load condition of this test requires the participant to lift
the head off the table and hold it stationary for 40 seconds, which can be
considered a strenuous task. Higher current pain intensities could potentially
contribute to a more uncomfortable experience completing this test.
A consideration in the interpretation of the associations between the high
load condition of head steadiness and neck pain intensity is the clinical
meaningfulness. At baseline, the association is negative indicating that higher
pain intensities are associated with less movement (better head steadiness) and
hence a better performance on the test, whereas at eight-week follow-up the
association is positive, indicating higher pain intensities are associated with more
movement (less head steadiness) and hence a worse performance on the test.
Despite both associations being statistically significant, these findings are
contradictory and thus the clinical relevance of these associations, if any, is
questionable. Secondly, the clinical meaningfulness is further questioned by the
limited strength of the associations; -values indicate that a 1-point increase on
the Visual Analogue Scale (range 0-100) is associated with a change in head
movement velocity of only -0.0032 and 0.0027 mm/s. For a clinically meaningful
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change in pain intensity (change in Visual Analogue Scale of 20 out of 100)
(Gallagher et al., 2001), changes in head movement velocity of only -0.064 and
0.054 mm/s would be expected. With reported medians (IQR) for the high load
condition of the head steadiness test at baseline and eight-week follow-up of
0.61mm/s (0.50, 0.78) and 0.65 (0.54, 0.89) respectively for individuals with
chronic idiopathic neck pain, these -values are extremely small, and hence
these associations are considered weak.
The association between seven-day average pain and the high load
condition of the head steadiness test is consistent with findings from the models
for current pain and four-week average pain. However, similarly to the above
discussion of the finding for current pain, the -value indicates a weak
association, suggesting head steadiness changes 0.0032 mm/s for each 1-point
change in the Visual Analogue Scale. The clinical meaning of this statistically
significant association is questionable.
In conclusion, and in line with the conclusions in Chapter 6, inconsistent
and weak associations between cervical sensorimotor control outcomes and
neck pain intensities for different recall periods indicate that the identified
significant associations are potentially chance findings rather than actual
meaningful associations.
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7.4.4 Potential ceiling effects in cervical sensorimotor control outcomes

In the investigation of the ceiling effects in cervical sensorimotor control
outcomes, age, BMI, and physical activity were found to be significantly
associated with consistently good performance for some of the tests. Although
statistically significant, the significant associations identified between age and
performance were both positive and negative, indicating that for some tests a
higher age is a predictor for a consistent performance, whereas for others a lower
age indicates a consistent performance. The clinical relevance of the different
directions of these associations is unclear. Furthermore, the factors statistically
related to a good sensorimotor performance were variable: different factors being
significantly associated with different test outcomes. Finally, the relatively low values for all the reported associations demonstrate that these factors have a
minimal effect on whether a participant performs consistently on a test or whether
they show a large amount of variability.

7.4.5 Predicting pain characteristics using cervical sensorimotor control
outcomes at different time points

Lastly, it was investigated whether neck pain characteristics could predict
cervical sensorimotor control outcomes at later time points. Few statistically
significant correlations were found, with the medium and difficult conditions of
The Fly® test at baseline being moderately correlated with current pain intensity
200

and neck pain reported over a seven-day recall period at four weeks respectively.
However, as predominantly weak correlations were found between different tests
and different time points, and with different recall periods, it can be concluded
that cervical sensorimotor control outcomes could not be used to predict pain
intensities and neck disability at a later time point.
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7.5 Conclusion

Not only based on the analyses reported in Chapters 4, 5 and 6, but also
resulting from the additional analyses presented in this chapter, it may be
concluded that cervical sensorimotor control outcomes are not significantly
associated with neck pain intensity, neck pain duration, and neck disability, in
individuals with chronic idiopathic neck pain. The presented sample of individuals
with chronic idiopathic neck pain is similar to those of other studies investigating
individuals with idiopathic neck pain in terms of pain intensity, neck disability, and
age (Elsig et al., 2014; Juul-Kristensen et al., 2013; Meisingset et al., 2015;
Sjölander et al., 2008; Treleaven et al., 2005a, 2005b; Treleaven et al., 2003;
Treleaven & Takasaki, 2015; Williams et al., 2017). No differences in
sensorimotor control outcomes were found between individuals with chronic
idiopathic neck pain and healthy individuals, and cervical sensorimotor control
outcomes were weakly correlated with neck pain intensity and neck disability.
Investigating the relationship between neck pain characteristics and sensorimotor
control outcomes demonstrated that neck pain intensity measured using three
different recall periods, neck pain duration, neck disability, and the
presence/absence of neck pain were all not associated with the outcomes of
cervical sensorimotor control tests. Though some relationships were identified
between cervical sensorimotor control outcomes and sex, age, and BMI, these
are likely chance findings because their direction and magnitude were
inconsistent and they did not correspond with (changes in) neck pain
characteristics.
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Chapter 8 Summary and Conclusions

8.1 Summary of Study Findings

The overarching aim of this thesis was to investigate the clinical utility of
cervical sensorimotor control tests in individuals with chronic idiopathic neck pain.
Study 1 (Chapter 3) provides a systematic literature review which identified seven
tests used to assess cervical sensorimotor control in individuals with idiopathic
neck pain. Data from two of these tests were pooled for meta-analysis
demonstrating that differences between groups were small, and unlikely to be
clinically meaningful. For Studies 2, 3 and 4, 50 individuals with chronic idiopathic
neck pain completed the seven cervical sensorimotor control tests at four time
points, and 50 sex and age matched healthy individuals completed these tests
twice. Study 2 (Chapter 4) demonstrated that all tests assess unique skills in
individuals with chronic idiopathic neck pain, potentially all related to distinct
aspects of cervical sensorimotor control. Study 3 (Chapter 5) compared
outcomes of the seven cervical sensorimotor control tests between individuals
with chronic idiopathic neck pain and healthy individuals, and found that none of
the tests were able to differentiate between the groups. Furthermore, no cervical
sensorimotor control tests correlate with neck pain intensity or neck disability. The
final study, Study 4 (Chapter 6), longitudinally demonstrated that none of the
cervical sensorimotor control tests were significantly associated with neck pain
characteristics including neck pain intensity, neck pain duration, and neck
disability. These findings were further confirmed using additional analyses
203

presented in Chapter 7. The following sections will summarise the findings for
each study in more detail.

What tests have been used to assess cervical sensorimotor control in individuals
with idiopathic neck pain?

Study 1 (Chapter 3) is a systematic review and identified all cervical
sensorimotor control tests that have been used to date. Through searching eight
electronic databases (AMED, CINAHL, Cochrane Central Register of Controlled
Trials, Embase, MEDLINE, Physiotherapy Evidence Database, Scopus, and
SPORTDiscus), 43 studies were included in the review, and six cervical
sensorimotor control outcomes were identified: joint position error, postural
balance, subjective visual vertical, smooth pursuit neck torsion, head steadiness,
and The Fly® test. One other test, not yet used in individuals with idiopathic neck
pain but has been suggested to be useful, was also included: the head tilt
response test. After pooling the data extracted from 30 studies, meta-analysis
found a statistically significant difference in joint position error between
individuals with idiopathic neck pain and healthy individuals of 0.47 degrees.
However, whilst the minimal clinically important difference for the joint position
error tests is unknown, the clinical meaning of this small difference is
questionable. In the meta-analysis for the postural balance test, no differences
were found between individuals with chronic idiopathic neck pain and healthy
individuals. The findings of this review are in line with two other recent systematic
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reviews, demonstrating that only 50% of studies comparing individuals with
idiopathic neck pain and healthy individuals report between-group differences in
joint position error (de Vries et al., 2015), and that, if statistically significant
differences are found, these are very small (Stanton et al., 2016). Based on this
review the clinical usefulness of cervical sensorimotor control testing in
individuals with chronic idiopathic neck pain is questionable: as for most tests the
available evidence supporting their use is minimal. Furthermore, it is unclear
whether all tests measure cervical sensorimotor control similarly, or whether
different

tests

measure

different

subsystems

of

sensorimotor

control

(proprioception, kinaesthesia, visuomotor control, vestibular system).

Do cervical sensorimotor control tests measure the same, or different, skills in
individuals with chronic idiopathic neck pain?

Study 2 (Chapter 4) investigated whether the cervical sensorimotor control
tests identified in Study 1 measure similar, or different, aspects of sensorimotor
control, and whether these tests assess the different subsystems of sensorimotor
control (i.e., proprioception, kinaesthesia, visuomotor and oculomotor control,
and vestibular control). If tests did measure similar skills and could potentially be
grouped according to the subsystems of cervical sensorimotor control, this could
allow clinicians to use one test, or a test battery, to assess cervical sensorimotor
control, potentially saving valuable resources. Through factor analysis of test
outcomes in 50 individuals with chronic idiopathic neck pain, four factors were
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isolated (postural balance, head steadiness, continuous movement accuracy,
perceived verticality) with postural balance and head steadiness accounting for
most of the variance across the variables. Each factor that was identified
consisted of groupings of test conditions from individual cervical sensorimotor
control tests, indicating that all of the seven tests that have been used to assess
cervical sensorimotor control were each found to measure unique skills. As all
the tests appear to measure independent and different characteristics of
sensorimotor control, it is not possible to recommend one test, or a test battery,
for clinical practice.

Do outcomes on seven cervical sensorimotor control tests differ between
individuals with chronic idiopathic neck pain and healthy individuals?

Study 3 (Chapter 5) reports findings of all seven selected cervical
sensorimotor control tests in a sample of 50 individuals with chronic idiopathic
neck pain and 50 sex and age matched healthy individuals. The neck pain and
healthy control groups were similar for all demographic characteristics (sex, age,
BMI, physical activity level). Individuals with chronic idiopathic neck pain
demonstrated a significantly reduced cervical range of motion for rotation and
flexion/extension, consistent with widely reported cervical range of motion
limitations in different neck pain populations (De Loose et al., 2009; Jull et al.,
2007; Meisingset et al., 2015; Nagai et al., 2014; Woodhouse & Vasseljen, 2008).
In this case-control study, no statistically significant differences in cervical
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sensorimotor control outcomes were identified between individuals with idiopathic
neck pain and healthy individuals for any of the seven cervical sensorimotor
control tests. This finding may be regarded as being inconsistent with several
recent studies identifying differences between these groups, however examining
the sizes of the between-group differences reported, the clinical relevance of the
magnitude of previously reported statistically significant differences is
questionable (see Chapter 5 for more details). Furthermore, the findings of Study
3 are consistent with several other studies reporting no differences between
individuals with idiopathic neck pain and healthy individuals for joint position error
(Elsig et al., 2014; Kristjansson et al., 2003; Meisingset et al., 2015; Woodhouse
& Vasseljen, 2008), postural balance (Jørgensen et al., 2011; Meisingset et al.,
2015; Michaelson et al., 2003), subjective visual vertical (Treleaven & Takasaki,
2015), head steadiness (Woodhouse et al., 2010), and The Fly® (Meisingset et
al., 2015). Interestingly, for almost all tests and test conditions, and for both
individuals with chronic idiopathic neck pain as well as healthy individuals, a rightskewed distribution was found, indicating that the majority of participants
performed well on each test. Based on this observation, it was deemed
meaningful to investigate the poor performers (the tail of the distribution) in more
detail. Cut-off scores for the distributions were determined and poor performers
were identified by comparing the poor performers for each cervical sensorimotor
control test. Individuals with chronic idiopathic neck pain and healthy individuals
were equally identified as poor performers. This further demonstrates that
individuals with chronic idiopathic neck pain and healthy individuals perform
similarly on all the tests.

207

Study 3 investigated whether neck pain was correlated with cervical
sensorimotor control test outcomes. Low values for Spearman’s rho correlation
coefficients demonstrated that neck pain intensity and neck disability were not
correlated with sensorimotor control in individuals with chronic idiopathic neck
pain. This is in line with recent studies that found no correlation between different
characteristics of idiopathic neck pain and sensorimotor control outcomes
(Beinert & Taube, 2013; Chen & Treleaven, 2013; Meisingset et al., 2015;
Oddsdottir & Kristjansson, 2012; Sa & Silva, 2017).
Together, the findings from Study 3 suggest that cervical sensorimotor
control tests may not be clinically useful for differentiating between individuals
with chronic idiopathic neck pain and healthy individuals. Furthermore, as none
of the tests correlated with neck pain intensity and neck disability, the clinical
meaningfulness of cervical sensorimotor control assessments in individuals with
chronic idiopathic neck pain is further questioned.

Do cervical sensorimotor control outcomes change over time? What factors are
associated with changes in cervical sensorimotor control?

