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Chapter 1:

General introduction






Chapter 1

Neck pain

Neck pain is the fourth leading cause of global disability, and its annual prevalence rate
exceeds 30%.'2 Disability as a result of neck pain is common and poses considerable
physical, psychological, and economic consequences to individuals and society.** In the
majority of people with neck pain, a specific pathophysiological cause for neck pain and
associated symptoms cannot be found, and hence the term ‘non-specific’ (or ‘a-specific’)
neck pain is used.” The definition of neck pain, used in this thesis is the definition by ‘The
Bone and Joint Decade 2000-2010 Task Force on Neck Pain and its Associated Disorders’,
reading: ‘activity-limiting neck pain (+ pain referred to the upper limb(s) that lasts for at
least one day’).® The anatomical region for neck pain is defined as * the posterior region of
the cervical spine, from the superior nuchal line to the first thoracic spinous process.’
Although mostly harmless in origin, the course of neck pain is characterized by
exacerbations and remissions, and only a small part of people with neck pain experience
full recovery of their symptoms within one year.?

In about 40% of the cases usual care for people with neck pain consists of giving advice
about self-care combined with medication and/or referral for physiotherapy.’
Physiotherapy has positive effects in people with non-specific neck pain and consists
mainly of combinations of patient education,® exercise therapy,® massage therapy'® or
spinal manipulation therapy.'" Nevertheless, the overall effects of physiotherapy are only
small to moderate, and recurrence rates for non-specific neck pain are high.'

A strategy to improve the effectiveness of physiotherapy in general, and neck pain in
particular, is to examine the underlying bio-psycho-social mechanisms of neck pain and to
align physiotherapy treatment strategies with these mechanisms. It can be hypothesized
that the population of people with non-specific neck pain is very heterogeneous regarding
signs and symptoms, prognosis, psychosocial determinants, quality of life et cetera and
that different (combinations) of mechanisms can play a dominant role. For that reason, a
‘one size fits all” intervention strategy will have only limited success. It seems logical that
people with non-specific neck pain will respond differently to standardized treatments. So,
instead of the usual approach of treating people with neck pain with a combination of
different modalities (with its limited effectiveness and efficiency), it might be useful to look
at the bio-psycho-social characteristics of subgroups of people with neck pain, to define

specific patient profiles and to align treatment according to the mechanistic determinants
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General introduction

of these subgroups. This is no minor task since countless factors can play a role in
experiencing neck pain. This yields both for the “biological® factors (e.g., biomechanical,
neurophysiological, pathological) as for the “psychosocial factors (e.g., cognitions,
emotions, behavior), let alone the interactions between these factors.

Nonetheless, for the advancement of the effectiveness of physiotherapy as a clinical
practice, it is essential to examine which factors play a role in non-specific neck pain as this
knowledge enables physiotherapists to design specific, mechanism-based, treatments for
subgroups of people with non-specific neck pain. This implicates a focus on identifying
factors which play a role in neck pain. The biological and anatomical factors related to
specific neck pain have been studied extensively.'>'¢

However, a factor that has not been studied yet in people with non-specific neck pain is
the role of oculomotor motor reflexes as part of sensorimotor control. Research has shown
that in a subgroup of patients with non-specific neck pain, people complain about
dizziness, blurred vision, and tired eyes."’ It has been suggested that disturbed oculomotor
reflexes have a relation with these clinical symptoms.' It is currently known that these
reflexes can be altered in people with traumatic neck pain.” Oculomotor reflexes are
essential for keeping clear vision while moving around in daily life and requires centrally
orchestrated integration of peripheral and central visual and proprioceptive information.
About 30% of the people with non-specific neck pain report visual disturbances as part of
their complaints.? Therefore, it seems plausible that sensorimotor disturbances could be

underlying these complaints.

Sensorimotor control

The central neurophysiological integration of afferent and efferent information involved in
maintaining stability in the postural control system by intrinsic motor-control properties is
described as sensorimotor control.?’ Sensorimotor control of head and eye movement
relies on the integration of afferent information from the cervical spine, the vestibular
system, and the visual system. The highly developed sensorimotor system of the cervical
spine provides neuromuscular control to the mobile cervical spine via unique connections
to the vestibular and visual systems.?2%

Besides pain, visual disturbances are commonly reported in people with neck pain.?*#* Both
visual disturbances and eye-movement disturbances are conceptually explained by altered

cervical afferent input and/or the altered integration of visual and proprioceptive
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information.?'2*% This concept is empirically supported by the fact that healthy
asymptomatic individuals report visual disturbances when cervical afferents are artificially
disturbed.?*?® Research into the relationship between visual disturbances and altered eye
stabilization reflexes in people with whiplash-associated disorders has shown that these
reflexes are indeed altered when compared to healthy controls.’®%

Disturbances of peripheral proprioceptive information from the cervical spine in people
with non-specific neck pain is hypothesized to be a possible cause for symptoms as
dizziness, visual disturbances, and impaired head and eye movement control. Clinical
experience'® and research indicate that significant sensorimotor proprioceptive
disturbances in the cervical spine can be an essential factor in the maintenance,
recurrence, or progression of various symptoms in people with neck pain.>**' Thus, in

clinical practice (i.e., the therapeutic context), addressing these deficits is essential.

Proprioception

The interaction between afferent and efferent receptors that control the position and
movement of the body (or body parts) in space is described as proprioception.** The
orientation of the position of the head in relation to the world or in relation to the trunk
demands not only the contribution of vestibular and visual information but also
proprioceptive information from the cervical spine.>* Many structures around the cervical
spine provide this information by specific propiosensors in muscles, joints, tendons,
capsules, and the skin.***¢ These propriosensors function as transducers converting
mechanical energy into the electrical energy of a nerve action potential.** Fast adapting
receptors (such as Pacinian corpuscles) are associated with detection of deceleration and
acceleration.*” Slow adapting receptors (such as Golgi organs and Ruffini end organs) are
sensitive to slow changes in position.?® Afferent information from tendon organs
contribute to proprioception under active conditions.** Muscle spindles also have a crucial
role in joint position sense (JPS) and joint movement sense respectively.***? In comparison
to the limbs, a high concentration of muscle spindles in the intertransverse muscle system
has been noted.****¢ High densities also have been found in the small occipital muscles.*
This finding suggests that these cervical muscles act as sensors and/or ‘monitors’ of

craniovertebral motion.
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Joint position error

Joint position sense/error (JPS or JPE) of the cervical spine is one’s ability to relocate the
head back to a predetermined position after a neck movement and is used to evaluate the
proprioceptive ability of people’. The JPE has its neurological basis mostly in muscle
spindles of the cervical spine.®® Cervical muscles provide information to and receive
information from the central nervous system.*>° Afferent information from the cervical
muscles converges to the vestibular nuclei, where head movement-related information

from the visual and vestibular system also converges.®'

Eye stabilization reflexes

Eye stabilization reflexes guarantee stable vision on the retina during head movements.
The absence of correct reflexes will result in blurred vision, and therefore, these eye
reflexes play an essential role in our interaction with the world. Three eye stabilization
reflexes are distinguished based on their sensory input: the cervico-ocular Reflex (COR), the
vestibulo-ocular Reflex (VOR) and the optokinetic reflex (OKR). The OKR will not be
addressed here because it was not a subject of investigation in this study. These eye
stabilization reflexes work together to prevent slip of the visual input on the retina, all with
their dynamic properties and based on their own afferent input from different systems.
Their gains and phases can describe these eye reflexes. The gain is the magnitude of the

movement of the eye relative to the movement stimulus. (See figure 1).

Stimulus / Eye velocity

velocity ! ' Gain =
Eye velocity

Stimulus velocity

Figure 1 Calculation of the gain.

The CORis elicited by afferent information stemming from structures of the (upper) neck
and results in a specific eye reflex. Hence it forms the principal object of investigation of
this thesis. The COR receives its input from muscle spindles in the cervical spine, especially

from the deep upper cervical muscles and joint capsules of C1 to C3.#452
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The COR is mainly responsive at low velocities>** during
trunk-to-head movement. The afferent information from
the cervical spine results in eye movements opposite to
the direction of the head movement. In daily life, the COR
works in conjunction with the other eye stabilization
reflexes. Therefore the COR was measured in isolation in
an experimental setting. (See figure 2). To elicit the
isolated COR, a rotating chair was used, and the head was

fixated to the external world. In this chair, the body was

rotated sinusoidally (trunk-to-head rotation) without Figure 2 The COR setup with the bite
board fixation.

visual input (complete darkness) or vestibular input

(fixating the head with a biteboard). In assessing the COR all contrubitaries to the eye
stabilizing reflex (vestibulum, visual information), except for the proprioception were
blocked. Disturbances in this reflex could, therefore, be contributed exclusively to a

proprioceptive deficit.

The other reflexive eye movement, which was measured, was the vestibulo-ocular Reflex
(VOR). The VOR stabilizes the retinal image by rotating the eyes to compensate for
movements of the head. The VOR is elicited by vestibular information and compensates for
any movement of the head in space. Resulting in the eye, remaining fixed in space during
head motion, enabling clear vision. In contrast to the COR, the VOR is mainly responsive at
high velocities.> The VOR is measured in the same experimental setup as the COR, with the
difference being that the head is fixated to the chair. The consequence of this alteration is
that the head is rotated in space, providing vestibular input. In people with a loss of
vestibular function, the COR gain is increased,* and partially can take over the role of the
VOR.>"*7

In people with a Whiplash Associated Disorder, Kelders' found an increased COR and an
unchanged VOR. This shows the COR is an adaptive eye stabilization reflex. Afferent
information from the cervical region and the vestibulum is forwarded via the vestibular
nuclei and further on to the flocculus in the cerebellar cortex. From the flocculus, the
efferent information is projected back to the vestibular nuclei and further to the

oculomotor nuclei to control the extraocular muscles.’' The central pathways of the VOR
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and the COR are the same. Both reflexes converge at the vestibular nuclei.>> Generally, the

eye stabilization reflexes work in conjunction and hardly ever function isolated.