Study 4 (Chapter 6) found no statistically significant changes in seven out
of 14 cervical sensorimotor control outcomes over a six-month period. Despite a
significant change in pain intensity reported over a four-week recall period, 50%
of cervical sensorimotor control outcomes did not significantly change. For the
outcomes that significantly changed, most did not change in the expected
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direction, i.e. if pain intensity increased, the cervical sensorimotor control
performance improved. If a strong relationship between cervical sensorimotor
control and neck pain existed, a larger proportion of cervical sensorimotor control
outcomes might have been expected to change in line with the significant change
in pain intensity. This demonstrates that cervical sensorimotor control might not
be strongly related to neck pain.
Pain intensity (VAS reported over a four-week recall period) and neck
disability (NDI), which significantly changed over six months. Two other recall
periods, used with the VAS (current pain and pain reported over the last seven
days), did not significantly change over the six-month period. Therefore, fourweek average pain and neck disability, together with neck pain duration, were
considered important characteristics of neck pain. To investigate the relationship
between these characteristics and sensorimotor control changes over time, linear
mixed regression models were used to establish any association. It was found
that none of these characteristics were associated with cervical sensorimotor
control. Furthermore, associations between sex, age, BMI, physical activity levels
and cervical sensorimotor control outcomes were not of clinical interest. Based
on these findings, the clinical relevance of cervical sensorimotor control
outcomes for individuals with chronic idiopathic neck pain is further questioned.
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8.2 Limitations of Studies

As identified in Chapters 3, 4, 5 and 6, this thesis focused on individuals
with chronic idiopathic neck pain, and therefore the findings are not generalisable
to other neck pain populations. As a result, it is unknown whether the potentially
limited relevance of cervical sensorimotor control tests reported in this thesis,
would be similar in other neck pain populations such as acute neck pain,
traumatic neck pain, or neck pain with a specific pathophysiological cause. This
is an inherent limitation to all work undertaken in neck pain research as there are
significant differences in vestibular disturbances (Field et al., 2008), head
steadiness (Woodhouse et al., 2010), structural muscle changes (Elliott et al.,
2008), and psychological factors with widespread hypersensitivity (Scott et al.,
2005) between populations.
As noted in Chapters 3, 4 and 5, the current sample is similar to those
reported in recent studies investigating cervical sensorimotor control in
individuals with chronic idiopathic neck pain (e.g., Elsig et al., 2014; JuulKristensen et al., 2013; Kristjansson et al., 2003; Meisingset et al., 2015;
Michaelson et al., 2003; Rix & Bagust, 2001; Sjölander et al., 2008; Williams et
al., 2017). Even though pain and disability scores for participants with neck pain
were sufficient and similar to previous studies, participants were volunteers and
may therefore have overstated their neck pain intensity. This could have led to
possibly better scores on cervical sensorimotor tests in the neck pain group as
compared to a population presenting to a clinic for treatment, reducing the ability
to identify potential differences with healthy individuals.
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A limitation for Studies 2, 3 and 4 is the fact that only one assessor (RdZ)
administered all measurement sessions, as this could potentially introduce a
researcher bias. However, six out of seven sensorimotor control tests are
computerised, meaning the assessor did not manually register the outcomes and
all scores were recorded electronically. Therefore, the assessor could have only
possibly had an influence on the outcomes of the joint position error test. Based
on previous studies that found significant differences between individuals with
neck pain and healthy individuals for joint position error (Elsig et al., 2014;
Kristjansson et al., 2003; Rix & Bagust, 2001; Sjölander et al., 2008), postural
balance (Jørgensen et al., 2011), subjective visual vertical (Treleaven &
Takasaki, 2015), and The Fly® (Kristjansson et al., 2004; Kristjansson &
Oddsdottir, 2010), and the fact that no such differences were found, it is unlikely
that researcher bias played a significant role. Further, having one researcher
administer all tests controls for variations in the administration of tests (e.g.,
participant instructions, examiner interactions) which strengthens these results.
The lack of a gold standard for cervical sensorimotor control testing is an
inherent limitation to all work undertaken in this area, as outcomes of clinical tests
cannot be compared to benchmark findings. For this reason, a factor analysis
was conducted to compare the characteristics of each test to the others. The
purpose of the current thesis was not to validate available tests, but rather
investigate the clinical utility of cervical sensorimotor control assessments. As
noted in Chapter 4, cervical sensorimotor control tests measure unique skills in
individuals with chronic idiopathic neck pain. However, it is not possible to
conclude whether these skills are related to the distinct subsystems of cervical
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sensorimotor control, as differentiation between these subsystems is not possible
with current tests.
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8.3 Implications

The findings presented in this thesis have both implications for research
and clinical practice.

Implications for research

As identified in Chapter 3, different cervical sensorimotor control tests
have been used in a number of studies addressing potential differences between
individuals with idiopathic neck pain and healthy individuals. However, according
to the findings reported in Chapter 5, the statistically significant differences found
previously may not be large enough to be clinically meaningful. To date, studies
have reported significant differences between groups without acknowledging that
the actual difference in test outcomes was small (de Vries et al., 2015; Stanton
et al., 2016). In future studies investigating differences between individuals with
idiopathic neck pain and healthy individuals this should be considered, and rather
than solely presenting statistical significance, a critical appraisal of the clinical
significance of between-group differences should be reported. As the available
tests were not able to differentiate between groups and the outcomes were not
associated with neck pain characteristics in Study 3 (Chapter 5), it should be
considered whether these tests provide useful information for researchers.
Possibly, for a meaningful assessment of cervical sensorimotor control, tests
might have to be adapted or potentially replaced by (yet to be developed) new
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tests (see Chapter 8.4). It is therefore suggested that until better tests are
available, caution should be taken in the interpretation of cervical sensorimotor
control outcomes reported in research outcomes.

Clinical implications

Based on the findings presented in Chapters 3 and 4, seven cervical
sensorimotor control tests have been identified and all tests measure unique skills
that may be related to sensorimotor control. As different tests did not correlate
significantly and did not form clusters that represent the subsystems of
sensorimotor control (i.e., proprioception, kinaesthesia, visuomotor control,
vestibular control), it was initially concluded (Chapter 4) that in the clinical
assessment of an individual with chronic idiopathic neck pain, all tests should be
used to get an impression of their sensorimotor performance. Chapter 5
describes the findings of a cross-sectional comparison of 50 individuals with
chronic idiopathic neck pain and 50 healthy individuals, in which no significant
differences were found between these two groups for any test. Clinically, it is
therefore questionable whether the available tests provide meaningful
information in a patient with chronic idiopathic neck pain. Furthermore, as
reported in Chapters 6 and 7, no relevant associations were found between
cervical sensorimotor control outcomes and characteristics of neck pain, further
questioning the meaningfulness of these test outcomes for individuals with
chronic idiopathic neck pain. Outcomes of potentially better new tests should
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ideally be strongly associated with key characteristics of neck pain, and these
tests should also be able to clinically differentiate between individuals with
idiopathic neck pain and healthy individuals. Until such tests are available, the
clinical utility of cervical sensorimotor control testing in individuals with idiopathic
neck pain is not recommended, as it is unlikely to provide valuable information.
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8.4 Future Research Questions

This body of work raises a number of questions that should be addressed
in future research. The most pressing issue is the question, out of a population of
individuals with acute neck pain, who develops chronic neck pain, and could
cervical sensorimotor control play a role in this? As work to date has
predominantly described studies with case-control designs, it is unclear what
factors are associated with developing chronic idiopathic neck pain. This should
be investigated with longitudinal studies in which individuals with acute neck pain
are included and followed over a substantially longer time frame in order to
identify chronicity. By including a sufficient amount of secondary outcome
measurements

such

as

lifestyle

and

psychosocial

factors,

physical

characteristics, and functional performance including sensorimotor control,
factors related to the development of chronic neck pain may be adequately
addressed.
The question as to who develops chronic neck pain furthermore raises the
question what biological markers are responsible for chronicity. If it would be
possible to identify someone with a worse problem based on physical
characteristics, this might help clinicians in the diagnosis and treatment of
individuals with neck pain. Cervical sensorimotor control may be of interest,
however, as suggested in Chapter 5, it is possible that the currently available
cervical sensorimotor control tests may not be sensitive enough to identify
differences between individuals with idiopathic neck pain and healthy individuals.
A potential next step is to design a more sensitive measurement tool that allows
for the differentiation between these two groups. Current tests may not be
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physically challenging enough (resulting in a ceiling effect for some outcomes),
and by developing more challenging tests it might be possible to identify small
differences between individuals with chronic idiopathic neck pain and healthy
individuals if they exist. This could be achieved by modifying an existing test, or
alternatively designing a completely new tool. It should be taken in consideration
that a new test that sufficiently addresses all subsystems of cervical sensorimotor
control is desirable, eliminating the current need to compare findings from
different tests. A movement accuracy test such as The Fly® test, combined with
visual information processing such as in the head tilt response test, performed in
an upright position incorporating postural balance, could potentially address
proprioception, kinaesthesia, visuomotor control, and the vestibular system,
simultaneously. The inclusion of a muscle endurance aspect such as in the head
steadiness test should be considered carefully, as this is not truly cervical
sensorimotor control and differences in muscle endurance can be the result of
different factors such as age and BMI (Chapter 7).
As the clinical relevance of current cervical sensorimotor control tests is
unclear, it is important to further address the clinical meaningfulness of
sensorimotor control for individuals with idiopathic neck pain. In Chapters 5 and
6, evidence is provided indicating that current sensorimotor control tests may not
be associated with neck pain characteristics, however due to the lack of a gold
standard the validity of these outcomes is still not clear. When better cervical
sensorimotor control tests are being introduced, it should be investigated whether
they are associated with (changes in) neck pain intensity, neck disability, and
duration of neck pain. If cortical reorganisation is found to be present in
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individuals with idiopathic neck pain, it should be investigated whether a clinical
cervical sensorimotor control test could identify this.
Finally, the way cervical sensorimotor control is defined could be subjected
to investigation. Whereas linear outcomes of cervical sensorimotor control tests
may allow for investigations of between-group differences and the association
with neck pain characteristics, the variability in these outcomes may provide
relevant information regarding normal variations (Stergiou et al., 2006). Betweengroup differences of within-subject variability across repeated measures could
inform on the stability of a (new) cervical sensorimotor control outcome measure.
This would further inform on the potential risk of a Type II error which may be
introduced based on the variability in the tests.
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8.5 Conclusions

This thesis consists of four studies that address the assessment of cervical
sensorimotor control in individuals with chronic idiopathic neck pain. Currently
available tests have been investigated, with joint position error, postural balance,
subjective visual vertical, head tilt response, The Fly®, head steadiness, and
smooth pursuit neck torsion being identified from a systematic review of the
previous literature. All these tests assess unique skills, possibly related to distinct
characteristics of cervical sensorimotor control. When comparing outcomes of
cervical sensorimotor control tests between individuals with chronic idiopathic
neck pain and healthy individuals, none of the tests differentiated between
groups. Furthermore, none of the test outcomes were correlated with neck pain
intensity or neck disability. Only half of the cervical sensorimotor control
outcomes changed over a six-month period in individuals with chronic idiopathic
neck pain, because most individuals performed the tests well (i.e., a ceiling
effect). Finally, changes in cervical sensorimotor control were not longitudinally
associated with characteristics of neck pain, including neck pain intensity, neck
pain duration, and neck disability. These findings together provide evidence that
currently available cervical sensorimotor control tests may not provide clinically
meaningful outcomes in individuals with chronic idiopathic neck pain and
question their utility for physiotherapy practice and musculoskeletal medicine.
Future research should focus on developing sensitive and valid cervical
sensorimotor control measures, as well as establishing the role of cervical
sensorimotor control in the development of chronic neck pain.
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HUMAN RESEARCH ETHICS COMMITTEE
Notification of Expedited Approval

To Chief Investigator or Project Supervisor:

Associate Professor Suzanne

Snodgrass
Cc Co-investigators / Research Students:

Doctor Peter Osmotherly

Mr Rutger Marinus Johannes De Zoete Professor Darren Rivett
Re Protocol:

Cervical spine sensorimotor control in
individuals with idiopathic neck pain

Date:

26-May-2016

Reference No:

H-2016-0099

Date of Initial Approval:

26-May-2016

Thank you for your Response to Conditional Approval (minor amendments)
submission to the Human Research Ethics Committee (HREC) seeking
approval in relation to the above protocol.

Your submission was considered under Expedited review by the Ethics
Administrator.
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I am pleased to advise that the decision on your submission is Approved
effective 26-May-2016.

In approving this protocol, the Human Research Ethics Committee (HREC) is of
the opinion that the project complies with the provisions contained in the
National Statement on Ethical Conduct in Human Research, 2007, and the
requirements within this University relating to human research.

Approval will remain valid subject to the submission, and satisfactory
assessment, of annual progress reports. If the approval of an External HREC
has been "noted" the approval period is as determined by that HREC.

The full Committee will be asked to ratify this decision at its next scheduled
meeting. A formal Certificate of Approval will be available upon request. Your
approval number is H-2016-0099.

If the research requires the use of an Information Statement, ensure this
number is inserted at the relevant point in the Complaints paragraph prior
to distribution to potential participants You may then proceed with the
research.
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Conditions of Approval
This approval has been granted subject to you complying with the requirements
for Monitoring of Progress, Reporting of Adverse Events, and Variations to the
Approved Protocol as detailed below.

PLEASE NOTE:
In the case where the HREC has "noted" the approval of an External HREC,
progress reports and reports of adverse events are to be submitted to the
External HREC only. In the case of Variations to the approved protocol, or a
Renewal of approval, you will apply to the External HREC for approval in the
first instance and then Register that approval with the University's HREC.

Monitoring of Progress
Other than above, the University is obliged to monitor the progress of research
projects involving human participants to ensure that they are conducted
according to the protocol as approved by the HREC. A progress report is
required on an annual basis. Continuation of your HREC approval for this
project is conditional upon receipt, and satisfactory assessment, of annual
progress reports. You will be advised when a report is due.

Reporting of Adverse Events
1.

It is the responsibility of the person first named on this Approval
Advice to report adverse events.
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2.

Adverse events, however minor, must be recorded by the investigator as
observed by the investigator or as volunteered by a participant in the
research. Full details are to be documented, whether or not the
investigator, or his/her deputies, consider the event to be related to the
research substance or procedure.

3.

Serious or unforeseen adverse events that occur during the research or
within six (6) months of completion of the research, must be reported by
the person first named on the Approval Advice to the (HREC) by way of
the Adverse Event Report form (via RIMS at
https://rims.newcastle.edu.au/login.asp) within 72 hours of the occurrence
of the event or the investigator receiving advice of the event.

4.

Serious adverse events are defined as:
• Causing death, life threatening or serious disability. Causing or
prolonging hospitalisation.
• Overdoses, cancers, congenital abnormalities, tissue damage,
whether or not they are judged to be caused by the
investigational agent or procedure.
• Causing psycho-social and/or financial harm. This covers
everything from perceived invasion of privacy, breach of
confidentiality, or the diminution of social reputation, to the
creation of psychological fears and trauma.
• Any other event which might affect the continued ethical
acceptability of the project.

5.

Reports of adverse events must include:
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• Participant's study identification number;
• date of birth;
• date of entry into the study;
• treatment arm (if applicable);
• date of event;
• details of event;
• the investigator's opinion as to whether the event is related to
the research procedures;
• and action taken in response to the event.
6.

Adverse events which do not fall within the definition of serious or
unexpected, including those reported from other sites involved in the
research, are to be reported in detail at the time of the annual progress
report to the HREC.

Variations to approved protocol
If you wish to change, or deviate from, the approved protocol, you will need to
submit an Application for Variation to Approved Human Research (via RIMS at
https://rims.newcastle.edu.au/login.asp). Variations may include, but are not
limited to, changes or additions to investigators, study design, study population,
number of participants, methods of recruitment, or participant
information/consent documentation. Variations must be approved by the
(HREC) before they are implemented except when Registering an approval of
a variation from an external HREC which has been designated the lead HREC,
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in which case you may proceed as soon as you receive an acknowledgement of
your Registration.
Linkage of ethics approval to a new Grant
HREC approvals cannot be assigned to a new grant or award (ie those that
were not identified on the application for ethics approval) without confirmation of
the approval from the Human Research Ethics Officer on behalf of the HREC.

Best wishes for a successful project.

Professor Allyson Holbrook
Chair, Human Research Ethics Committee

For communications and enquiries:
Human Research Ethics Administration

Research Services Research Integrity Unit NIER, Block C
The University of Newcastle Callaghan NSW 2308
T +61 2 492 17894
Human-Ethics@newcastle.edu.au
RIMS website - https://RIMS.newcastle.edu.au/login.asp
Linked University of Newcastle administered funding:
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ASSOCIATE PROFESSOR SUZANNE SNODGRASS
BSc(PhysTher), ATRet, MMedSc(Physio), PhD
The University of Newcastle | Callaghan NSW 2308 | AUSTRALIA

Version 2; 12/05/2016

NECK PAIN
STUDY
Volunteers
with and without neck
pain required
Who can participate?
We are seeking individuals with neck pain that is not the result of a trauma
(car accident, fall, etc.). Also, we are seeking individuals that have not
experienced neck pain. You must be over 18 years old to participate.
What is involved?
The study will involve several clinical measurements to assess the control of
head and neck movements, assess balance using a force platform, assess
eye movement control, and will involve virtual reality driven tests. The project
will require participants to attend the movement laboratory at The University
of Newcastle, Callaghan campus for:
• Four measurement sessions for people with neck pain, or
• Two measurement sessions for people without neck pain.
Participate or more information?
For more information about the study or if you would like to participate,
please contact Rutger de Zoete on 0432218486 or
rutger.dezoete@newcastle.edu.au or contact Chief Investigator A/Prof
Suzanne Snodgrass on 0249212089 or
suzanne.snodgrass@newcastle.edu.au.

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Neck pain study
Participate with or without neck pain
Rutger de Zoete - 0432218486

Complaints about this research
This project has been approved by the University’s Human Research Ethics Committee, Approval No. H-2016-0099.
Should you have concerns about your rights as a participant in this research, or you have a complaint about the
manner in which the research is conducted, it may be given to the researcher, or, if an independent person is
preferred, to the Human Research Ethics Officer, Research Office, The Chancellery, The University of Newcastle,
University Drive, Callaghan NSW 2308, Australia, telephone (02) 49216333, email HumanEthics@newcastle.edu.au.
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A/Prof Suzanne Snodgrass, BSs (Phys Ther), MMed Sc (Physio), PhD
School of Health Sciences / Faculty of Health and Medicine / University of Newcastle
Hunter Building, Callaghan, NSW, 2308
Tel: 4921 2089 and Fax 4921 7053
Suzanne.Snodgrass@newcastle.edu.au

Information Statement for the Research Project:
Cervical spine sensorimotor control in individuals with idiopathic neck pain
Document Version 2; dated 12/05/2016
You are invited to participate in the research project identified above which is being conducted by
Rutger de Zoete, A/Prof Suzanne Snodgrass, Dr Peter Osmotherly and Prof Darren Rivett from
the School of Health Sciences at the University of Newcastle. The research is part of Rutger de
Zoete’s PhD studies at the University of Newcastle, supervised by A/Prof Suzanne Snodgrass
from the School of Health Sciences.

Why is the research being done?
Neck pain is a common problem in the general population and has both large effects on personal
lives and health care expenditures. Certain aspects of neck pain and characteristics of the neck
are poorly understood. The purpose of this research is to determine the most useful test or
combination of tests for assessing head and neck movement control. We are investigating
individuals with acute idiopathic neck pain (neck pain of spontaneous onset) as this is the most
common type of neck pain. People without neck pain will be investigated too to compare findings
in people with neck pain to findings in people without neck pain. Results from this study will inform
on the clinical assessment of individuals with neck pain.

Who can participate in the research?
Inclusion criteria for individuals with neck pain:
Aged 18 years or over (We are excluding individuals under the age of 18 as the
development of the central nervous system may be incomplete which could affect
sensorimotor control outcomes. [11])
Acute or recurrent acute idiopathic neck pain. Pain perceived at least 4/10 on a 0-10
numerical rating scale, or 40mm on the 0-100mm visual analogue scale
Inclusion criteria for individuals without neck pain:
Aged 18 years or over
Matched to a pain participant based on gender and age
No current neck pain, nor a history of neck pain
Exclusion criteria for individuals with and without neck pain:
-

Limited vision (after correction)
Diabetes
(History of) migraine headaches
History of neck trauma or surgery
Neurological or musculoskeletal conditions that can affect sensorimotor control (e.g.
joint replacements)

What would you be asked to do?
If you agree to participate, you will be asked to do the following;
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Participants with neck pain:
-

Complete brief (5 min) questionnaires to identify pain level, disabilities in daily activities
and activity level.

-

Attend four (4) 1.5 hour sessions over a period of 6 months at The University of
Newcastle, Callaghan campus to collect data. During these measurement sessions you
will perform several clinical measurements to assess the control of head and neck
movements with and without a virtual reality device (worn as glasses with a strap
around the head), assess standing balance and assess eye movement control.

Participants without neck pain:
-

Complete a brief (1 min) questionnaire to identify activity level.

-

Attend two (2) 1.5 hour sessions over a period of 6 months at The University of
Newcastle, Callaghan campus to collect data. During these measurement sessions you
will perform several clinical measurements to assess the control of head and neck
movements with and without a virtual reality device (worn as glasses with a strap
around the head), assess standing balance and assess eye movement control.

All tests are part of standard physiotherapy practice and data collection will be done by a trained
and experienced physiotherapist.

What choice do you have?
Participation in this research is entirely your choice. Only those people who give their informed
consent will be included in the project. Whether or not you decide to participate, your decision
will not disadvantage you. If you experience any form of discomfort at any time during the
measurements, the test can be paused or stopped entirely. You can withdraw your participation
from the study at any time, and you can withdraw your data up to the point of publication of the
results without giving a reason, after which your data will be withdrawn. This study is free of cost
and therefore there will be no expenses incurred to participate or withdraw from this study.

How much time will it take?
Participants with neck pain:
-

To participate in the study, you will be asked to attend four sessions. Each session will
take approximately 1.5 hour. There will be a first (baseline) session and three follow-up
sessions: at six weeks, three months and six months.

Participants without neck pain:
-

To participate in the study, you will be asked to attend two sessions. Each session will
take approximately 1.5 hours. There will be a first (baseline) session and one follow-up
session at six months.

What are the risks and benefits of participating?
There is no direct benefit to you in participating in this research. However, the results of this
research will contribute to the understanding of problems presented by individuals with neck
pain.
There is no reasonable chance of risk to you as participant in this research. The used tests are
common clinical tests, part of standard physiotherapy practice and will be administered by a
trained and experienced physiotherapist. Some of the questions that you will be asked to
answer cover mental health related issues. If you feel any mental distress answering these
questions, you are welcome to skip these questions. Help for managing feelings of distress is
available at Lifeline Australia 13 11 14 or Beyond Blue 1300 22 4636.
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How will your privacy be protected?
During the first measurement session and before any data is collected, you will be assigned a
numerical code. A list of codes and corresponding participant names will be kept separate (and
securely stored in a locked cabinet in the Chief Investigator’s office at The University of
Newcastle) from coded data. Collected data will only be stored using the numerical code.
Collected data will be stored on a password protected computer in the School of Health
Sciences at The University of Newcastle and are only accessible by above mentioned
researchers.
Any information collected by the researchers which might identify you will be stored securely
and will only be accessible by the researchers unless you consent otherwise, except as
required by law. Data will be retained for at least 5 years at the School of Health Sciences at
The University of Newcastle and will then be securely destroyed; electronic data will be erased
and hard copies will be shredded.

How will the information collected be used?
The findings of this research will be used by the researchers for research articles submitted for
publication in peer-reviewed scientific journals, conference presentations, and in a thesis to be
submitted for Mr Rutger de Zoete’s PhD degree. Individual participants will not be identified in
any reports arising from the project.
Non-identifiable data may also be shared with other parties to encourage scientific scrutiny, and
to contribute to further research and public knowledge, or as required by law.
If interested, you will be offered a written summary of the results, sent to you by email or regular
post (whichever you prefer) at the conclusion of the study no later than late 2018.

What do you need to do to participate?
Please read this Information Statement and be sure you understand its contents before you
consent to participate. If there is anything you do not understand, or you have questions,
contact Rutger de Zoete using the details below.
If you would like to participate, please contact Rutger de Zoete via the details supplied below.
You will be asked screening questions and, if you fit the inclusion criteria, you will be asked to
complete a written consent form.

Further information
If you would like further information please contact Rutger de Zoete on 0432218486 or through
email at rutger.dezoete@newcastle.edu.au, or Chief Investigator A/Prof Suzanne Snodgrass on
49212089 or through email at suzanne.snodgrass@newcastle.edu.auThank you for considering
this invitation.

Rutger de Zoete, MSc
PhD candidate

A/Prof Suzanne Snodgrass
Chief Investigator

Complaints about this research
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This project has been approved by the University’s Human Research Ethics Committee,
Approval No. H-2016-0099.Should you have concerns about your rights as a participant in this
research, or you have a complaint about the manner in which the research is conducted, it may
be given to the researcher, or, if an independent person is preferred, to the Human Research
Ethics Officer, Research Office, The Chancellery, The University of Newcastle, University Drive,
Callaghan NSW 2308, Australia, telephone (02) 49216333, email HumanEthics@newcastle.edu.au.
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A/Prof Suzanne Snodgrass, BSs (Phys Ther), MMed Sc (Physio), PhD
School of Health Sciences / Faculty of Health and Medicine / University of Newcastle
Hunter Building, Callaghan, NSW, 2308
Tel: 4921 2089 and Fax 4921 7053
Suzanne.Snodgrass@newcastle.edu.au

Consent Form for the Research Project:
Cervical spine sensorimotor control in individuals with idiopathic neck pain.
Rutger de Zoete, A/Prof Suzanne Snodgrass, Dr Peter Osmotherly, Prof Darren Rivett
from the School of Health Sciences, The University of Newcastle.
Document Version 2; dated 12/05/2016
I agree to participate in the above research project and give my consent freely.
I understand that the project will be conducted as described in the Information Statement, a
copy of which I have retained.
I understand I can withdraw from the project at any time and do not have to give any reason for
withdrawing.
I consent to:
· Complete questionnaires regarding neck pain and perceived disabilities (neck pain
group);
·

Complete a questionnaire regarding activity level (all participants);

·

Attend four (4) measurement sessions (neck pain group) or two (2) measurement
sessions (control group) at the School of Health Sciences at The University of
Newcastle, Callaghan campus.