Smooth pursuit eye movements

In contrast to eye stabilization reflexes, smooth pursuit eye movements are essential to
look at a moving object by keeping the retinal image steady within the foveal area.
Smooth pursuit velocity matches the velocity of the moving object. Performing smooth
pursuit eye movements requires the correct integration of visual, vestibular, and cervical
information.>® An earlier study of Tjell and Rosenhall*® reported that smooth pursuit eye
movements were altered in 75 people with a whiplash associated disorder compared to
healthy controls by making use of the Smooth Pursuit Neck Torsion Test (SPNT). In this
thesis, we investigate the fundamental concept of the SPNT. It is not yet entirely clear
whether static neck position influences smooth pursuit eye movements differently in
people without neck pain compared to people with pain. This assumption is the basis for
the SPNT test. We performed this test with an experimental procedure, superior to the
procedure used by Tjell and Rosenhall.*? In the procedure, we used a setup in which eye
movements were recorded with video-oculography (VOG) instead of electro-oculography
(EOQG). The latter is known to be limited in its accuracy and reliability.*°

In measuring eye movements, a disadvantage of VOG for the clinical setting of is the
technical complexity of the measurements. Especially the infrared eye-tracking method we
used in this study is a complicated technical procedure. For the clinical setting, some
oculomotor control tests are described. However, the reliability and validity of these tests
are unknown.?' Another often used measure to clinically operationalize cervical afferent
information is the JPE of the cervical spine. 22446162 Cervical proprioception is defined as the
sense of the position of the head or neck in space, describing the complex interaction

between afferent and efferent receptors to monitor the position and movement.>?

Outline of the thesis

This thesis aims to contribute to the body of knowledge about the relation between non-
specific neck pain and sensorimotor disturbances. The results of the studies give a picture
of the form and shape of these disturbances and, by comparing people with neck pain

with healthy controls, of the potential relevance of these disturbances. More specifically
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this thesis focusses on the specific relation between non-specific neck pain and eye
stabilization reflexes, smooth pursuit movements and the joint position sense of the

cervical spine

In order to summarize current knowledge about the relation between non-specific neck
pain and the JPE, we conducted a systematic review to create an overview of the current
evidence regarding the JPE in this group. In chapter two, we describe the outcomes of this
systematic review. In chapter three, we report the results of our study into whether the
cervico-ocular reflex is altered in people with non-specific neck pain compared to people
without neck pain. After the description of the COR, we investigated if there was a relation
between the COR and the JPE. The results of this investigation are reported in chapter
five. The following chapters six and seven describe smooth pursuit eye movements in
people without neck pain, people with non-traumatic neck pain, and people with

traumatic neck pain. A general discussion concludes this thesis.
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Chapter 2

Abstract
Background

Several studies in recent decades have examined the relationship between proprioceptive
deficits and neck pain. However, there is no uniform conclusion on the relationship
between the two. Clinically, proprioception is evaluated using the Joint Position Sense
Error (JPSE), which reflects a person’s ability to accurately return his head to a predefined

target after a cervical movement.

Objectives
We focused to differentiate between JPSE in people with neck pain compared to healthy

controls.

Study design

Systematic review according to the PRISMA guidelines.

Method

Our data sources were Embase, Medline OvidSP, Web of Science, Cochrane Central,
CINAHL and Pubmed Publisher. To be included, studies had to compare JPSE of the neck
(O) in people with neck pain (P) with JPSE of the neck in healthy controls (C).

Results/findings

Fourteen studies were included. Four studies reported that participants with traumatic
neck pain had a significantly higher JPSE than healthy controls. Of the eight studies
involving people with non-traumatic neck pain, four reported significant differences

between the groups. The JPSE did not vary between neck-pain groups.

Conclusions

Current literature shows the JPSE to be a relevant measure when it is used correctly. All
studies which calculated the JPSE over at least six trials showed a significantly increased
JPSE in the neck pain group. This strongly suggests that ‘number of repetitions’ is a major

element in correctly performing the JPSE test.
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Introduction

The primary measure to clinically operationalize cervical proprioception is the Joint
Position Sense Error (JPSE) (Strimpakos, 2011 Armstrong and Taylor, 2008). Joint position
sense, an individual’s ability to reproduce and perceive previous predetermined positions
or ranges of motion of a joint, is a major component of proprioception. The error people
make whilst reproducing the predefined position is defined as the JPSE. Recently, several
studies on the relation between neck pain and JPSE have been published (Chen and

Treleaven, 2013, Woodhouse and Vasseljen, 2008, Cheng et al., 2010).

Cervical proprioception is the sense of position of the head or neck in space, describing the
complex interaction between afferent and efferent receptors to monitor the position and
movement . In the cervical spine, this sense has its neurological basis in muscle spindles
(Proske and Gandevia, 2012) and, to a lesser extent, in tendon organs (Golgi receptors)
(Hogervorst and Brand, 1998), cutaneous receptors, and joint receptors #7. The cervical
muscles provide information to (Bolton et al., 1998) and receive information from the
central nervous system #'°. Afferent information from the cervical muscles converges in the
vestibular nuclei, where the head movement-related information from the visual and
vestibular system also converges ''. Malmstrom et al. ' showed that accurate head-on-
trunk orientation can be achieved without vestibular information. This suggests that
proprioceptive information of the cervical spine is important for head-on-trunk
orientation. The cervical JPSE is assessed by testing the ability of a blindfolded participant
to accurately relocate their head to the trunk relative to a predefined target (often the
neutral position of the head) after a cervical movement. Other examples of joint regions in
which JPSE has been used for testing proprioception are the shoulder '3, the knee ', and

the ankle ™.

People with neck pain originating from trauma and people whose neck pain has
developed more gradually both seem to have a higher JPSE than people without neck pain
1617 This implies that an increase in JPSE may not be caused solely by soft tissue damage or

neurological impairments following trauma 8.

Narrative reviews of the literature on cervical JPSE have been published ', Both reviews

give conflicting conclusions concerning the presence of a higher JPSE in people with neck
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pain. The present study is a comprehensive, systematic overview according the PRISMA
guidelines of the literature. It presents the data of the JPSE of the cervical spine caused by
neck pain of traumatic and non-traumatic origin in comparison of the JPSE in healthy

controls.

Methods

The PRISMA guidelines (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses) 22 were used in this systematic literature review to report the method of literature

search, appraisal, and presentation of evidence.

Eligibility criteria

To be included in this systematic review, studies had to report on joint position sense error
of the neck (O); and, include participants with neck pain (P), compared to healthy controls
(Q). Itis important to compare the JPSE of people with neck pain with the JPSE of healthy
controls because it is assumed that a higher JPSE test reflects aberrant afferent input from
the neck (Revel et al., 1991, Heikkila and Wenngren, 1998, Treleaven et al.,2003, Malmstrom

et al., 2009). Therefor a reference score form healthy controls is a necessity.

Information sources and search parameters

In order to be as comprehensive as possible, the following databases were searched on
December 17" 2014: Embase, Medline OvidSP, Web of Science, Cochrane Central, CINAHL
and Pubmed Publisher.

Keywords were derived from the research question and transformed to associated
“Emtree” terms and free-text words. For Embase, the following Emtree terms were used:
sensorimotor integration, sensorimotor function, somatosensory system, somatosensory
cortex, balance impairment, motor control, proprioception, body equilibrium, eye

movement, proprioceptive feedback, cornea reflex, neck pain, and whiplash injury.

The free-text words were as follows: deep sensitivity, kinesthe*, propriorecep¥,
propriocep*, kinesio NEXT/1 percept*, cornea*, eye* OR ocular OR cervicoocul* NEAR/3
reflex*, movement*,body, musculoskelet*, postural, NEAR/3 balanc*, equilibr¥*, sway,
control, joint position, head position, neck position, NEAR/3 error*, sense*, reproduc*,
abilit*, inaccura*, accura*, replicat*, head NEAR/3 steadiness, balance NEAR/3 impair¥,

difficult®, neck, cervic* NEAR/6 pain*, hyperextension*, ache, neckache*, Cervicalgia*,
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Cervicodynia*, whiplash.
In addition, Medline, OvidSP, Web of Science, Cochrane Central, CINAHL and Pubmed
Publisher were similarly searched with their own thesaurus used for indexing studies and

free entries, in order to be as comprehensive as possible.

Study selection

In order to be included, studies had to meet the following criteria: (1) Participants in the
study had to be over 18 years old; (2) Participants had to suffer from neck pain; (3) The
outcome measures in the study had to be the JPSE; (4) Control subjects had to be healthy
individuals; and (5) The study had to be written in English. Initially, the search results were
screened based on title and abstract. The studies that fulfilled all inclusion criteria were

evaluated in full-text, and included in the systematic review.

Data items and collection

Information was extracted from the included studies and presented in three evidence
tables (Tables 1, 2, and 3). This information is presented in the evidence table regarding (1)
study, (2) sample size, (3) characteristics of the paarticipantss, (4) JPSE testing instrument,
(5) JPSE testing protocol, and (6) results. Data extraction was executed by author JV and

checked by author LV.

Risk of bias in individual studies

The validity and risk of bias of the remaining studies was checked by using the
“Methodology Checklist 4: Case-control studies” version 2.0, provided by the Scottish
Intercollegiate Guidelines Network (SIGN) (www.sign.ac.uk). The SIGN-group develops
evidence-based clinical practice guidelines in order to translate new knowledge into
clinical action. One aspect of the work of this group is the development of critical appraisal
checklists. Studies were scored on a clearly focused research question, on the description
of the internal validity: i.e. the selection of subjects; exclusion of selection bias; clear
definition of outcomes; blinding of assessors; reliable assessment of exposure;
identification of potential confounders; and provision of confidence intervals. For the
studies, the grading score has been set from “Low quality” (0), to “Acceptable” (+), to “High
quality” (++). In the present review, only studies graded as “Acceptable” (+) or “High

quality” (++) were included. This criterion was set a priori.
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Methodological quality of the included studies was assessed blindly and independently by
authors JV and LV. After both researchers had appraised the selected studies, results were
compared and any differences discussed after screening the studies a second time. In the

event of disagreement a third opinion was provided by author GK.

Records identified through database
searching; Embase, Medline OvidSP,

c Web of Science, Cochrane Central,
2 CINAHL and Pubmed Publisher
3 (n =1767)
o
=
c
(]
K
A 4
Records after duplicates removed
(n=1163)
oo
=
o Records excluded during 1™
(7] . .
5 - screening based on tittle
v " and/or abstract
(n=1127)
A 4
Full-text articles assessed
for eligibility
£ (n = 36)
S
.ED / \
w Excluded during 2"
screening because of
study design (n=2), wrong
control group (n = 6), not
used or described an
adequate method (n=5)
or wrong outcome
- measure (n=9)
] v
g \ J
o Included in systematic
= review
(n=14)

Figure 1. Flowchart of the literature search and the selection of the studies
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Summary measures

The principal outcome measure of this review was the JPSE, which was the main issue to
be researched in the included studies. In 9 of the 14 included studies, JPSE was defined as
"the ability to reposition the head to the starting position after a maximal active
movement of the head in a vertical or horizontal plane with occluded vision" (Woodhouse
and Vasseljen, 2008, Sjolander et al., 2008, Treleaven et al., 2003, Revel et al., 1991, Sterling
etal., 2003, Feipel et al., 2006, Cheng et al., 2010, Uthaikhup et al., 2012, Armstrong et al.,
2005, Chen and Treleaven, 2013). The outcome measure was given in degrees or

centimeters.

Results

Study selection

A total of 1163 studies were identified. As shown in Figure 1, 14 studies remained after two

screening phases.

Study characteristics

The characteristics of the data that were extracted from the included studies (study,
sample size, characteristics of the participants, JPSE testing instrument, JPSE testing
protocol, and results) are presented in Tables 1, 2, and 3.

In nine out of 14 included studies JPSE was assessed in participants with traumatic neck
pain 718232 Seven of those nine studies used the classification of the Quebec Task Force
on Whiplash-Associated Disorders (WAD) 3°3'. In this classification system, WAD grade 1
corresponds to complaints of neck pain, stiffness or tenderness only without physical signs
that are noted by an examining physician; WAD grade 2 corresponds to complaints of neck
pain and musculoskeletal signs, such as a decreased range of motion and point tenderness
in the neck; and WAD grade 3 includes additional signs (decreased or absent deep tendon
reflexes, weakness, and sensory deficits). Of these nine studies, four also included a group
of people with non-traumatic neck pain %%, The studies that reported both on
participants with traumatic and with non-traumatic neck pain are presented in tables 1
and 2. Another study, described in Table 3, had a combined group consisting of both

participants with traumatic and idiopathic neck pain *2.
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Risk of bias

Thirty-six of the included studies remained after the first screening. These 36 studies
fulfilled all of the inclusion criteria, based on title and abstract. After the first full-text
reading, two researchers agreed on twelve studies. On two studies, the researchers
disagreed regarding the validity of the measurement protocol. Another study was subject
of discussion with regard to the outcome measure. After a second reading and comparison
of the differences, the researchers reached consensus for the three studies. Both
conflicting studies regarding the validity of the measurement protocol were included. The
study that was subject of discussion with regard to the outcome measure was excluded,

resulting in 14 included studies.

Methodological quality of all of the included studies was “acceptable” (+) according to the
SIGN criteria checklist. This implies some weaknesses in the study, with an associated risk

of bias. Most of the studies lost points on “sample size” or “not blinding the assessor”.

Outcome measures
The included studies in this review used JPSE as an outcome measure to reflect
proprioception of the cervical spine. The JPSE was described in angular units (degrees) or

centimeters to measure the error.

Traumatic neck-pain

As shown in Table 1, four studies 8242528 reported that participants with traumatic neck
pain had a significantly higher JPSE than healthy controls. Of these four studies, Sterling et
al. "® reported a significant difference compared to healthy controls on rotation to the right.
Rotation to the left and extension were not significantly different from the healthy
controls. In the studies of Kristjansson et al. 2° (rotation), and %8 (rotation and flexion-
extension), all the investigated directions of movement regarding the JPSE were
significantly higher in participants with traumatic neck pain. In the study of Treleaven et al.
24 JPSE in all the investigated directions of movement (right rotation, left rotation, and
extension) was significantly higher compared to healthy controls, but only after results
from the two different neck pain groups were pooled. Five studies that included
participants with neck-pain of a traumatic origin did not show a significantly altered JPSE

compared to healthy controls 17232627.29
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Table 1 Evidence table of the included studies which researched traumatic neck pain patients.

Reference

Sample

Inclusion criteria

JPSE testing
instrument

JPSE testing protocol

Results

Armstrong et

23 WAD (8M, 15W)

WAD: grade 2 or 3

3 Space Fastrak (model

Flexion, extension,

WAD: Global abs. error £ SD (°), all movements combined

al. (2005) 41.2+11.9 not <3 Mo or >5Yr 3SF0002, rotation. Neutral = 3.55 + 1.72, Mid range = 2.97 £ 1.15
[34] CON: Healthy Polhemus, Navigation Mean of 3 trials CON: Global abs. error = SD (°), all movements combined
23 CON (10M, 13W) WAD and CON Science Division, Kaiser Self selected neutral position Neutral = 3.25 + 2.32, Mid range = 2.43 + 0.62
33.9+12.1 matched; age Aerospace,Colchester, Self selected pace
gender and Vermont, USA)
anthropometrically | 1 sensor centered on the
forehead, 1 sensor on the
spinous of ¢3 and 1 sensor
on the spinous of T1
Woodhouse 56 WAD (34W, 22M) WAD: grade 1 or 2 3 Space Fastrak Rotation WAD: Global abs. error £+ SD (°)
etal. (2008) not <6 Mo or>10Yr | (Polhemus, Inc, Mean of 4 trials Left-right rotation =3.35+ 1.6
[25] 57 CON (28W, 29M) CON: Healthy Colchester, Vermont, USA) | Absolute error (largest error was CON: Global abs. error £ SD (°)
38.2+10.9 1 sensor centered on the selected) Left-right rotation = 2.86 + 1.2
forehead, 1 sensor placed | Selected neutral position
on the upper part of the Self selected pace. Examiner was not
wooden backrest above blinded
the subjects head.
Treleaven et 76 WAD Dizzy WAD Dizzy: grade 2 | 3 Space Fastrak Rotation, extension WAD Dizzy: Global abs. error = SE (°)
al. (2003) (71%W) 39.11(1.3SE) or 3 not < 3Mo with | (Polhemus, In¢, Mean of 3 trials Right rotation = 4.5 £ 0.3, Left rotation = 3.9 + 0.3, Extension = 3.5 £ 0.3
[24] dizziness Colchester, Vermont, USA) | Absolute errors WAD Not Dizzy: Global abs. error + SE (°)
26 WAD Not Dizzy WAD Not Dizzy: 1 sensor centered on the Selected neutral position Right rotation = 2.9 + 0.4, Left rotation = 2.8 + 0.4, Extension =3.5 £ 0.3
(73%W) grade 2 or 3 not < forehead, 1 sensor onthe | Self selected pace WAD Combined: Global abs. error + SE (°)
40.23 (1,9 SE) 3Mo without spinous of C7 Right rotation = 4.1 £ 1.6%, Left rotation = 3.6 £ 0.3% Extension =24 +
dizziness 0.3*
102 WAD combined WAD combined: CON: Global abs. error + SE (°)
grade 2 or3 Right rotation = 2.5 £ 0.2, Left rotation = 2.0 + 0.2, Extension =2.4 £ 0.3
44 CON (66% W) CON: Healthy
34.1(1.8 SE)
Heikkila et al. 27 WAD (13W,14M) WAD Dizzy: grade 2 Laser pointer Rotation, flexion/extension WAD: Global abs. error + SD (cm)
(1998) or3 Mean of 10 trials Right rotation = 4.05 * 3.4*, Left rotation = 3.36 £ 2.41%, Flexion = 4.14
[32] 39 CON (24W, 15M) CON: Healthy maximal end range +3.75%, Extension =3.80 * 2.,86*
CON: Global abs. error = SD (cm)
Right rotation = 2.85 + 2.00 Left rotation = 2.73+ 1.78, Flexion = 2.57
+2.08, Extension =2.85 + 1.88
Kristjiansson 22 WAD (11W, 11M) WAD Whiplash 3 Space Fastrak Rotation Trauma: Global abs. error £ SD (°)
etal. (2003) 33.4+10.6 injury not <3 Mo or | (Polhemus, Inc, Mean of 3 trials Rotation =4.14 + 1.58%
[27] > 48Mo, no Colchester, Vermont, USA) | Errorin degrees CON: Global abs. error = SD (°)