I understand that my personal information will remain confidential to the researchers.
I have had the opportunity to have questions answered to my satisfaction.

Print Name:
_____________________________________________________________________

Home Phone Number: _____________ Mobile Phone Number: ________________

Email address: ________________________________________________________
Or
Address: _____________________________________________________________

Signature:

________________________Date: _________________________
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Appendix F: Journal Publication Study 1

Study 1 was published as original research in Archives of Physical Medicine
and Rehabilitation. Please refer to the following pages for a print of the published
article.

de Zoete R.M.J., Osmotherly P.G., Rivett D.A., Farrell S.F., Snodgrass S.J. (2016).
Sensorimotor control in individuals with idiopathic neck pain and healthy individuals: A
systematic review and meta-analysis. Archives of Physical Medicine and Rehabilitation,
98:1257-71. doi: 10.1016/j.apmr.2016.09.121
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Archives of Physical Medicine and Rehabilitation
journal homepage: www.archives-pmr.org
Archives of Physical Medicine and Rehabilitation 2017;98:1257-71

REVIEW ARTICLE (META-ANALYSIS)

Sensorimotor Control in Individuals With Idiopathic
Neck Pain and Healthy Individuals: A Systematic
Review and Meta-Analysis
Rutger M.J. de Zoete, MSc,a Peter G. Osmotherly, PhD,a Darren A. Rivett, PhD,a
Scott F. Farrell, PhD,a,b Suzanne J. Snodgrass, PhDa
From the aSchool of Health Sciences, Faculty of Health and Medicine, The University of Newcastle, Callaghan, NSW; and bRecover Injury
Research Center, Menzies Health Institute Queensland, Griffith University, Southport, QLD, Australia.

Abstract
Objectives: (1) To identify reported tests used to assess sensorimotor control in individuals with idiopathic neck pain and (2) to investigate
whether these tests can quantify differences between individuals with idiopathic neck pain and healthy individuals.
Data Sources: Allied and Complementary Medicine Database, CINAHL, Cochrane Central Register of Controlled Trials, Embase, MEDLINE,
Physiotherapy Evidence Database, Scopus, and SPORTDiscus.
Study Selection: Studies reporting sensorimotor outcomes in individuals with idiopathic neck pain or healthy individuals were identified. There
were 1,677 records screened independently by 2 researchers for eligibility: 43 studies were included in the review, with 30 of these studies
included in the meta-analysis.
Data Extraction: Methodologic quality was determined using the Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies.
Data were extracted using a standardized extraction table.
Data Synthesis: Sensorimotor control was most commonly assessed by joint position error and postural sway. Pooled means for joint position
error after cervical rotation in individuals with neck pain (range, 2.2 e9.8 ) differed significantly (PZ.04) compared with healthy individuals
(range, 1.66 e5.1 ). Postural sway with eyes open ranged from 4.85 to 10.5cm2 (neck pain) and 3.5 to 6.6cm2 (healthy) (PZ.16), and
postural sway with eyes closed ranged from 2.51 to 16.6cm2 (neck pain) and 2.74 to 10.9cm2 (healthy) (PZ.30). Individual studies, but not
meta-analysis, demonstrated differences between neck pain and healthy groups for postural sway. Other test conditions and other tests were
not sufficiently investigated to enable pooling of data.
Conclusions: The findings from this review suggest sensorimotor control testing may be clinically useful in individuals with idiopathic neck pain.
However, results should be interpreted with caution because clinical differences were small; therefore, further cross-sectional research with larger
samples is needed to determine the magnitude of the relation between sensorimotor control and pain and to assess any potential clinical significance.
Archives of Physical Medicine and Rehabilitation 2017;98:1257-71
ª 2016 by the American Congress of Rehabilitation Medicine

Approximately 70% of the population will experience neck pain at
least once in their lives.1 Neck pain is also related to high health care
costs2 and is ranked fourth highest in terms of disability,3 which
further emphasizes the need for effective interventions for neck
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Australia; and the International Federation of Orthopaedic Manipulative Physical Therapists, July 4,
2016, Glasgow, Scotland.
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pain. Traditional rehabilitation programs as advocated by both
national and international physiotherapy guidelines4 seem to be
unsuccessful in treating many neck pain problems.5 Although shortterm effects have been demonstrated, joint mobilization, massage,
traction, and exercise therapy focused on overall muscle strength do
not show sustained effects on patient symptoms in the long term.6
Sensorimotor control is becoming an increasingly reported
outcome in neck pain research.7 In addition to the term sensorimotor control, other common terms used to describe the components of sensory input and motor output for adequate motor
control include proprioception, kinesthesis, and somatosensory
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control. Terminology in the field of sensorimotor control can be
confusing because different terms are used interchangeably to
address the same system.8 In this review, sensorimotor control
testing is used as an umbrella term to describe tests that encompass all the afferent and efferent information streams and the
central integration components contributing to joint stability.8
Most commonly, individuals suffering from whiplashassociated disorders have been studied in investigations of
sensorimotor control. Although traumatic cases form an important
subgroup in individuals with neck pain, individuals with idiopathic neck pain (which occurs spontaneously) present more
frequently in the clinic.9 Important differences in individuals with
traumatic neck pain, including vestibular deficits and greater
balance disturbances,10 limited head steadiness,11 structural cervical muscle changes,12 and widespread sensory hypersensitivity,13 limit the generalizability of findings from this population to
people with idiopathic neck pain. Because neck disorders caused
by trauma appear to involve other balance systems and a more
complex presentation, traumatic neck pain and idiopathic neck
pain may be regarded clinically as different conditions.13
Diverse methods for assessing the sensorimotor system have
been reported.14-17 In a recent review by Michiels et al,18 some
recommendations for assessment were made based on examination of a limited number of tests; however, these recommendations
are limited by lack of a systematic search of the literature and a
lack of qualitative appraisal or meta-analysis. Although in some of
the available tests different subsystems might be involved (eg,
oculomotor and vestibular systems16,19,20), all methods measure
sensorimotor control of the neck. There is currently no evidence to
support any one method to measure deficits in the cervical
sensorimotor system.21-23 Armstrong et al24 suggest that effective
interventions for idiopathic neck pain cannot be established before
it is clear how sensorimotor differences between neck pain and
healthy groups can be identified. Therefore, the first important
step is to achieve consensus on the best method to assess sensorimotor control in the neck.24
The present systematic review and meta-analysis focused on
the assessment of sensorimotor control in individuals with idiopathic neck pain. The research questions explored are as follows
(1) What tests are used to assess cervical sensorimotor control in
individuals with idiopathic neck pain?, and (2) Can sensorimotor
control tests identify and quantify differences between individuals
with idiopathic neck pain and healthy individuals? The findings
will inform understanding of the assessment of sensorimotor
control in individuals with idiopathic neck pain and will be
important for future research investigating assessment and interventions for cervical sensorimotor control deficits.

Methods
Identification and selection of studies
A systematic review was conducted searching the electronic
databases Allied and Complementary Medicine Database,
CINAHL, Cochrane Central Register of Controlled Trials,
Embase, MEDLINE, Physiotherapy Evidence Database, Scopus,

List of abbreviations:
IQR interquartile range
JPE joint position error

R.M.J. de Zoete et al
and SPORTDiscus up to July 2015. A search strategy, agreed on
by all authors, with terms for sensorimotor control and neck pain,
was developed. Keywords for the sensorimotor system included
proprioception, sensorimotor control, somatosensory control,
vestibular system, postural balance, and sensory feedback. Terms
for neck and neck pain were consistent with search strategies
recently used by the Cochrane Back Review Group.25 Appendix 1
provides the search strategy used for the database MEDLINE.
To be included, studies needed to report an outcome measure
of the sensorimotor system in a population of individuals with
idiopathic (also reported as insidious onset) neck pain or healthy
individuals. Idiopathic neck pain is defined as neck pain and
perceived in either the upper or lower cervical spine with the
absence of trauma at the onset of pain development.26 Specific
neck pathologies and degenerative or inflammatory diseases were
not included. Studies describing participants with only headache
or only radiating pain to the arm (ie, without neck pain per se)
were not included. Studies must have specifically excluded individuals with traumatic neck pain to be included in the review.
Studies were restricted to those investigating adults (18y of age)
because the development of the central nervous system in younger
participants may be incomplete compared with adults.27
Titles and abstracts initially, and full texts secondly, were
screened by 2 reviewers. When the reviewers did not independently agree on the inclusion of a study, this was resolved by
consensus or involvement of a third reviewer. The level of
agreement between reviewers was assessed using Cohen k.

Assessment of characteristics of studies
The methodologic quality and risk of bias of included studies were
determined using the U.S. National Institute of Health’s Quality
Assessment Tool for Observational Cohort and Cross-Sectional
Studies.28 Quality assessment was undertaken independently by 2
reviewers. Disagreements were resolved by consensus or involvement
of a third reviewer. Studies were not excluded for high risk of bias.

Data analysis
Outcome measurement data were extracted by the first author using
an extraction table agreed on by all authors. For intervention studies,
only the (cross-sectional) baseline data were extracted. For studies
that reported data for 2 groups (eg, participants were measured at
baseline and then randomized into intervention groups), baseline
data were combined as outlined by the Cochrane Handbook for
Systematic Reviews of Interventions.29 For studies reporting outcomes as medians and interquartile ranges (IQRs), outcomes were
converted to means and SDs for statistical purposes using the calculations recommended by Wan et al.30 For the joint position error
(JPE) test, findings are reported as error in degrees or centimeters.
For comparison purposes, outcomes reported in centimeters were
converted to degrees using standard trigonometric functions (inverse tangent of opposite-adjacent ratio).
Statistical analyses were performed using Stata 13.a Mean
outcomes reported for different sensorimotor control tests were
weighted and pooled. Sample size was used as a weighting
factor. Other factors commonly used in the pooling of data for
systematic reviews of intervention and diagnostic test accuracy
studies were not considered relevant for this review.29 For
pooled groups, medians and IQRs are presented. To compare
individuals with idiopathic neck pain and healthy individuals,
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Addi onal records idenƟfied
through hand-searching of
reference lists
(n=4)

Records idenƟfied through
database searching
(n=3107)

Records a er duplicates removed
(n=1677)

Titles and abstracts
screened
(n=1617)

Mee ng/conference
abstracts excluded
(n=6)
Studies not available in
English or Dutch excluded
(n=54)

Titles and abstracts
excluded
(n=1494)

Full-text ar cles excluded
(n=80)
∙
No cervical
sensorimotor control
test (n=31)
∙
Did not include
insidious onset neck
pain or healthy group
(n=13)
∙
No or incomplete
outcome data
presented (n=36)

Full-text ar cles
assessed for
eligibility
(n=123)

Studies included in
qualita ve synthesis
(n=43)

Studies included in
quan ta ve
synthesis (metaanalysis)
(n=30)
Fig 1

Flow of studies through the review.

the nonparametric Wilcoxon rank-sum test was used to investigate
differences between pooled means.
This review was conducted according to the Preferred Reporting
Items for Systematic Reviews and Meta-Analyses guidelines.31 The
protocol for this systematic review was prospectively registered on
PROSPERO (registration no. CRD42015024115).