21 CON (11W, 10M)
26.9+6.4

previous history of
NP
CON: Healthy

1 sensor centered on the
forehead, 1 sensor on the
spinous of C7

Full active rotation within comfortable

limits
Selected neutral position

Rotation =2.48 +1.12




Reference Sample Inclusion criteria JPSE testing JPSE testing protocol Results
instrument
Sterling et al. 19 Moderate/severe Mod/Sev pain and 3 Space Fastrak Rotation, extension Moderate/severe pain and disability after WAD: Marginal means + SEM (°)
(2003) pain and disability dis: WAD grade 2 or | (Polhemus, Inc, Mean of 3 trials Left rotation = 3.2 + 0.3, Right rotation = 4.8* + 0.3, Extension = 4.1 £ 0.3
[21] after WAD (84%W) 3, NDI score of >30 Colchester, Vermont, USA) | Absolute errors Mild pain and disability after WAD: Marginal means = SEM (°)
41.3£13.6 after 3 Mo post sensor placement unclear | Selected neutral position Left rotation = 2.7 + 0.2, Right rotation = 2.7 + 0.3, Extension = 3.4 £ 0.3
injury Movement within comfortable limits
22 Mild pain and Mild pain and dis: Recovered after WAD: Marginal means + SEM (°)
disability after WAD WAD grade 2 or 3, Left rotation = 3.0 + 0.2, Right rotation = 3.6 + 0.3, Extension =3.3 £ 0.3
(64%W) 34.7+12.6 NDI score of 10-28 CON: Marginal means + SEM (°)
after 3 Mo post Left rotation = 2.6 + 0.3, Right rotation = 2.7 £ 0.3, Extension =2.8 £ 0.3
25 Recovered after injury
WAD (60%W) Recovered: WAD
33.5£10.2 grade 2 or 3, NDI
score of <8 after 3
20 CON (60%W) Mo post injury
40.1+£13.6 CON: Healthy
Feipel et al. 29 WAD (62%W) 37+ WAD: Grade 1,2 or Electrogoniometer Rotation, flexion, extension, lateral WAD: Global abs. error + SD (°)
(2006) 14 3 (CA 6000 Spine Motion bending. Rotation = 1.1 £ 1.1
[22] CON: Healthy Analyzer, O.S.l., Mean of 4 trials Flexion/extension = 3.5 + 2.4
26 CON (54%W) Union City, CA) Lateral bending =0.8 £ 0.6
35+11 mounted using a harness CON: abs. error = SD ()
on the spinous process of Rotation = 0.6 = 0.5
the first thoracic vertebra Flexion/extension =2.1 £ 2.0
and a helmet on Lateral bending=0.4+ 0.3
top of the head
Grip et al. 22 WAD (17W, 5M) WAD: grade 1,2 not | ProReflex System Rotation, flexion, extension WAD: Global abs. error + SD (°)
(2007) 49415 <3 Mo of symptoms | (Qualisys Medical AB, Mean of 5 trials Right rotation = 3.7 £ 1.9. Left rotation = 4.0 + 2.1
[23] Con: Healthy Gothenburg, Sweden) Error in degrees Flexion 3.4 + 1.6, Extension =3.5 + 1.8

24 CON (16W, 8M)
50+18

13 markers were
placed on the head and
upper torso

Self selected neutral position
Self selected pace
Only moving back to neutral with closed

CON: Global abs. error = SD (%)
Right rotation = 3.1 £ 1.3, Left rotation =35+ 1.3
Flexion 2.9 + 0.9, Extension = 2.7 + 1.0

eyes
Sjolander et 7 WAD (2M, 5W) WAD: grade 2 or 3 3 Space Fastrak Rotation WAD: Over/under shooting + SD (°)
al. (2008) 45+11 not < 6 Mo (Polhemus, Inc, Mean of trials unclear Right rotation =-0.4 £ 0.8, Left rotation = 0.7 + 1.1
[28] CON: Healthy Colchester, Vermont, USA} | Move the head as fast and far as possible | CON: Over/under shooting + SD (°)

16 CON (3M, 13W)
409

1 sensor centered on the
forehead, 1 sensor on the
spinous of T1

Self selected neutral position Patients
were standing.
Examiner was blinded

Right rotation = 0.1 £ 0.5, Left rotation = 0.1 £ 0.6

JPSE; Joint position sense error, WAD = Whiplash associated disorder; WAD grade 1 = neck complaints of pain, stiffness or tenderness only but no physical signs are noted by the examining physician; WAD grade 2 =
neck complaints and musculoskeletal signs as decreased range of motion and point tenderness in the neck; WAD grade 3 includes additional signs (decreased or absent deep tendon reflexes, weakness, and sensory
deficits); CON: Healthy controls; SD = Standard Deviation; SE= Standard Error, SEM = Standard Error of the Mean; M= Men; W= Women; Abs.= Absolute; Mod= Moderate; Sev= Severe; NDI= Neck Disability Index;

Yr=Year; Mo=Month *= indicates statistically significant differences between groups




Table 2 Evidence table of the included studies which researched non-traumatic neck pain patients.

Reference Sample Inclusion criteria | JPSE testing JPSE testing protocol Results
instrument
Rix et al. 11 Non Traumatic NP Non traumatic NP: Laser pointer Flexion, extension, rotation. Non Traumatic NP: Global abs. error median (°)
(2001) (6M,5W) 41.1+13.3 Continuous neck Mean of 10 trials Right rotation = 6.1, Left rotation = 3.7, Flexion = 5.7%, Extension = 4.3
[29] pain > 7Wk, No Absolute errors CON: Global abs. error median (°)
11 CON (5M,6W) history of cervical Self selected neutral position Right rotation = 6.0, Left rotation = 4.0, Flexion = 4.2, Extension = 5.1
39.3+£10.3 injury or WAD Self selected pace
CON: Healthy Examiner was not blinded
Non traumatic neck
pain and CON
matched; age and
gender

Kristanjansso
n et al. (2003)
[27]

20 Non Traumatic NP
(9W, 11M) 30.0+9.1

21 CON (11W, 10M)
26.916.4

Non Traumatic NP :
Insidious onset of
neck pain not < 3
Mo or > 48Mo
CON: Healthy

3 Space Fastrak
(Polhemus, Inc,
Colchester, Vermont, USA)
1 sensor centered on the
forehead, 1 sensor on the
spinous of C7

Rotation

Mean of 3 trials

Error in degrees

Full active rotation within comfortable
limits

Selected neutral position

Non traumatic NP : Global abs. error + SD (°)
Rotation = 3.33 + 1.42*

CON: Global abs. error = SD (%)

Rotation =2.48 £ 1.12

Woodhouse 57 Chronic NP (38W, Chronic NP: not <6 3 Space Fastrak Rotation Chronic NP: Global abs. error = SD (°)
et al. (2008) 19M) 43.7£12.6 Mo or >10 Yr (Polhemus, Inc, Mean of 4 trials Rotation =3.17 £ 1.1
[25] CON: Healthy Colchester, Vermont, USA) | Absolute error (largest error was CON: Global abs. error + SD (°)
57 CON (28W, 29M) 1 sensor centered on the selected) Rotation =2.86 + 1.2
38.2+10.9 forehead, 1 sensor placed | Selected neutral position
on the upper part of the Self selected pace
wooden backrest above Examiner was not blinded
the subjects head.
Sjolander et 9 Insidious NP (OM, Insidious NP: 3 Space Fastrak Rotation Insidious NP: Over/under shooting + SD (°)

al. (2008) 9W) 4019 Idiopathic neck (Polhemus, Inc, Mean of trials unclear Right rotation = 0.4 £ 0.5, Left rotation = 0.4 + 0.8
[28] pain of insidious Colchester, Vermont, USA) | Move the head as fast and far as possible CON: Over/under shooting £ SD (°)

16 CON (3M, 13W) onset 1 sensor centered on the Self selected neutral position Right rotation = 0.1 £ 0.5, Left rotation = 0.1 + 0.6

4019 CON: Healthy forehead, 1 sensor on the Patients were standing.

spinous of T1 Examiner was blinded

Grip et al. 21 NP (14W, 7M) NP: not <3 Mo Neck | ProReflex System Rotation, flexion, extension NP: Global abs. error + SD (°)
(2007) 49+16 Pain (Qualisys Medical AB, Mean of 5 trials Right rotation = 3.7 + 1.6, Left rotation = 3.6 £ 3.0
[23] Con: Healthy Gothenburg, Sweden) Errorin degrees Flexion 2.8 £ 1.2, Extension =29+ 1.3

24 CON (16W, 8M)
50+18

13 markers were
placed on the head and
upper torso

Self selected neutral position

Self selected pace

Only moving back to neutral with closed
eyes

CON: Global abs. error = SD (°)
Right rotation = 3.1 £ 1.3, Left rotation =35+ 1.3
Flexion 2.9 + 0.9, Extension = 2.7 + 1.0




Reference Sample Inclusion criteria | JPS testing instrument | JPS testing protocol Results
Revel et al. 30 Chronic NP (10M, Chronic NP: Cervical | Laser pointer Flexion, extension, rotation. Chronic NP: Global abs. error + SD (°)
(1991) 20W) 45 (25-73) pain. Mean of 10 trials Left-right rotation = 6.11 + 1.59%, Flexion-extension = 5.47 + 1.75%
[20] CON: Healthy Absolute errors CON: Global abs. error + SD (°)
30 CON (10M, 20W) Self selected neutral position Left-right rotation = 3.50 + 0.82, Flexion-extension = 3.37 + 0.73
44 (21-72) Self selected pace. Examiner was not
blinded
Cheng et al. 12 Non traumatic NP Non traumatic NP: Electrogoniometer Flexion, extension Non traumatic NP: Constant error + SD (°)
(2010) (6W,6M) 25.4 £ 2.1 not <2 Yr Neck Pain | CXTLAO2, Crossbow, Inc,, Mean of 3 trials Flexion = 7.1 + 3.5%, Extension = 6.3 = 4.7*
[30] CON: Healthy San Jose, CA, USA Constant error CON: Constant error = SD (°)
12 CON (7W,5M)24.9 Non traumatic neck Selected neutral position Flexion = 3.5 + 1.8, Extension = 4.2 + 3.3
+1.8 pain and CON Self selected pace

matched; age

Uthaikhup et
al. (2012)
[26]

20 NP (70%W)
73.246.2

20 CON (60%W)
69.6+4.2

NP: >3 Mo neck
pain, at least a score
10 or more on the
NDI and older than
65Yr

CON: Healthy and
older than 65Yr

3 Space Fastrak
(Polhemus, Inc,
Colchester, Vermont, USA)
1 sensor centered on the
forehead, 1 sensor on the
spinous of C7

Rotation, extension
Mean of 3 trials

Absolute error

Selected neutral position
Self selected pace

NP: Global abs. error + SD (°)
Right rotation = 5.5 + 3.1, Left rotation = 5.1 + 4.0, Extension =5.2 + 3.4

CON: Global abs. error = SD ()
Right rotation = 4.2 + 2.2, Left rotation = 2.8 + 1.8, Extension =3.6 + 2.4

JPSE; Joint position sense error, NP= Neck Pain; CON: Healthy controls; SD = Standard Deviation; M= Men; W= Women; Abs.= Absolute; NDI= Neck Disability Index; Yr=Year; Mo=Month; *= indicates statistically
significant differences between groups.