Results
Flow of studies through the review
After removing duplicates, the electronic database search resulted
in 1673 studies (fig 1). Four additional titles were identified
through hand-searching reference lists of included studies. From
1677 records, 6 were excluded because they were meeting or
www.archives-pmr.org

conference abstracts only, and 54 further studies were not in English or Dutch and therefore excluded. The resulting 1617 titles
and abstracts were screened by 2 reviewers, and 123 were
considered as potentially eligible. Reasons for exclusion of the
1494 studies after title and abstract screening were primarily
caused by failure to meet the inclusion criteria. More specifically,
these records either reported outcomes in a different population,
did not report the results of sensorimotor control testing, or did not
involve living human participants. Two reviewers evaluated the
full texts, and 43 studies were finally included. Studies were
included if they either reported a comparison of sensorimotor
outcomes between individuals with idiopathic neck pain and
healthy individuals, or if they reported outcomes for one of these
groups. Both observational studies and intervention studies were
included. Studies were excluded (1) if they reported outcomes for
a different participant sample than the one previously described,
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Table 1

Methodologic quality and risk of bias assessment of included studies

Study

Exposure
Measures
Clearly
Defined,
Valid, and
Reliable

Exposure(s)
Assessed
More Than
Once Over
Time

Outcome
Measures
Clearly
Defined,
Valid, and
Reliable

Outcome
Assessors
Blinded to
the Exposure
Status

Followup After
Baseline
20%

Adjusted for
Potential
Confounding Total
Variables
(0e14)

U

U

U

7
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7
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U

NA

7
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U
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U
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U
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U
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U
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7
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U
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U
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U
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U
7
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U
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7
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7

U

7

U

U

7

7

7

U

U

U

7
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U

7

7

U

7

U

U

U

U

7

U

U

U

7

9

U

U

7

U

7

7

U

7

7

7

U

7
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U

6

U
U
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U

7
7

U
U
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U
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U

U
7
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7
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U
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Al Saif and Al
Senany34
Anastasopoulos
et al35
Beinert et al36
Chen and
Treleaven37
Cramer et al38
Docherty et al39
Elsig et al40
Endo et al41
Grod and
Diakow42
Heikkila and
Astrom43
Heikkila and
Wenngren44
Jørgensen et al45
Juul-Kristensen
et al46
Kristjansson
et al47
Kristjansson
et al48
Kristjansson and
Oddsdottir16
Malmström
et al22
Meisinget et al49
Michaelson
et al50
Nagai et al51
Palmgren et al52

Different
Levels of
Exposures
Research Study
Participation Subjects
Exposure(s)
as Related
Question or Population Rate of
Selected
of Interest
to the
Objective Clearly
Eligible
From Same
Measured Time
Outcome
Clearly
Specified
Persons
or Similar Sample Size Prior to
Frame
Are
Stated
and Defined 50%
Population Justification Outcome(s) Sufficient Examined

Study
Panichaporn
et al53
Pereira et al54
Pinsault et al55
Quek et al56
Quek et al57
Reddy and
Gangavelli58
Reddy et al59
Röijezon et al60
Rubin et al61
Rudolfsson
et al62
Sjolander et al63
Teng et al64
Tjell and
Rosenhall65
Treleaven et al66
Treleaven et al67
Treleaven et al68
Treleaven and
Takasaki69
Van den Oord
et al70
Woodhouse
et al11
Woodhouse and
Vasseljen71
Yoshikawa et al72
Yu et al73
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Research Study
Participation Subjects
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to the
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Outcome
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Outcome
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the Exposure
Status

Followup After
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Adjusted for
Potential
Confounding Total
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(0e14)
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Table 1 (continued )

NOTE. Risk of bias for included studies is shown, assessed using the Quality Assessment Tool for Observational Cohort and Cross-Sectional Studies.28 Check mark indicates yes, and X indicates no.
Abbreviation: NA, not applicable.
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Summary of included studies
Sample

Results

Publication

Design

Neck Pain

Healthy

Neck Pain

Healthy

JPE
Al Saif and Al Senany34

RCT

NA

NA

4.75 *,y

Beinert et al36

Case-control

NA

NA

4.6 (2.0)y

Chen and Treleaven37

Cross-sectional

NA

NA

2.57 (0.8)

Cramer et al38

RCT

Elsig et al40

Case-control

2.67 (.055)

Cross-sectional

NA

1.74 (1.2)y

Heikkila and Wenngren44

Cross-sectional

NA

NA

1.77 (1.2)y

Kristjansson et al47

Case-control

3.33 (1.42)

2.48 (1.12)

Malmström et al22

Cross-sectional

20 (9 F)
30.09.1y
NA

NA

1.7 (1.2)

Meisingset et al49

Cross-sectional

Nagai et al51

Cross-sectional

30 (25 F)
37.213.5y
34 (21 F)
35 (range,
26e53y)
39 (24 F)
35 (range,
26e53y)
21 (11 F)
26.96.4y
15 (7 F)
45 (range,
29e74y)
91 (48 F)
40.83.8y
27 (0 F)
34.36.1y

3.25 (0.96)

Heikkila and Astrom43

51 (42 F)
47.810.4y
30 (25 F)
36.913.62y
NA

30 (15 F)
25.62.1y
10 (? F)
21.83.5y
26 (15 F)
31.011.9y
NA

5.6 (95% CI
5.2e6.1)x
NA

5.1 (95% CI
4.6e5.5)x
Target 30 :
3.1 (1.6)
Target 60 :
2.2 (1.3)

Palmgren et al52

RCT

NA

2.79 y,z,k

Pereira et al54

7 (4 F)
569y
NA

Reddy et al59

Pre-post study

NA

Röijezon et al60

Clinical trial

Sjolander et al63

Teng et al64

Controlled
comparative
group study
Cross-sectional

14 (10 F)
3510y
9 (9 F)
409y

30 (22 F)
25.65.1y
7 (3 F)
6412y
25 (? F)
? (range,
18e30y)
25 (? F)
? (range,
18e30y)
NA

NA

Reddy and Gangavelli58

Repeated-measures
case-control
Group comparison
study
Cross-sectional

Treleaven et al68

Pinsault et al55

75 (55 F)
43.112.9y
NA

41 (27 F)
31.98.5y
NA

9.8 (3.1)z

2.1 (0.4)

tran 3.0 (1.9)
sag 3.2 (2.7)
2.2 (0.9)

NA

tran 3.5 (4.3)
sag 3.4 (2.0)

NA

tran 3.6
sag 3.4

2.54 (0.73)

16 (13 F)
419y

2.8 (1.2)

2.1 (0.7)

NA

20 (9 F)
21.93.9y

NA

Cross-sectional

NA

NA

Treleaven et al66

Cross-sectional

Van den Oord et al70

Cross-sectional

36 (25 F)
37.112y
NA

44 (29 F)
34.11.8y
NA

sag 2.9 (2.2)
tran 2.7 (2.1)
cor 1.8 (1.4)
2.25 (0.2)

tran 3.1 (0.7)
sag 3.5 (0.7)
NA

2.8 (1.4)

Woodhouse and
Vasseljen71

Case-control

3.17 (1.1)

2.86 (1.2)

57 (38 F)
38.1910.8y

83 (0 F)
?
57 (28 F)
38.210.9y

(continued on next page)
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Table 2 (continued )
Sample

Results

Publication

Design

Neck Pain

Healthy

Neck Pain

Healthy

Postural sway
Beinert et al36

Case-control

NA

NA

Sway 38.0 (4.6) cm

Endo et al41

Cross-sectional

NA

NA

Jørgensen et al45

Cross-sectional

Juul-Kristensen et al46

Cross-sectional

85 (85 F)
458.2y
NA

Michaelson et al50
Panichaporn et al53

Comparative
group study
Cross-sectional

9 (9 F)
409y
NA

10 (? F)
21.83.5y
20 (4 F)
37.99.3y
107 (107 F)
458.6y
10 (10 F)
35.9012.45y
16 (13 F)
419y
14 (11 F)
44.45.96y

Quek et al56

Cross-sectional

NA

NA

Quek et al57

Cross-sectional

Rubin et al61

Cross-sectional

54 (30 F)
66.04.9y
NA

20 (20 F)
71.405.1y
NA

EO 3.50 (1.47)
EC 4.19 (2.52)
EO 470 (286)
EC 699 (386)
EO 401.50 (327.49)
EC 653.50 (285.96)
EO 6.6 (4.7)
EC 10.9 (6.5)
EO
ML 0.14 (0.08)
AP 0.28 (0.10)
EO 2.33 (0.9)
EC 2.30 (1.1)

Rudolfsson et al62

RCT

Treleaven et al66

Cross-sectional

Yoshikawa et al72

Prospective clinical
study

Yu et al73

Cross-sectional

NA

Case-control

NA

Docherty et al39

Cross-sectional

NA

Grod and Diakow42

Cohort study

NA

Panichaporn et al53

Cross-sectional

NA

Treleaven and Takasaki69

Cross-sectional

36 (20 F)
32.713.8y

Repeated-measures
case-control
Double-blind
clinical study

NA

Prospective
observational
study

NA

SVV
Anastasopoulos et al35

SPNT
Pereira et al54
Tjell and Rosenhall65

Treleaven et al67

101
51.28.9y
36 (25 F)
37.112y
NA

NA

52 (27 F)
36.4316.36y

EO 485 (236)
EC 884 (587)
NA
EO 10.5 (7.3)
EC 16.6 (11.7)
NA

AP 0.45*,z
ML 0.20*,z
NA

ML
EO 0.15*
EC 0.15*
AP
EO 0.40*
EC 0.44*
NA

NA

2.51 (0.66)z

NA

EO 14.2 (50)
EC 39.1 (104)
NA

NA

NA

EC
AP 14.25 (2)
ML 29.75 (2.7)

29 (? F)
45.518.3y
50 (40 F)
47.98.7y
17 (7 F)
38.6 (range,
12e66y)
14 (11 F)
44.45.96y
48 (35 F)
29.410.8y

NA

0.3 (0.8)

NA

0.37 (0.75)

NA

0.55 (0.62)

NA

0.80 (0.45)

2.43 (0.98)

1.92 (0.96)

30 (22 F)
25.65.1y
30 (15 F)
47 (range,
29e59y)
50 (30 F)
29.9 (range,
19e45y)

NA

0.02 (0.03)

NA

0.02 (0.02)

NA

0.01 (0.01)

29 (8 F)
59.8 (range,
28e75y)
20 (? F)
30.25y (SEM, 2.1)

EC 2.74 (2.0)

(continued on next page)
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Table 2 (continued )
Sample
Publication

Results

Design

Neck Pain

Healthy

Neck Pain

Healthy

Cross-sectional

36 (25 F)
37.112y

NA

0.05 (0.01)

NA

Case-control

NA

20 (20 F)
29.38.6y

NA

Kristjansson and
Oddsdottir16

Case-control

18 (11 F)
38.08.3y

18 (8 F)
32.210.9y

Meisingset et al49

Cross-sectional

75 (55 F)
43.112.9y

91 (48 F)
40.83.8y

A: 2.06 (0.52)
B: 2.70 (0.88)
C: 3.42 (1.30)
1A: 2.2
(95% CI 2.0e2.4)
1B: 2.1
(95% CI 2.0e2.2)
2A: 3.1
(95% CI 2.9e3.3)
2B: 2.8
(95% CI 2.7e3.0)

A: 4.07 (0.96)
B: 3.79 (0.93)
C: 4.24 (1.10)
A: 1.78 (0.33)
B: 2.17 (0.44)
C: 2.64 (0.52)
1A: 2.5
(95% CI 2.3e2.7)
1B: 2.1
(95% CI 2.0e2.3)
2A: 3.3
(95% CI 3.1e3.5)
2B: 2.8
(95% CI 2.6e2.9)

Head steadiness
Woodhouse et al11

Cross-sectional

57 (38 F)
45 (range,32e54y)

Low: 1.08 (0.30)k
High: 2.08 (0.73)k

Low: 1.15 (0.30)k
High: 2.33 (0.76)k

Meisingset et al49

Cross-sectional

75 (55 F)
43.112.9y

57 (28 F)
37 (range,
28.5e47y)
91 (48 F)
40.83.8y

Low: 1.3 (95% CI
1.2e1.4)
High: 2.8 (95% CI
2.6e2.9)

Low: 1.7 (95% CI
1.6e1.8)
High: 4.5 (95% CI
4.3e4.7)

Treleaven et al66
The Fly test
Kristjansson et al48

NOTE. For the sample, total participants (women) or mean age  SD (or range, if SD was not reported) are reported. For the results, errors from the mean
for JPE and SVV, sway area or distance for postural sway, error in distance over time for The Fly test (movement patterns A, B, C48,16 and 1A, 1B, 2A,
2B49), or gain (ratio between eye movement and target movement) for SPNT and head velocity for head steadiness are reported. For 4 studies,38,52,57,62
baseline data were combined.
Abbreviations: ?, unreported data; AP, anteroposterior displacement; cor, coronal plane; EC, eyes closed; EO, eyes open; F, female; Low, low load; High,
high load; ML, mediolateral displacement; NA, not applicable; RCT, randomized controlled trial; sag, sagittal plane; SEM, standard error of the mean;
SPNT, smooth pursuit neck torsion; SVV, subjective visual vertical; tran, transverse plane.
* No SD reported.
y
Error in degrees calculated from error in centimeters.
z
Baseline data were combined.
x
Mean and 95% confidence interval reported.
k
Calculated from median and IQR.

(2) if they did not test sensorimotor control, (3) if they did not
involve living human adults (eg, model-based, animal, and
cadaveric studies), or (4) if neck pain was the result of specific
pathology. The agreement for the title/abstract and full-text
screenings was .96 (for chance-corrected k, weighted kZ.73,
substantial32) and .85 (kwZ.64, substantial), respectively. All
disagreements were resolved by consensus. Thirty studies reported
data suitable for meta-analysis.