Table 3 Evidence table of the included study with a combined patient group.

Reference Sample Inclusion criteria | JPSE testing JPSE testing protocol Results
instrument
Chen et al. 25 NP (10M, 15W) NP: chronic NP of 3 Space Fastrak Rotation NP: Global abs. error + SD (°)
(2013) 39.4+12.8 traumatic or (Polhemus, Inc, Mean of 6 trials Conv R Fastr 2.79 + 1.3, Conv L Fastr 3.00 + 1.1, Conv RL Fastr 2.89 + 0.9
[33] idiopatic origin, not | Colchester, Vermont, USA) | Absolute errors Conv R Laser 3.08 + 1.3, Conv L Laser 3.25 + 1.1, Conv RL Laser 3.21 +0.9*

26 CON (11M, 12W)
31.0£11.9

<3 Mo Neck Pain
and at least a score
10 or more on the
NDI

CON: Healthy

Av. age of the NP
group significantly
differs from the
CON group (p=0.02)

1 sensor centered on the
forehead, 1 sensor on the
spinous of C7 and one
sensor at the mid sternum
region

Laser Pointer

Examiner was not blinded

“Conventional JPS (conv)” in this protocol
the subjects actively move their heads.

“JPS trunk to head rotation (tors)” in this
protocol the subjects actively move their
trunk whilst their head does not move.

Tors R Fastr 2.66 + 1.3, Tors L Fastr 2.81 + 0.8%, Tors RL Fastr 2.74 +0.7*
Tors R Laser 3.31 £ 1.4, Tors L Laser 3.07 £ 1.1%, Tors RL Laser 3.19 £ 1.0*

CON: Global abs. error = SD ()

Conv R Fastr 2.36 = 0.9, Conv L Fastr 2.83 £ 1.0, Conv RL Fastr 2.58 £ 0.8
Conv R Laser 2.37 £1.0, Conv L Laser 2.77 = 1.1, Conv RL Laser 2.57 + 0.8
Tors R Fastr 2.17 £ 0.9, Tors L Fastr 2.22 + 0.9, Tors RL Fastr 2.19, 0.7

Tors R Laser 2.81 £ 1.2, Tors L Laser 2.56 £ 1.0, Tors RL Laser 2.69 + 0.8

JPSE; Joint position sense error, NP= Neck Pain; CON: Healthy controls; SD = Standard Deviation; M= Men; W= Women; Abs.= Absolute; NDI= Neck Disability Index; Yr=Year; Mo=Month; Fast= Fastrak *= indicates
statistically significant differences between groups.




Chapter 2

Non-traumatic neck pain

Eight studies were included, involving participants with non-traumatic neck pain 61922
273334 35 can be seen in Table 2. Of these eight studies, four 169233 reported a significantly
higher JPSE in people with non-traumatic neck pain than in controls. Joint position sense
error in the investigated directions of movement was significantly higher in the studies of
Kristjansson et al. % (rotation), Revel et al. ™° (rotation and flexion-extension) and Cheng et
al. ¢ (flexion and extension). For the study of 33, this was not the case. In this study only, the
flexion movement was significantly higher than in healthy controls. With respect to right
rotation, left rotation and extension, JPSE in participants with neck pain was not
significantly different. The studies of 2, Sjolander et al. %, Grip et al. 2%, and Uthaikhup et al.
34, did not report any significant differences in JPSE between participants with non-

traumatic neck pain and healthy controls.

Combined group consisting of traumatic and non-traumatic neck pains

As shown in Table 3, Chen and Treleaven *? included participants with chronic neck pain
with either a traumatic or idiopathic origin. This study used a laser pointer as well as the
"Fastrak™" instrument to measure the JPSE. The authors also used two different
measurement protocols for measuring the JPSE. In the conventional protocol, participants
were asked to actively rotate their heads (left or right) as far as was comfortable, and then
had to return to the starting position as accurately as possible. In the alternative protocol,
participants had to actively rotate the trunk (instead of the head) and return to the starting
position. The chest sensor and the chest laser were used to obtain data on trunk rotation
error. As can be seen in Table 3, for the conventional measurement protocol only the
pooled JPSE (left/right rotation) significantly differed between participants with neck pain
and controls when measured with the laser pointer. The JPSE measured with the
"Fastrak™" did not show any significant differences when measured with the conventional
protocol.

For the trunk-to-head measurement protocol, left rotation and the pooled left/right
rotation significantly differed from the healthy controls. This held for the laser pointer
measurement instrument as well as for the "Fastrak™" measurement instrument. Rotation
to the right was not significantly altered, regardless of measurement instrument or

protocol.
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Discussion

The main goal of this systematic review was to differentiate between JPSE of the cervical
spine in participants with neck pain of a traumatic or a non-traumatic origin, compared to
healthy controls. The results of this review suggest that when the JPSE is measured over 6

trials or more, the JPSE is generally higher in the neck pain group than in the control

group.

Various factors might influence the outcome of the JPSE measurement. The first is the
influence of the vestibular system. As the peripheral and central vestibular systems provide
and integrate information essential for establishing the position of the head in space, they
indirectly influence the head-to-body position sense. Deficits in any of the vestibular
mediated pathways may thus affect JPSE 32*. However, Pinsault et al.*¢ and Malmstrom et
al.*” did not find an increased JPSE in people with vestibular loss when compared to
healthy controls. Because the vestibulum is particularly sensitive to fast, jerky head
movements *, the velocity of head motion during measurement of the JPSE is important.
When participants move their heads faster than 2.1°/s, cervical input decreases and
vestibular input increases *°. Thus, the faster the head moves, the more JPSE represents
vestibular afferention rather than cervical afferention. It is not clear whether all the
included studies tried to rule out as much afferention from the vestibulum as possible, by
having the subjects move slowly. A study by Chen and Treleaven*? showed interestingly
that trunk-to-head rotation, excluding input of the vestibulum, gave different results
compared to the conventional measurement protocol of head-to-trunk rotation. However,
as the differences were small, this measurement protocol should be examined further to
see whether possible vestibular input plays a role in the conventional measurement

protocol.

A second factor that may affect the conclusion is the anatomy of the cervical spine. Large
quantities of muscle spindles in the cervical spine muscles provide (Bolton et al., 1998)
and receive information from the central nervous system®'°. In the cervical spine, the
information from muscles (muscle afferention) is a dominant source of information %°. A
study using Magnetic Resonance Imaging has shown a widespread presence of fatty

infiltrates in the neck muscles of people with persisting moderate to severe levels of pain
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following a whiplash injury “°4'. This implies that the intensity of the perceived pain may
influence proprioception. For the traumatic group, the duration of complaints or severity
of the WAD did not seem to influence JPSE significantly. In the non-traumatic group, there
was no correlation between the duration of the neck pain and an altered JPSE. Likewise,
the intensity of perceived pain, which was described in all studies, did not seem to
influence the JPSE. In some of the included studies, relatively low perceived pain levels

were correlated with significantly altered JPSE, and vice versa.

A third factor is the variety of measurement devices used. Some researchers used a laser
pointer, where others used either the electromagnetic tracking system 3 Space "Fastrak™"
(Polhemus Inc, USA), a ProReflex System (Qualisys Medical AB, Gothenburg, Sweden), or
different types of electrogoniometers. This made it difficult to compare the various study
results. The 3 Space "Fastrak™" was the most commonly used instrument, employed in
eight out of fourteen studies '8232527.293234 The ' Fastrak™ ‘system is an electromagnetic
measuring instrument that tracks the positions of sensors relative to a source in three
dimensions. Previously Jordan et al., *2. demonstrated that it is a reliable and valid
measurement system with an accuracy of up to +0.2°. The nine studies using it produced

contrasting results regarding the JPSE in people with neck pain.

The sensor placement is another possible source of measurement bias. Not all studies used
the same placement, or described the placement of the sensors precisely. This
inconsistency could have consequences for the validity of the measurements and the

ability to compare the different study results.