Characteristics of studies
Evaluation of the methodologic quality and risk of bias of
included studies is presented in table 1. The overall methodologic
quality for cross-sectional studies ranged from poor to good, and
for intervention studies the range was from moderate to very good.
The interrater agreement for the quality assessment was .87
(kwZ.75, substantial). A common finding that increased the risk
of bias was the lack of (reporting for) blinding (34/43 studies,
79%). High risk for measurement error occurred when error

assessment was performed manually (mainly in JPE testing), not
using computerized outcome registration.33
To pool data from different studies for JPE and postural sway
outcomes, some calculations were performed. For JPE, 5
studies34,36,43,44,52 reported position error in centimeters. To
compare data from these studies with other data reported in degrees, centimeters were converted to degrees. In postural sway
testing, 2 studies45,46 reported a sway area in square millimeters,
and these data were converted to square centimeters to compare
these findings with that of other studies.

Sensorimotor outcomes in individuals with neck
pain and healthy individuals
In the 43 included studies (table 2), 6 different tests were used to
assess sensorimotor control in individuals with idiopathic neck
pain and healthy individuals. The most commonly used tests were
the assessment of JPE and postural sway. Table 3 provides an
overview and descriptions of included tests. In the following
www.archives-pmr.org

Methods to assess sensorimotor control
No. of Participants

Test

No. of
Studies

Neck
Pain

Healthy

What It Measures

Outcome Measure (unit)

Test Execution

JPE

22

340

630

Ability to reposition the
head to given position

Error from neutral head
position or target
(deg or cm)

Postural sway

13

285

298

Subjective visual
vertical

5

36

158

Sway area (cm2) or distance
from center of pressure
Error from true vertical (deg)

Smooth pursuit
neck torsion

4

36

110

Amount of movement
during quiet stance
Ability to reposition a
(computer-)screen
presented line aligning
the true vertical
Eye movements while torso
is rotated relative to the
head

The Fly

3

93

129

Ability to follow a
computer-presented
target moving in certain
patterns

Error from target (cm or mm)

Head steadiness

2

132

148

Ability to keep the head
still over a period of time

Angular velocity (deg/s)

Repositioning test in which the cervical spine is
actively moved (by the participant) in the
transverse, sagittal, or coronal plane (ie, rotation,
flexion-extension, lateral flexion) and then
repositioned to the neutral head position or a
preset target position. After each trial, the
examiner repositions the head to the neutral head
position. The error is measured using a laser
pointer or electromagnetic motion tracking
system.
Recorded during stance on a force platform in both
eyes open and eyes closed conditions.
A titled line is presented on a computer screen, disk,
or virtual reality device. Participants have to
reposition the line aligning to the true vertical by
using the computer mouse or control knob.
Participants focus their eyes on a moving target and
keep the head still, in a neutral position, and a
position in which the torso is rotated relative to
the head (torsion). The velocity of eye movements
while following the target is recorded. The gain
(ratio between eye movement and target
movement) is calculated. The outcome measure
(smooth pursuit neck torsion) is the difference
between the gain in neutral and the average gain
in torsion (right and left).
Participants have to follow a target (the fly) on a
computer screen by moving their head/neck. The
accuracy is measured using a Fastrak system. For
different difficulty levels (ie, different fly
patterns) the accuracy of the performance is
reported.
Head steadiness is assessed by investigating the
ability to hold the head still in a given position
over a certain time and is expressed in angular
velocity, measured by an electromagnetic motion
tracking system.

Smooth pursuit neck torsion
(ration between eye and
target movement in neutral
and torsion positions)

Sensorimotor control in idiopathic neck pain
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Ranges for reported means of JPE and the number of included studies
JPE to Neutral Head Position

Direction
Rotation
Flexion-extension
Lateral flexion

Neck Pain




2.2 e9.8
3.2 e3.5
2.75

n
10
2
1

Healthy


JPE to Target*
n



1.66 e5.1
1.72 e4.4
2.1 e3.2

19
8
3

Neck Pain


6.67
d
d

n
1
d
d

Healthy


2.2 e5.46
2.9 e3.5
1.8 e3.6

n


7
3
3

Abbreviation: n, number of included studies.
* Five studies used a 30 target, 1 study used a target which was 65% of maximum range of motion.

paragraphs, descriptions of individuals with neck pain refer to
individuals with idiopathic neck pain.
For JPE testing, sample sizes of included studies ranged from 7
to 91 individuals. Results were reported and analyzed for separate
movement directions. Means for JPE to the neutral head position
after rotation ranged from 2.2 to 9.8 (median, 3.14 ; IQR,
2.79 e3.33 ) in individuals with neck pain and 1.66 to 5.1
(median, 2.67 ; IQR, 2.1 e3.5 ) in healthy individuals. After
flexion-extension movements, means for JPE ranged from 3.2 to
3.5 in individuals with neck pain and 1.72 to 4.4 in healthy
individuals. For JPE after lateral flexion, 1 study52 reported a
mean of 2.75 in individuals with neck pain, and 3 studies reported means ranging from 2.1 to 3.2 in healthy individuals. JPE
to a preset target position was assessed in 7 studies. Six studies
used a target of 30 left and right rotation, and 1 study64 used a
target which was 65% of the range of motion to either side. Only 1
of these studies47 investigated the error from the target in individuals with neck pain and found a mean error of 6.67 after
movements in the transverse plane. All 7 studies presented mean
JPEs from the target for healthy individuals, ranging from 2.2 to

4

*

3.5
3
2.5
NP

2

Healthy

1.5
1
0.5
0

JPE to NHP
Fig 2 Significant difference (PZ.04) between medians (and IQRs)
of pooled data for JPE to the NHP in individuals with idiopathic NP
and healthy individuals. Asterisk highlights a significant difference
between the 2 median values presented in figure 2. Abbreviations:
NHP, neutral head position; NP, neck pain.

5.46 . Three studies reported JPEs from the target after flexionextension and lateral flexion for healthy individuals, ranging
from 2.9 to 3.5 and 1.8 to 3.6 , respectively (table 4).
Data from 22 studies were pooled for JPE to the neutral position after rotation. This was the only JPE condition with sufficient reported outcomes for meta-analysis. A significant difference
(PZ.04) existed in JPEs between individuals with idiopathic neck
pain and healthy individuals (fig 2).
In postural sway testing, sample sizes of included studies
ranged from 9 to 107 individuals. Mean sway area for eyes open
(4 studies) ranged from 4.85 to 10.5cm2 (median, 7.68; IQR,
4.85e10.5) for individuals with neck pain and from 3.5 to 6.6cm2
(median, 4.36cm2; IQR, 3.76e5.65cm2) for healthy individuals.
Mean sway area for eyes closed (6 studies) ranged from 2.51 to
16.6cm2 for individuals with neck pain (median, 8.84cm2; IQR,
2.51e16.6cm2) and from 2.74 to 10.9cm2 for healthy individuals
(median, 6.53cm2; IQR, 4.19e6.99cm2). Only 1 study57 reported
anteroposterior and mediolateral sway distances (.45 and .20cm,
respectively) in individuals with neck pain (eyes open). In 3
studies investigating healthy individuals, anteroposterior distance
ranged from .28 to 2.33cm (eyes open) and from .44 to 2.30cm
(eyes closed). The mediolateral distance ranged from .14 to .15cm
with eyes open and from .15 to 3cm with eyes closed (table 5).
Data were pooled for postural sway during both the eyes open
and eyes closed conditions. Meta-analyses did not show significant
differences (fig 3) between individuals with idiopathic neck pain and
healthy individuals (eyes open: PZ.16, eyes closed: PZ.30).
The subjective visual vertical was assessed in 1 study69 investigating individuals with idiopathic neck pain. This study compared
individuals with neck pain (mean error, 2.43 ) and healthy individuals
(mean error, 1.92 ) and reported a significant difference between
these 2 groups. Four other studies on healthy individuals reported
means for subjective visual vertical ranging from 0.3 to .55 .
Smooth pursuit neck torsion was assessed in 4 studies. One
study66 assessed smooth pursuit neck torsion in individuals with
idiopathic neck pain and reported a gain (ratio of eye movement to
target movement) difference between the neutral position and a
rotated position of .06. Three studies reported the smooth pursuit
neck torsion difference between the neutral position and a rotated
position in healthy individuals ranging from .01 to .02.
The Fly test was investigated in 3 studies. Although one
study48 reported outcomes for healthy individuals only, another
study16 found significant differences between individuals with
neck pain and healthy individuals using 3 fly patterns. A third
study by Meisingset et al49 found only 1 out of 4 patterns to be
significantly different between neck pain and healthy groups.
Two studies investigated head steadiness in both individuals
with neck pain and healthy individuals.11,49 Meisingset49 found
significant differences in head steadiness between individuals
with idiopathic neck pain and healthy individuals. In contrast,
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Ranges for reported means of postural sway and the number of included studies
Sway Area (cm2)

Condition

Neck Pain

n

Eyes open

4.85e10.5

2

Eyes closed

2.51e16.6

3

Sway Distance (cm)

Healthy

n

Neck Pain

n

Healthy

n

3.5e6.6

4

1

5

AP 0.28e2.33
ML 0.14e0.15
AP 0.44e2.30
ML 0.15e3.0

3

2.74e10.9

AP 0.45
ML 0.20
d

d

3

Abbreviations: AP, anteroposterior; ML, mediolateral, n, number of included studies.

Woodhouse et al11 did not show significant differences between
idiopathic neck pain and healthy groups.

Discussion
Findings
This systematic review examined whether sensorimotor control
tests can identify and quantify differences between individuals
with idiopathic neck pain and healthy individuals. In this first-ever
quantitative review of this topic, to our knowledge, meta-analysis
for JPE showed a significant difference between idiopathic neck
pain and healthy groups. Consequently, this test may clinically be
useful in the examination of individuals with idiopathic neck pain.
Meta-analyses for postural sway testing did not show significant
differences between individuals with idiopathic neck pain and
healthy individuals. However, some individual studies showed
differences between these groups. Although the other tests were
not reported in a sufficient number of studies to conduct metaanalyses, individual studies for subjective visual vertical, smooth
pursuit neck torsion, The Fly test, and head steadiness showed
significant differences between individuals with idiopathic neck

pain and healthy individuals. Further research would be needed
prior to confidently recommending these tests for clinical use.
Included studies had a low to high risk of bias. Most
commonly, a lack of blinding of assessors was found, which
increased the susceptibility to bias when measurements were
taken. The assessment of sensorimotor control, especially when
performed manually, can be influenced by knowledge of the
condition of a participant.74 Furthermore, even though tests were
described similarly across studies, procedures (and consequently
variances of tests) may have differed considerably resulting in
statistical heterogeneity.
This review also found that the use of terminology in the area
of sensorimotor control is inconsistent. As defined, sensorimotor
control addresses sensory input and motor output and the coupling
between these 2.75 Consequently, a sensorimotor test should
preferably address all of these aspects. Because different subsystems may be addressed in sensorimotor control testing (ie,
proprioception, kinesthesis, visuomotor control, vestibular control), differentiating which subsystem is actually being tested is
difficult because they would all theoretically simultaneously affect
the test outcomes. Including all subsystems is not problematic if
the aim is to test sensorimotor control in general, but when aiming
to differentiate the contributions of different subsystems, isolating
the subsystem(s) of interest would be necessary.

Sensorimotor tests
16

14

Sway area (cm2)

12

10
Neck pain

8

Healthy
6

4

2

0
Eyes open

Eyes closed

Fig 3 No significant differences between medians (and IQRs) for
postural sway (eyes open: PZ.16, eyes closed: PZ.30) in individuals
with idiopathic neck pain and healthy individuals.

www.archives-pmr.org

Most studies investigated sensorimotor control using JPE as the
outcome measure. In JPE testing, questions can be raised
regarding its validity and its usefulness in the assessment of
specific subsystems. Because the neutral neck position is such a
commonly adopted position, a memorized position of the head47
might be recalled during the test. Recalling a memorized head
position may not only involve a sensory component because
memory may be relied on more than proprioception. Therefore,
the validity of the test in terms of evaluating sensorimotor control
may be limited. In studies which use a preset target in the transverse plane, recalling a head position from previous experience is
less likely because it is a less commonly adopted position for the
neck. An advantage of JPE testing is the exclusion of the visuomotor system by blindfolding participants. Blindfolding allows for
more specific investigation of the proprioceptive and vestibular
subsystems without the interference of the visuomotor system.
Although similar test procedures were used for postural sway
testing, the wide range in outcomes (especially in participants with
idiopathic neck pain) (see fig 3) may be caused by variances between studies regarding exact test procedures, equipment, participant characteristics, and measurement errors. These factors are
better controlled within single studies but may vary across
different studies and measurement settings. Differences in test
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procedures may therefore have affected the outcomes of metaanalyses in postural sway conditions, limiting comparability of
findings between studies. In postural sway testing, the motor
output in a quiet stance task is not specifically controlled by the
cervical spine; there is no cervical movement through range in
response to the sensory input. However, considering the high
density of proprioceptive receptors and afferent pathways for the
vestibular system in the neck,76 postural sway testing is suggested
as an appropriate outcome for cervical sensorimotor control.8
In subjective visual vertical testing, a titled line (not aligned with
the vertical) is presented on a computer screen, disk, or virtual
reality device. As the participant is asked to reposition the line by
aligning it with the true vertical using an arm task (eg, moving a
computer mouse), the motor output component (and its relevance
for the neck) is questionable. Therefore, it might be argued that this
test does not adequately evaluate cervical sensorimotor control. A
variation on the subjective visual vertical test, involving cervical
motor output, has been introduced by Geisinger et al.77 In the head
tilt response test, a line is presented on a virtual reality device. The
line is tilted, and the participant has to reposition the line along the
vertical, not by using an arm task, but by laterally flexing the cervical spine. This better represents a motor output component specific for the neck in cervical sensorimotor control. Similar to
subjective visual vertical testing, the outcome measure in the head
tilt response test is the error from the real vertical as measured in
degrees. This study was excluded from the current review because it
did not report outcomes in individuals with idiopathic neck pain. It
is recommended that future research investigates this potentially
valid sensorimotor test in idiopathic neck pain.
The validity of the smooth pursuit neck torsion test for sensorimotor control may also be questionable in terms of cervical motor
output. This is because it does not include a cervical motor output
component but is mainly focused on sensory input (and the response of
the eyes after this input). However, because smooth pursuit neck torsion assesses cervical proprioceptive reflexes9 (as measured through
eye movements), and is believed to isolate the vestibular system
(because the trunk, and not the head, is rotated),67 the smooth pursuit
neck torsion test is considered valuable for sensorimotor testing.9,66
The Fly test appears to be a test that includes both sensory and
motor components. The (visual) input in this test is a moving
target on a computer screen, and the motor output is the movement
of the neck. Furthermore, because the target is constantly moving
in an unknown pattern, memorizing a certain head position is not
an issue in this test. On the other hand, the random pattern does
not allow for differentiation between different cervical movement
directions (as JPE testing does). The study by Meisingset49 is one
of the studies reporting outcomes of The Fly test and demonstrated findings different to those reported in other studies using
this test.16,48 Instead of using the original software,48 a customized
program using similar movement patterns was developed by
Meisingset.49 Although this program might appear similar, error
calculations were possibly not consistent with the original test.
Hence, their results must be compared and interpreted carefully
because of potential software differences.
Although it is assumed that head steadiness is related to proprioceptive ability, sensory input is limited. Head steadiness while
attempting to hold the head up off the treatment table surface in
the supine position may also reflect muscle endurance. Hence, it
may be argued that head steadiness testing is more a muscle
performance test than a sensorimotor control test.
Recently, new sensorimotor tests have been reported by Chen and
Treleaven37 (JPE torsion and Enbloc tests). The JPE torsion test is a
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trunk torsion test (the head is kept still and the trunk is rotated relative
to the head, similar to smooth pursuit neck torsion testing) in which
the repositioning error of the trunk is measured. Because the influence of the vestibular system is avoided in the JPE torsion test
(because the trunk rather than the head is moved), it is a potentially
useful test for differentiating sensorimotor subsystems. In the Enbloc
test, the repositioning error of the head and trunk as a block is
measured. These tests were investigated in individuals with traumatic neck pain. No literature reporting on these tests in individuals
with idiopathic neck pain is available; hence, these tests were
excluded from the present review. Further investigations of these new
tests may help inform our understanding of the various subsystems
contributing to sensorimotor control being evaluated in each test.

Study limitations
Meta-analysis was not possible for most sensorimotor tests
because of the insufficient amount of literature, despite many
studies meeting the criteria for inclusion in the review. Metaanalysis of JPE demonstrated statistically significant differences in
JPEs between idiopathic neck pain and healthy groups; however,
the clinical relevance of the actual difference in median errors
(.47 ) is questionable. Meta-analyses of postural sway did not
show significant differences between the 2 groups. The small
number of studies in these meta-analyses, and consequently the
relatively large variance, is likely to contribute to this finding.
Furthermore, small sample sizes in some of the pooled studies
limit the overall generalizability of individual studies and therefore their results. In addition, because the homogeneity of the
samples of pooled studies is unknown, the findings of metaanalysis must be interpreted carefully. Finally, it should be
acknowledged that a limitation of reporting the assessment of
cervical sensorimotor control in general is the unknown validity of
testing because of the absence of a criterion standard.
A strength of this review is the method of study inclusion.
Initial searches revealed the literature on sensorimotor tests was
limited, but combining data from different study designs allowed
for a larger pool of data. This improves the power of reported
outcomes and reduces the chance for a type II error.

Recommendations
The findings of this review support the use of sensorimotor tests to
identify differences between individuals with idiopathic neck pain
and healthy individuals. Further research is needed to determine the
clinical meaning of statistically significant differences in sensorimotor control tests. Future research should therefore not only focus
on comparing sensorimotor test outcomes, but also critically assess
the clinimetric characteristics of these tests. Newly proposed tests
(eg, head tilt response test, JPE torsion test, Enbloc test, cervical
torsion test) should be investigated to determine their value for cervical sensorimotor testing in individuals with idiopathic neck pain.

Conclusions
This systematic review investigated the use of tests for sensorimotor
control in individuals with idiopathic neck pain compared with
healthy individuals. Six tests were identified in the literature that
reported data in individuals with idiopathic neck pain, with varying
results. Meta-analysis found a significant difference between idiopathic neck pain and healthy groups in JPE testing, and this test may
www.archives-pmr.org
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clinically be useful in assessing sensorimotor control. Heterogeneity
among studies likely contributed to nonsignificant findings for metaanalyses for postural sway testing. Tests for postural sway, smooth
pursuit neck torsion, subjective visual vertical, head steadiness and
The Fly test demonstrated differences in individuals with idiopathic
neck pain compared with healthy individuals within single studies;
however, there were not enough reported data for meta-analyses for
these tests. Future research should further inform the clinical
meaning of differences and differentiating capabilities of these tests.
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No.
Searches
20
21
22
23
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Keywords
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Appendix 1
MEDLINE

Example of search strategy used for the database

Search
No.
Searches
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Neck/
Neck.tw.
exp Cervical Vertebrae/
cervical vertebrae.tw.
cervical.tw.
cervico*.tw.
Neck Muscles/
Cervical Plexus.tw.
Atlanto-Axial Joint/
Atlanto-Occipital Joint/
Spinal Nerve Roots/
Cervical Atlas/
(odontoid or cervical or occip* or
atlant*).tw.
exp Cervical Plexus/
1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or
10 or 11 or 12 or 13 or 14
Neck Pain/
cervical pain.tw.
exp Neck Injuries/
neckache.mp. or neck ache.tw. [mpZtitle,
abstract, original title, name of substance
word, subject heading word, keyword
heading word, protocol supplementary
concept word, rare disease supplementary
concept word, unique identifier]

Results
23,122
137,020
30,939
1,736
154,685
10,490
4,896
389
2,398
1,413
9357
2,062
200,863
7,007
355,913
4,658
637
6,640
33

38
39
40
41
42
43
44
45
46
47
48
49
50
51

NOTE. Database: MEDLINE. Results: 733. Subject headings and
keywords included terms for the sensorimotor system, neck, and
neck pain, consistent with search strategies recently used by the
Cochrane Back Review Group.25 The search strategy was customized
for searches in other databases, and limited to humans where
possible.

References
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24
25
26
27
28
29
30
31
32
33
34
35
36
37

Results

cervicodynia.tw.
9
cervicalgia.tw.
64
((injur* or pain* or ach* or sore or stiff*
10,177
or discomfort) adj3 neck).tw.
15 and (pain/or (wounds.mp. and injuries/)
7,081
or Radiculopathy/or (Sprains.mp. and
Strains/)) [mpZtitle, abstract, original
title, name of substance word, subject
heading word, keyword heading word,
protocol supplementary concept word,
rare disease supplementary concept
word, unique identifier]
16 or 17 or 18 or 19 or 20 or 21 or 22 or 23
22,629
15 or 24
358,526
exp Proprioception/
22,928
proprioception.tw.
2,548
exp Somatosensory Disorders/
16,666
somatosensory disorders.tw.
15
sensorimotor.mp.
15,800
sensory motor.mp.
3,966
exp Vestibule, Labyrinth/
14,927
Postural Balance/
15,286
postural balance.tw.
384
Feedback, Sensory/
1,308
sensory feedback.tw.
1,210
26 or 27 or 28 or 29 or 30 or 31 or 32 or
74,067
33 or 34 or 35 or 36
25 and 37
3,905
Randomized Controlled Trial/
386,986
Controlled Clinical Trial/
88,814
random*.tw.
673,685
trial.tw.
349,305
Observational Study/
8,813
exp Cohort Studies/
1,407,638
Cross-Sectional Studies/
187,828
Non randomi?ed controlled trial*.tw.
360
Case-Control Studies/
192,898
Intervention Studies/
7,380
39 or 40 or 41 or 42 or 43 or 44 or 45
2,500,958
or 46 or 47 or 48
38 and 49
752
limit 50 to humans
733

1. Brontfort G, Evans R, Anderson AV, Svendsen KH, Bracha Y,
Grimm RH. Spinal manipulation, medication, or home exercise with
advice for acute and subacute neck pain. Ann Intern Med 2012;156:
1-10.

1270
2. Driessen MT, Lin CW, van Tulder MW. Cost-effectiveness of conservative treatments for neck pain: a systematic review on economic
evaluations. Eur Spine J 2012;21:1441-50.
3. Hoy DG, March L, Woolf A, et al. The global burden of neck pain:
estimates from the global burden of disease 2010 study. Ann Rheum
Dis 2014;73:1309-15.
4. Childs JD, Cleland JA, Elliott JM, et al. Neck pain: clinical practice
guidelines linked to the International Classification of Functioning,
Disability, and Health from the Orthopedic Section of the American
Physical Therapy Association. J Orthop Sports Phys Ther 2008;38:A1-34.
5. Falla D, Jull G, Hodges P. Training the cervical muscles with prescribed motor tasks does not change muscle activation during a
functional activity. Man Ther 2008;13:507-12.
6. Kristjansson E, Treleaven J. Sensorimotor function and dizziness in
neck pain: implications for assessment and management. J Orthop
Sports Phys Ther 2009;39:364-77.
7. Strimpakos N. The assessment of the cervical spine. Part 1: range of
motion and proprioception. J Bodyw Mov Ther 2011;15:114-24.
8. Riemann BL, Lephart SM. The sensorimotor system, part i: the physiologic basis of functional joint stability. J Athl Train 2002;37:71-9.
9. L’Hereux-Lebeau B, Godbout A, Berbiche D, Saliba I. Evaluation of
paraclinical tests in the diagnosis of cervicogenic dizziness. Otol
Neurotol 2014;35:1858-65.
10. Field S, Treleaven J, Jull G. Standing balance: a comparison between idiopathic and whiplash-induced neck pain. Man Ther 2008;
13:183-91.
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Appendix G: Cervical Sensorimotor Control Outcomes for Healthy Individuals and Individuals with
Chronic Idiopathic Neck Pain

Figure G.1. Changes in conventional joint position error (JPEconv, error in deg) for each individual participant
(healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week
follow-up; 3, eight-week follow-up; 4, six-month follow-up).
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Figure G.2. Changes in joint position error torsion (JPEtorsion, error in deg) for each individual participant (healthy
controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up;
3, eight-week follow-up; 4, six-month follow-up)
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Figure G.3. Changes in balance with eyes open (BalanceEO, sway path in mm) for each individual participant (healthy
controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up;
3, eight-week follow-up; 4, six-month follow-up)
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Figure G.4. Changes in balance with eyes closed (BalanceEC, sway path in mm) for each individual participant
(healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week
follow-up; 3, eight-week follow-up; 4, six-month follow-up)

261

Figure G.5. Changes in balance with torsion and eyes open (BalanceTorsionEO, sway path in mm) for each individual
participant (healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2,
four-week follow-up; 3, eight-week follow-up; 4, six-month follow-up)
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Figure G.6. Changes in balance with torsion and eyes closed (BalanceTorsionEC, sway path in mm) for each
individual participant (healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1,
baseline; 2, four-week follow-up; 3, eight-week follow-up; 4, six-month follow-up)
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Figure G.7. Changes in subjective visual vertical (SVV, error in deg) for each individual participant (healthy controls,
left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up; 3, eightweek follow-up; 4, six-month follow-up)
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Figure G.8. Changes in head tilt response (HTR, error in deg) for each individual participant (healthy controls, left;
individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up; 3, eight-week
follow-up; 4, six-month follow-up)
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Figure G.9. Changes in the easy condition of The Fly® (FlyA, error in mm) for each individual participant (healthy
controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up;
3, eight-week follow-up; 4, six-month follow-up)
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Figure G.10. Changes in the medium condition of The Fly® (FlyB, error in mm) for each individual participant (healthy
controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up;
3, eight-week follow-up; 4, six-month follow-up)
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Figure G.11. Changes in the difficult condition of The Fly® (FlyC, error in mm) for each individual participant (healthy
controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up;
3, eight-week follow-up; 4, six-month follow-up)
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Figure G.12. Changes in the low load condition of the head steadiness test (HSlow, velocity in mm/s) for each
individual participant (healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1,
baseline; 2, four-week follow-up; 3, eight-week follow-up; 4, six-month follow-up)
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Figure G.13. Changes in the high load condition of the head steadiness test (HShigh, velocity in mm/s) for each
individual participant (healthy controls, left; individuals with idiopathic neck pain, right) at each time point (TIME: 1,
baseline; 2, four-week follow-up; 3, eight-week follow-up; 4, six-month follow-up)
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Figure G.14. Changes in smooth pursuit neck torsion (SPNT, gain) for each individual participant (healthy controls,
left; individuals with idiopathic neck pain, right) at each time point (TIME: 1, baseline; 2, four-week follow-up; 3, eightweek follow-up; 4, six-month follow-up)
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Appendix H: Cervical Sensorimotor Control Outcomes in
Relation to Neck Pain Intensity and Neck Disability

Figure H.1. Relationship between conventional joint position error and
pain intensity (VASnow: current pain, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time.Conventional
joint position error (JPEconv, error in deg) and pain intensity were
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measured on four occasions.