The laser method, which is also commonly used to assess the JPSE (four out of fourteen
studies), has a good test-retest reliability and a strong correlation with an ultrasound
technique for measuring JPSE . It is remarkable that all four studies %3233 using a laser
pointer showed significantly higher cervical joint reposition errors in people with neck
pain than in controls. However, in none of these four studies were the examiners blinded
for "controls" or "participants with neck-pain ". The results in these studies may, therefore,
have been influenced by expectation bias. Revel et al. ' compared the inter-observer
reliability of the laser pointer instrument in 11 controls. This test showed no significant

difference between the examiners.
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The application of various testing protocols and data-analysis software is a fourth possible
factor influencing the conclusion. Swait et al. * reported that at least six trials were needed
to optimize the stability and reliability of the cervical JPSE measurement. Nonetheless, in
only four of the fourteen studies did the researchers use six or more trials to calculate the
mean JPSE. All four studies '*?3233 in which the mean JPSE was calculated over six or more
trials, showed significantly higher joint position errors in people with neck pain than in
controls. These studies used a laser pointer as a JPSE testing device. An explanation for this
could lie in the applied statistics. It might be that the vulnerability to outliers is less when
the mean JPSE is calculated over more trials hereby reducing the standard error of the
mean. This stresses the importance of calculating the joint position error over at least six
trials. Further research needs to be performed on the effect on learning curves in the

presence of pain and/or after (traumatic) damage to the joints of the cervical spine.

The studies with an electronic testing device used custom-made analysis software 17182
2327293234 As only a general description of the algorithms of this software was given, the
reproducibility of these experiments are low. Absence of the presentation of raw data in
most studies is in line with the previous point. Only when both the data-analysis protocol
and the (raw) data are presented, readers can interpret results and conclusions of the
studies. Another threat to the validity and reliability of the included studies is the small
number of participants that some of them included '¢?7*3, However, studies which have
included a relative high number of participants do not show other or more robust results

than the studies with a smaller amount of participants.

In general, data cannot be compared without harmonization of testing protocols and data
analysis systems. Therefore, it was not possible to conduct a meta-analysis of the included
studies. This pooling of data would help to resolve the problem of the small number of

participants included in some of the studies. Besides improving the current study designs,
it is also important to correlate JPSE with other specific variables (i.e. age, gender, location

of perceived pain, anxiety levels, perceived disability, and cervical range of motion).
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Conclusion

In general, the results of the included studies give an equivocal answer to the question of
whether the JPSE is higher in people with cervical spine lesions caused by trauma and/or
non-traumatic neck complaints than in controls. The JPSE is overall higher in the neck pain

group when measured over at least 6 trials.
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Abstract

Background

Neck pain is a widespread complaint. People experiencing neck pain often present an
altered timing in contraction of cervical muscles. This (altered) afferent information elicits
the cervico-ocular reflex (COR), which stabilizes the eye in response to trunk-to-head
movements. The vestibulo-ocular reflex (VOR) elicited by the vestibulum is thought to be

unaffected by afferent information from the cervical spine.

Objective

Measurement of COR and VOR in people with non-specific neck pain.

Design

Cross-sectional design according to the STROBE statement.

Methods
An infrared eye-tracking device was used to record the COR and the VOR while the
participant was sitting on a rotating chair in darkness. Eye velocity was calculated by taking

the derivative of the horizontal eye position. Parametric statistics were performed.

Results

The mean COR gain in the control group (N=30) was 0.26 (SD= 0.15), against 0.38 (SD=
0.16) in the non-specific neck pain group (N= 37). Analyses of covariance were performed
to analyze differences in COR and VOR gains with age and gender as covariates. Analyses
of covariance showed a significantly increased COR in people with neck pain (p=0.046).
The VOR between the control group with a mean VOR of 0.67 (SD= 0.17) and the non-
specific neck pain group with a mean VOR of 0.66 (SD=0.22) was not significantly different
(p=0.203).

Limitations
Measuring eye movements while the participant is sitting on a rotating chair in complete

darkness is technically complicated.
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Conclusions

This study suggests that people with non-specific neck pain have an increased COR. The
COR is an objective non-voluntary eye reflex and an unaltered VOR. This study shows that

an increased COR is not restricted to traumatic neck pain patients.

Introduction

Neck pain is a major problem worldwide, and is a common reason for individuals to seek
care from physiotherapists and manual therapists.'? In addition to pain, concomitant
symptoms are often present, including headache (65% of cases), dizziness (31%)?, and
visual disturbances.* Visual disturbances in people with neck pain might be related to
deficits in oculomotor control.>® In the majority of people with neck pain, a specific cause

cannot be identified, and the term "non-specific neck pain" is used.>'°

People experiencing neck pain often present functional disorders (such as an altered
timing in contraction) of the cervical muscles, such as the m. longus colli and the m. longus
capitis.”'®* These cervical muscles provide information to, and receive information from,
the central nervous system.'*'® Animal studies have showed that pain has profound effects
on muscle spindle afferents.’”'® In humans, cervical pain leads to, for instance, a worse joint
position sense indicating a disturbed proprioception.'”?! Afferent information from the
cervical muscles is sent to the vestibular nuclei where it converges with other information
regarding head movements relayed by the visual and vestibular systems.?? It can be
argued that incongruences between the cervical, vestibular, and visual systems are likely

to be associated with dizziness and decreased postural stability.?*

The cervical afferents are not only important for controlling head movements. They are
also involved in the cervico-ocular reflex (COR). The COR stabilizes the eye in response to
trunk-to-head movements.?*2¢ The COR operates in conjunction with the vestibulo-ocular
reflex (VOR). The VOR stabilizes the eye in response to vestibular input, i.e., movements of
the head in space. The COR is elicited by proprioception of the facet joints of the cervical
spine and deep muscles of the neck. The strength of the COR can be modified as a result of

altered visual input*” and by immobilization of the cervical spine by means of a stiff neck

54



Chapter 3

collar.® The COR increases in people aged over 60 years as a compensatory mechanism for
the sensory loss of the vestibulum.?. In people with a Whiplash Associated Disorder (WAD),
this compensatory mechanism is not seen??°, The strength of the COR is increased in
people with WAD although there is no compensatory decline in VOR.***' To date, no

research on COR in people with non-specific neck pain has been conducted.

Here we describe the two eye movement reflexes (COR and VOR) in people with non-
specific neck pain who are likely to have deficits in neck proprioception.?? Therefore, we

expect that the COR but not the VOR will be altered, compared to healthy controls.

Methods

The guidelines of the STROBE statement (Strengthening the Reporting of Observational

Studies in Epidemiology)** were used for the outline of this paper.

Design Overview
We conducted a cross-sectional study involving participants with neck pain and healthy

controls.

Setting and Participants

Participants with neck pain were recruited via physiotherapy practices in Rotterdam, The
Netherlands. People with non-specific neck pain were asked personally by their
physiotherapist to participate in the study. These physiotherapists had been briefed about
the study and had information letters for the patients. If patients formally consented to
being contacted by the investigator, the physiotherapist contacted the investigator.
Healthy controls were recruited by means of an information letter spread among co-
workers, students, and other people in the Erasmus University Medical Center and the
Rotterdam University of Applied Sciences having no personal or legal relationship with the
investigator. All participants were recruited and tested between October 2012 and
September 2014. The study was approved by the local ethical board of the Erasmus MC. All

participants gave prior written informed consent.

Participants with neck pain were eligible if they 1) were between the ages of 18 and 65
years; 2) spoke Dutch; 3) experienced non-specific neck pain (defined as the sensation of

mild to moderate pain and discomfort in the neck area with possible radiation to the
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thoracic spine and one or both shoulders) continuously for less than one year; and 4) were
physically able to undergo COR and VOR measurements (which involved sitting
immobilized in a chair for 30 minutes). Participants were excluded if they: 1) used
medication that influenced alertness or balance (e.g., benzodiazepines, barbiturates); 2)
suffered from any neurological disorder, or had vestibular or visual problems; or 3) had a
history of neck trauma (a history would make the diagnosis specific instead of non-
specific). Healthy controls were eligible if they; 1) were between the ages of 18 and 65; 2)
spoke Dutch; 3) had not experienced any complaints of the cervical spine (including
cervicogenic headache and dizziness) in the last 5 years; and 4) were without a history of

neck trauma.

Demographic and Clinical Characteristics

Participants filled in a standard demographic questionnaire (gender and age were
measured and labeled as possible confounders). In participants with neck pain, the
intensity of perceived pain was evaluated using a numeric pain rating scale (NRPS), the
functional disability due to neck pain was evaluated using the Neck Disability Index (NDI),
and the Dizziness Handicap Inventory (DHI) was used to assess the perceived handicap
due to dizziness. The NRPS, NDI, and DHI have shown good psychometric properties in

people with neck pain.?*3¢

In all participants, the cervical range of motion (CROM) was measured with a CROM device
(Performance Attainment Associates, USA). The CROM device consists of a magnet and
three compass-like instruments positioned in the three directions of neck mobility
(rotation, flexion/extension, and lateroflexion). The CROM measures the maximum range

of motion (in degrees) in each of these directions.”

Recording of Reflexive Eye Movements

Monocular (left) eye positions were recorded by infrared video-oculography (Eyelink 1,
SMI, Germany: see van der Geest & Frens®*) at a sample rate of 250 Hz. Eye position was
calibrated using the built-in nine-point calibration routine. Eye movements were recorded
during either cervical or vestibular stimulation in complete darkness by rotating the chair
in which the participant was seated. The chair was attached to a motor (Harmonic Drive,

Germany) that ensured sinusoidal chair rotation without any backlash. The trunk was fixed
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to the chair at shoulder level by a double-belt system. A sensor connected to the chair

recorded chair position, and stored the data on a computer along with eye positions.

In both stimulation paradigms (COR and VOR), participants were instructed to keep their
eyes open during the stimulation and to look at a position directly in front of the set-up.
This position was briefly indicated by means of a laser dot before the rotation started.
Head position was fixed in both conditions by means of a custom-made biteboard. In both
stimulation paradigms, the position of the biteboard was set so that the axis of rotation

was under the midpoint of the inter-aural line.

During the COR stimulation, the biteboard was mounted to the floor to fix the position of
the head in space (see Figure 1). Rotation of the chair induced pure cervical stimulation,
which elicits the COR in isolation. The chair was rotated for 134 seconds around the vertical
axis with an amplitude of 5.0 degrees and a frequency of 0.04 Hz. This yielded 5 full
sinusoidal rotations of the chair with a peak velocity of 1.26 degrees/s. During the VOR
stimulation, the biteboard was mounted to the chair so that rotation of the chair induced
pure vestibular stimulation (see Figure 1). The chair was rotated for 33 seconds around the
vertical axis with an amplitude of 5.0 degrees and a frequency of 0.16 Hz. This yielded 5 full

sinusoidal rotations of the chair with a peak velocity of 5.03 degrees/s.

Cervico-Ocular Reflex bitebGaETd

O

otating chajr

Vestibulo-Ocular Reflex

biteboard

fotating Chair

Figure 1. A schematic representation of the experimental set-up. In both paradigms the participants had to
look at a position directly in front of the set-up. For the COR, the body of the subjects was rotated while the
head of the participants was held fixed relative to the floor to fixate the position of the head in space. For the
VOR, the body of the subjects was rotated while the head of the participants was held fixed relative to the

chair.

57



COR

Data Processing and Analyses

Eye velocity was calculated by taking the derivative of the horizontal eye position signal.
After removal of blinks, saccades, and fast phases (using a 20 degrees-per-second
threshold), a sine wave was fitted through the eye velocity signal data. Stimulus velocity
was derived from chair position (COR and VOR measurement) data. The gain of the
response was defined as the amplitude of the eye velocity fit divided by the peak velocity
of the chair rotation (COR: 1.26 degrees/s, VOR: 5.03 degrees/s). Therefore, a gain of one
reflects that the peak velocity of the eye was the same as the peak velocity of the chair
rotation. All data processing was done with Matlab R2013a (The MathWorks Inc., Natick,
MA).

Statistical Analysis

Descriptive statistics were computed for the entire sample for the gains of the COR and
VOR (outcome parameters), NDI, DHI, perceived pain, CROM (outcome variables), and age
and gender (possible confounders). Since the data was distributed normally (Kolmogorov-
Smirnov test), parametric statistics were applied. Two analyses of covariance (ANCOVA)
were performed to analyze differences in COR and VOR gains, respectively, between
healthy controls and participants with neck pain with age and gender as covariates.
Correlations between the gains (outcome parameters) and outcome variables were
assessed using Pearson correlation coefficients. An alpha level of P < 0.05 was considered
significant for all statistical tests. The data was analyzed with IBM SPSS Statistics for
Windows, version 22 (IBM Corp., Armonk, NY).

Results

Forty one participants with neck pain and 30 healthy controls participated in the study. Eye
movement recordings were successful in 37 participants with neck pain. In two
participants, it was not possible to track the eye of the participant; in one participant,
calibration of the eye tracking failed, and in one participant we failed to store the data

properly on the hard disk.

Table 1 shows the group characteristics. Healthy controls were on average 13.8 years
younger than participants with neck pain. There was a correlation between the VOR gain
and age in the control group (r=0.370, p=0.048). In the neck pain group, there was no

correlation
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between the VOR gain and age (r=0.163, p=0.364). No other correlations between age,
COR

gain, VOR gain, and the CROM were found within each group (all r <0.291).

TABLE 1

Comparison of demographic and questionnaire data between asymptomatic controls and participants with

neck pain.
Control (N=30) Neck pain (N=37)

Mean (SD) 95% ClI Mean (SD) 95% ClI
Age in years 28.3(9.1) 257,323 42.1 (12.3)* 36.5,44.9
Male/female 15/15 - 12/25 -
COR 0.26 (0.15) 0.21,0.32 0.38 (0.16)* 0.31,0.42
VOR 0.67 (0.17) 0.61,0.74 0.66 (0.22) 0.56,0.72
CROM Rotation 139 (18) 133,146 134 (27) 126, 145
CROM flexion/extension 133 (23) 123,139 111 (25)* 103,122
Pain - - 4.1 (2.0) 3.5,4.8
Neck Disability Index - - 23.4(12.8) 20.5,284
Dizziness Handicap Inventory - - 18.2(17.3) 12.3,24.7

NDI scores range from 0 (no disability) to 100 (maximal disability), DHI scores range from 0 (no disability) to 100
(maximal disability), CROM= cervical range of motion. Age and gender were identified as possible confounders.

* Significant difference between control and neck pain group at p < 0.05.

Participants with neck pain showed an increased COR after controlling for age and gender,
F(1,62) = 4.15, p= 0.046, n*=0.063), but no significant difference in VOR F(1,58)= 1.66 p=
0.203, n’=0.028), compared to healthy controls. The CROM was reduced in participants
with non-specific neck pain in the vertical plane (flexion/extension, F(1,60)=4.21, p= 0.045,

n*=0.066), but not in the horizontal plane (Rotation, F(1,60)= 0.33, p= 0.568, n*=0.005).

The correlation between the gains of the two eye movement reflexes was not significant
when the data were pooled (r=0.211, p=0.102; Figure 2), or analyzed per group, neck pain
group (r=0.304, p=0.091) and in the control group (r=0.152, p=0.431).
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Figure 2. Scatterplot of the COR and VOR for all participants.

In addition, correlations between the COR or VOR on the one hand, and pain levels,

location of the neck pain, range of motion of the cervical spine, NDI, or DHI scores on the

other hand were not significant (r between 0.037 and -0.233, all p > 0.172). The correlation

between COR gain and pain level at the moment of measurement was close to significance

(r=-0.304, p=0.07).

Discussion

We observed a higher COR but an unaltered VOR in a group of participants with non-

specific neck pain group compared to a group of healthy controls. This is the first study

investigating the COR in non-traumatic neck pain. Similar results were obtained in a
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previous study in people with WAD.> This suggests that an increased COR is not restricted

to specific patient groups with neck pain.

An explanation for an increased COR in people with neck pain could be altered afferent
information from the cervical spine. In the cervical spine, the information from muscles is a
dominant source of information.?*# Deficits in afferent information are suggested by MRI
studies showing a widespread presence of fatty infiltrates in the neck muscles of patients
with chronic whiplash*' and to a lesser extent in idiopathic neck pain.*? Furthermore,
muscles of the cervical spine (especially in the suboccipital region) have an exceptionally
high density of muscle spindles.**** An alteration of afferent information of the cervical

spine is therefore likely to affect the COR.

Another explanation is that people with neck pain avoid movements in the end-range of
motion. This could also alter afferent information of the cervical spine and, in turn, affect
the COR. Our data suggest that this might be the case for the vertical plane where we
observed a reduction in the range of motion in participants with neck pain. However, the
higher age in the non-specific neck pain group could also explain the reduced range of
motion.* In the rotational plane, there was no difference between the two groups in
contrast to other studies.* This difference could be explained by the low to moderate neck

pain and disability levels in our neck pain group.

Normally, the afferent information from the vestibular and cervical system cooperate in
order to maintain a clear visual image during head and eye movements #’. Our findings
suggest that the VOR does not compensate for the increased COR in the neck pain group.
This mismatch between COR and VOR could lead to visual disturbances ,* dizziness,*® and
postural control disturbances.*>" In our study, we found no correlation between pain
levels, dizziness and the COR. This lack of correlation could be explained by the fact that

the study population scored rather low on both the DHI and NPRS.

Measuring eye movements in patients might be useful for diagnostic and therapeutic
purposes. For instance, it is not possible to influence COR deliberately. This makes the COR
an objective outcome measure of oculomotor function that could be used as an additional
test in clinical settings. This objectivity contrasts with other rather subjective outcome

measures used to diagnose neck pain, such as questionnaires on disabilities and pain
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intensity. However, objectively quantifying the ocular reflexes also has some limitations.
For instance, eye movements need to be measured with adequate precision and accuracy.
In the present study, we measured reflexive eye movements by means of video-
oculography.?*?>* Measuring eye movements while the participant is sitting on a rotating
chair in complete darkness is technically complicated. Furthermore, video-oculography is
rather expensive. A cheaper and easier way to measure eye movements is by means of
electro-oculography (EOG). Although this method is widely used in clinical settings, it is
less suitable for recording VOR and COR eye movements due to its limited accuracy and

reliability.>>>?

Another limitation is related to the fact that that we only observed group effects. It would
be interesting to investigate the possibility of assessing oculomotor control on an
individual level, or as part of a function profile of people with neck pain. Another
interesting question yet to be answered is whether it is possible to use the COR as an
outcome measure to evaluate the effectiveness of interventions in people with neck pain.
In a future study, we will make a direct comparison of the COR between people with non-
specific neck pain, people with WAD, and people without neck pain. It might well be that
there is an difference between in the COR between these groups. Another interesting
direction for future research could be to investigate the relationship between COR and

visual complaints, which occur frequently in people with neck pain®.