Figure H.2. Relationship between conventional joint position error and
pain intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to
time.Conventional joint position error (JPEconv, error in deg) and pain
intensity were measured on four occasions.
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Figure H.3. Relationship between conventional joint position error and
pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to
time.Conventional joint position error (JPEconv, error in deg) and pain
intensity were measured on four occasions.
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Figure H.4. Relationship between conventional joint position error and
neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time.Conventional joint
position error (JPEconv, error in deg) and neck disability were measured
on four occasions.
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Figure H.5. Relationship between joint position error torsion and pain
intensity (VASnow: current pain, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Joint position error
torsion (JPEtorsion, error in deg) and pain intensity were measured on
four occasions.
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Figure H.6. Relationship between joint position error torsion and pain
intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Joint position
error torsion (JPEtorsion, error in deg) and pain intensity were measured
on four occasions.
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Figure H.7. Relationship between joint position error torsion and pain
intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Joint position
error torsion (JPEtorsion, error in deg) and pain intensity were measured
on four occasions.
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Figure H.8. Relationship between joint position error torsion and neck
disability (NDI, neck disability index, 0-50) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Joint position error torsion
(JPEtorsion, error in deg) and neck disability were measured on four
occasions.
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Figure H.9. Relationship between balance with eyes open and pain
intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Balance with eyes
open (BalanceEO, sway path in mm) and pain intensity were measured on
four occasions.
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Figure H.10. Relationship between balance with eyes open and pain
intensity (VAS7days, seven-day recall period, VAS 0-100mm) were for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with eyes open (BalanceEO, sway path in mm) and pain intensity
measured on four occasions.
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Figure H.11. Relationship between balance with eyes open and pain
intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Balance with
eyes open (BalanceEO, sway path in mm) and pain intensity were
measured on four occasions.
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Figure H.12. Relationship between balance with eyes open and neck
disability (NDI, neck disability index, 0-50) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Balance with eyes open
(BalanceEO, sway path in mm) and neck disability were measured on four
occasions.
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Figure H.13. Relationship between balance with eyes closed and pain
intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Balance with eyes
closed (BalanceEC, sway path in mm) and pain intensity were measured
on four occasions.
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Figure H.14. Relationship between balance with eyes closed and pain
intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Balance with
eyes closed (BalanceEC, sway path in mm) and pain intensity were
measured on four occasions.
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Figure H.15. Relationship between balance with eyes closed and pain
intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Balance with
eyes closed (BalanceEC, sway path in mm) and pain intensity were
measured on four occasions.
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Figure H.16. Relationship between balance with eyes closed and neck
disability (NDI, neck disability index, 0-50) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Balance with eyes closed
(BalanceEC, sway path in mm) and neck disability were measured on four
occasions.
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Figure H.17. Relationship between balance with torsion and eyes open
and pain intensity (VASnow, current pain, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes open (BalanceTorsionEO, sway path in
mm) and pain intensity were measured on four occasions.
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Figure H.18. Relationship between balance with and torsion eyes open
and pain intensity (VAS7days, seven-day recall, VAS 0-100mm) were for
50 individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes open (BalanceTorsionEO, sway path in
mm) and pain intensity measured on four occasions.
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Figure H.19. Relationship between balance with torsion and eyes open
and pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes open (BalanceTorsionEO, sway path in
mm) and pain intensity were measured on four occasions.
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Figure H.20. Relationship between balance with torsion and eyes open
and neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Balance with torsion
and eyes open (BalanceTorsionEO, sway path in mm) and neck disability
were measured on four occasions.
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Figure H.21. Relationship between balance with torsion and eyes closed
and pain intensity (VASnow, current pain, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes closed (BalanceTorsionEC, sway path in
mm) and pain intensity were measured on four occasions.
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Figure H.22. Relationship between balance with torsion and eyes closed
and pain intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes closed (BalanceTorsionEC, sway path in
mm) and pain intensity were measured on four occasions.
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Figure H.23. Relationship between balance with torsion and eyes closed
and pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time.
Balance with torsion and eyes closed (BalanceTorsionEC, sway path in
mm) and pain intensity were measured on four occasions.
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Figure H.24. Relationship between balance with torsion and eyes closed
and neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Balance with torsion
and eyes closed (BalanceTorsionEC, sway path in mm) and neck disability
were measured on four occasions.
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Figure H.25. Relationship between subjective visual vertical and pain
intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Subjective visual
vertical (SVV, error in deg) and pain intensity were measured on four
occasions.
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Figure H.26. Relationship between subjective visual vertical and pain
intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Subjective
visual vertical (SVV, error in deg) and pain intensity were measured on
four occasions.
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Figure H.27. Relationship between subjective visual vertical and pain
intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Subjective
visual vertical (SVV, error in deg) and pain intensity were measured on
four occasions.
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Figure H.28. Relationship between subjective visual vertical and neck
disability (NDI, neck disability index, 0-50) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Subjective visual vertical
(SVV, error in deg) and neck disability were measured on four occasions.
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Figure H.29. Relationship between head tilt response and pain intensity
(VASnow, current pain, VAS 0-100mm) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Head tilt response (HTR,
error in deg) and pain intensity were measured on four occasions.
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Figure H.30. Relationship between head tilt response and pain intensity
(VAS7days, seven-day recall, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Head tilt response
(HTR, error in deg) and pain intensity were measured on four occasions.
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Figure H.31. Relationship between head tilt response and pain intensity
(VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Head tilt response
(HTR, error in deg) and pain intensity were measured on four occasions.
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Figure H.32. Relationship between head tilt response and neck disability
(NDI, neck disability index, 0-50) for 50 individuals with chronic idiopathic
neck pain, without regard to time. Head tilt response (HTR, error in deg)
and neck disability were measured on four occasions.
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Figure H.33. Relationship between the easy condition of The Fly® and
pain intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. The easy
condition of The Fly® (FlyA, error in mm) and pain intensity were
measured on four occasions.
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Figure H.34. Relationship between the easy condition of The Fly® and
pain intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
easy condition of The Fly® (FlyA, error in mm) and pain intensity were
measured on four occasions.
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Figure H.35. Relationship between the easy condition of The Fly® and
pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
easy condition of The Fly® (FlyA, error in mm) and pain intensity were
measured on four occasions.
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Figure H.36. Relationship between the easy condition of The Fly® and
neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time. The easy condition of
The Fly® (FlyA, error in mm) and neck disability were measured on four
occasions.
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Figure H.37. Relationship between the medium condition of The Fly® and
pain intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. The medium
condition of The Fly® (FlyB, error in mm) and pain intensity were
measured on four occasions.
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Figure H.38. Relationship between the medium condition of The Fly® and
pain intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
medium condition of The Fly® (FlyB, error in mm) and pain intensity were
measured on four occasions.
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Figure H.39. Relationship between the medium condition of The Fly® and
pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
medium condition of The Fly® (FlyB, error in mm) and pain intensity were
measured on four occasions.

310

Figure H.40. Relationship between the medium condition of The Fly® and
neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time. The medium
condition of The Fly® (FlyB, error in mm) and neck disability were
measured on four occasions.
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Figure H.41. Relationship between the difficult condition of The Fly® and
pain intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. The difficult
condition of The Fly® (FlyC, error in mm) and pain intensity were
measured on four occasions.
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Figure H.42. Relationship between the difficult condition of The Fly® and
pain intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
difficult condition of The Fly® (FlyC, error in mm) and pain intensity were
measured on four occasions.
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Figure H.43. Relationship between the difficult condition of The Fly® and
pain intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
difficult condition of The Fly® (FlyC, error in mm) and pain intensity were
measured on four occasions.
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Figure H.44. Relationship between the difficult condition of The Fly® and
neck disability (NDI, neck disability index, 0-50) for 50 individuals with
chronic idiopathic neck pain, without regard to time. The difficult
condition of The Fly® (FlyC, error in mm) and neck disability were
measured on four occasions.
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Figure H.45. Relationship between the low load condition of head
steadiness and pain intensity (VASnow, current pain, VAS 0-100mm) for
50 individuals with chronic idiopathic neck pain, without regard to time.
The low load condition of head steadiness (HSlow, velocity in mm/s) and
pain intensity were measured on four occasions.
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Figure H.46. Relationship between the low load condition of head
steadiness and pain intensity (VAS7days, seven-day recall, VAS 0-100mm)
for 50 individuals with chronic idiopathic neck pain, without regard to
time. The low load condition of head steadiness (HSlow, velocity in mm/s)
and pain intensity were measured on four occasions.
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Figure H.47. Relationship between the low load condition of head
steadiness and pain intensity (VAS4weeks, four-week recall, VAS 0100mm) for 50 individuals with chronic idiopathic neck pain, without
regard to time. The low load condition of head steadiness (HSlow, velocity
in mm/s) and pain intensity were measured on four occasions.
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Figure H.48. Relationship between the low load condition of head
steadiness and neck disability (NDI, neck disability index, 0-50) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
low load condition of head steadiness (HSlow, velocity in mm/s) and neck
disability were measured on four occasions.
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Figure H.49. Relationship between the high load condition of head
steadiness and pain intensity (VASnow, current pain, VAS 0-100mm) for
50 individuals with chronic idiopathic neck pain, without regard to time.
The high load condition of head steadiness (HShigh, velocity in mm/s) and
pain intensity were measured on four occasions.
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Figure H.50. Relationship between the high load condition of head
steadiness and pain intensity (VAS7days, seven-day recall, VAS 0-100mm)
for 50 individuals with chronic idiopathic neck pain, without regard to
time. The high load condition of head steadiness (HShigh, velocity in
mm/s) and pain intensity were measured on four occasions.
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Figure H.51. Relationship between the high load condition of head
steadiness and pain intensity (VAS4weeks, four-week recall, VAS 0100mm) for 50 individuals with chronic idiopathic neck pain, without
regard to time. The high load condition of head steadiness (HShigh,
velocity in mm/s) and pain intensity were measured on four occasions.
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Figure H.52. Relationship between the high load condition of head
steadiness and neck disability (NDI, neck disability index, 0-50) for 50
individuals with chronic idiopathic neck pain, without regard to time. The
high load condition of head steadiness (HShigh, velocity in mm/s) and
neck disability were measured on four occasions.
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Figure H.53. Relationship between smooth pursuit neck torsion and pain
intensity (VASnow, current pain, VAS 0-100mm) for 50 individuals with
chronic idiopathic neck pain, without regard to time. Smooth pursuit neck
torsion (SPNT, gain) and pain intensity were measured on four occasions.
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Figure H.54. Relationship between smooth pursuit neck torsion and pain
intensity (VAS7days, seven-day recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Smooth pursuit
neck torsion (SPNT, gain) and pain intensity were measured on four
occasions.
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Figure H.55. Relationship between smooth pursuit neck torsion and pain
intensity (VAS4weeks, four-week recall, VAS 0-100mm) for 50 individuals
with chronic idiopathic neck pain, without regard to time. Smooth pursuit
neck torsion (SPNT, gain) and pain intensity were measured on four
occasions.
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Figure H.56. Relationship between smooth pursuit neck torsion and neck
disability (NDI, neck disability index, 0-50) for 50 individuals with chronic
idiopathic neck pain, without regard to time. Smooth pursuit neck torsion
(SPNT, gain) and neck disability were measured on four occasions.
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