We conclude that a deficit in eye stabilization function, namely an increased COR, can also
be observed patients suffering from neck pain without any direct causes, i.e., non-specific
neck pain. We suggest that the evaluation of oculomotor control in patients with neck pain
and concomitant symptoms such as decreased postural stability might be worthwhile in

clinical settings.>*
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Chapter 4

We read the salient research report by de Vries and colleagues,’ unraveling an important
clinical issue on nonspecific neck pain. Indeed, nonspecific neck pain is a common
musculoskeletal disease affecting a multitude of people globally. It is reported that 48.5%
of adults might experience neck pain during their lifetime.? The study by de Vries and
colleagues provides novel insights for the scientific community on increased Cervico-
ocular Reflex in people with nonspecific neck pain. We have several comments. First,
participants with neck pain in the study experienced neck pain for less than 1 year. They
might omit the minimal duration of neck pain. In fact, patients with neck pain for longer
than 6 months are considered to have chronic neck pain with various risk factors, including
female sex, older age, and high job demands.?# The underlying mechanisms of acute and
chronic neck pain might be different and thus have an impact that cannot be ignored.
Therefore, it might be more convincing to use stratified patient groups in terms of the
duration of neck pain. Second, Lee et al®° noted that cervicothoracic junctional structure is a
reliable method predicting chronic neck pain in young adults. Moreover, the
anteroposterior diameter of the thoracic cage is significantly smaller in patients with
chronic neck pain in comparison with controls, in particular for women. It should be
stressed that the thoracic cage acts as a fixed base for head and neck motion. Therefore,
specific anatomic structures might contribute to the increase of Cervico-ocular Reflex in
patients with neck pain. Third, the authors drew the conclusion that people with
nonspecific neck pain have an increased Cervico-ocular Reflex. We would raise the issue of
the clinical significance of the conclusions. Given the prevalence of nonspecific neck pain,
spinal surgeons might see a number of such patients in their outpatient clinics. Bearing the
conclusions in mind, we would like to consult the expert authors: What should we instruct
patients during doctor-patient interactive counseling? The issue might be important for

both spinal surgeons and patients with neck pain.

Author Response

We would like to thank Lan and colleagues for providing feedback on our recent
publication in Physical Therapy.' They raise some interesting points, which we address
below. The first point deals with the duration of neck pain in our patient group. We agree
that it would indeed be very interesting to make use of stratified patient groups for factors

such as duration of neck pain, age, pain levels, levels of dizziness, levels of disability, or, as
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mentioned, job demands. However, for this stratification, a larger number of people with
neck pain is needed, including patients with chronic pain, as central mechanisms become
disturbed in this group of patients in particular.® This is likely to apply to the Cervico-ocular
Reflex (COR) as well. We would like to mention an upcoming study from our research
group in which we report differences in COR between people with chronic neck pain and
traumatic neck pain. The focus of our present study was only to investigate possible
differences in eye movement reflexes between people with nonspecific neck and controls.
As we observed an altered COR, stratification of neck pain duration or a longitudinal
design would be recommended in a future study to investigate a causal relationship
between neck pain and altered COR. In our present study, patients had a minimum
duration of neck pain of at least 3 weeks, as all participants were recruited via physical
therapist practices in Rotterdam, the Netherlands. This recruitment procedure meant that
patients with neck pain were seen by a general practitioner and a physical therapist before
they were referred to our research group. This minimum duration, therefore, was due to
logistical reasons, which we could not control. We did control for age and sex as possible
confounders. The study by Lee et al® showed that the anatomical aspects of the
cervicothoracic junctional structure are related to chronic neck pain in young adults.
Although they did not show a causal relationship between anatomical aspects of the
thoracic cage and neck pain, we believe that the suggestion of specific anatomic
structures affecting the COR changes in patients with neck pain is indeed quite interesting.
Another interesting anatomical factor is the density of the muscle spindles of the neck
muscles situated close to the spine (eg, longus colli and longus capitis muscles). Magnetic
resonance imaging has shown that a widespread presence of fatty infiltrates in neck
muscles is present in people with neck pain.” These factors might be worthwhile to take
into account. Finally, our study did not primarily focus on clinical relevance but rather on
changes in neurophysiological parameters such as the COR in patients with neck pain.
Indeed, the functional effects of an altered COR in these patients need to be assessed.
Moreover, as we observed a group effect, more research is needed before we can
introduce individual tests, similar to, for instance, the gaze stability test, the eye-head
coordination test, and the saccadic eye movement test described by Treleaven.® When

individual tests research shows positive results, this could become a part of the diagnosis

74



and therapy in patients with neck pain, in particular for patients with concomitant

symptoms such as cervical dizziness and decreased postural control.
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Abstract

Question
Is there a relation between the joint position error (JPE) and the cervico-ocular reflex (COR)

in people with non-specific neck pain?

Design
This study had a cross-sectional design involving participants with neck pain and

asymptomatic controls.

Participants
Thirty-seven participants with non-specific neck pain and 30 asymptomatic controls

participated in the study.

Outcome measures
The primary outcome measures of this study were the JPE and the gains of COR, and
vestibulo-ocular reflex (VOR). Secondary outcomes were perceived pain, cervical range of

motion, disability, and dizziness.

Results

Participants with neck pain showed an increased JPE for rotation and flexion-extension.
They showed an increased COR after controlling for age and gender, compared to
asymptomatic controls, whereas the VOR was unaltered. The relation between the gain of
the COR and the JPE flexion/extension was significantly correlated, the COR and the JPE
rotation was not significantly correlated. In the control group, there were no significant

correlations.

Conclusion

This study showed that on a group level, there is a difference between people with non-
specific neck pain on JPE and COR than people without neck pain. On an individual level,
the COR gain or JPE alone do not seem to classify people with neck pain readily. The only
correlation between COR and JPE was in the vertical plane outcome measures, which was

weak. This implicates that the group of people with neck pain is a heterogeneous group.
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Introduction

Neck pain affects 10 to 20% of the world population.! The majority of neck pain does not
have an apparent cause and is therefore considered idiopathic? Practice guidelines for
neck pain recommend conservative treatment.® People with neck pain often complain
about other symptoms besides their neck pain, including lightheadedness, dizziness,

unsteadiness, and/or visual complaints.*

It is known that neck pain affects the activity in muscle spindle afferents,>, and that people
with neck pain show altered timing patterns in the contraction of cervical muscles such as
m. longus colli, the m. longus capitis, and the m. sternocleidomastoid during a neck flexion
movement.”® These changes could lead to altered afferent proprioceptive information
stemming from the cervical muscles. This afferent information converges within the
vestibular nuclei and integrates with the afferent input from head movement-related

information stemming from the visual® and vestibular system.®

This altered cervical afferent information can be assessed by measuring the Joint Position
Error (JPE) of the cervical spine, which is often used as a clinical measure of cervical afferent
dysfunction.” A recent systematic review and meta-analysis showed that people with neck
pain had a larger JPE than people without neck pain.'? Evidence from randomized
controlled trials suggests that targeted proprioceptive exercises can result in both pain
reduction and reduction of JPE."*'* However, the required head movements during the JPE
test may be affected by the vestibular system' and/or be influenced consciously or

subconsciously by the participants.

Cervical afferents are not only crucial for controlling head movements but are also playing
arole in the cervico-ocular reflex (COR), which stabilizes the eye in response to trunk-to-
head movements.’s'® The COR is a non-voluntary eye reflex that stabilizes the eye in
response to afferent information from the neck.” The COR is elicited in response to trunk-
to-head movements, so there is no afferent information of the vestibulum. There is also no
(subconscious) influence of pain behavior processes in the COR because this is a non-
voluntary eye-reflex.” Earlier research showed that people with traumatic neck pain?' and
people with non-specific neck pain? have an increased COR compared to asymptomatic

controls. The COR and VOR function both serve to stabilize the visual image on the retina
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during head and trunk movements. Previous studies showed that the synergy between
COR and VOR could be disturbed in neck pain patients from an idiopathic or traumatic
origin, due to altered cervical sensory input.'?® This afferent input from the cervical
muscles is sent to the vestibular nuclei where it converges with other information

regarding head movements relayed by the visual and vestibular systems?®.

Clinically, direct measurement of the COR is not feasible, as it requires a specific setup
involving a rotating chair and an accurate eye movement recording device. This is in
contrast to measuring the JPE, which is uncomplicated and reliable.>* Based on previous
studies, we expect that both the COR and the JPE are affected in patients with neck pain. In
the present study, we aim to investigate the relationship between these two measures of
cervical afferent dysfunction. Therefore, the research questions for this study is:

- Is there a relation between the joint position error and the cervico-ocular reflex in people

with non-specific neck pain?

Method

Design
This study had a cross-sectional design involving participants with non-specific neck pain

and asymptomatic controls.

Participants and centre

Participants with neck pain were recruited via physiotherapy practices in Rotterdam, The
Netherlands. Asymptomatic controls were recruited using an information letter distributed
among people having no personal or legal relationship with the investigator. All
participants were recruited and tested between October 2012 and September 2014. The
study was approved by the local ethical board of the Erasmus MC. Participants gave

written informed consent prior to the start of the study.

Inclusion criteria for participants with neck pain were: being aged between 18 and 65
years, having non-specific neck pain continuously for less than one year, and being
physically able to undergo COR and VOR measurements. Inclusion criteria for
asymptomatic controls were overlapping with the inclusion criteria for participants with

neck pain with the exception that they had not experienced any complaints of the cervical
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spine (including cervicogenic headache and dizziness) in the last 5 years. Participants were
excluded if they used medication that influenced alertness or balance; suffered from any

neurological disorder; had vestibular or visual problems, or had a history of neck trauma.

Outcome measures

All participants filled in a standard demographic questionnaire. For participants with neck
pain, the intensity of perceived pain was evaluated using a numeric pain rating scale
(NRPS), the functional disability due to neck pain was evaluated using the Neck Disability
Index (NDI), and the Dizziness Handicap Inventory (DHI) was used to assess the perceived
handicap due to dizziness. The NPRS, NDI, and DHI have shown good psychometric
properties in people with neck pain.>*2” All participants underwent measurements of
maximal cervical range of motion (CROM) in the sagittal and the horizontal plane. This was

measured with a CROM device that has shown good reproducibility.?®
Cervical JPE testing

For each participant, the accuracy in relocating the natural head posture (cervical JPE) was
tested after active cervical movements into left and right rotation, flexion, and extension.
The methodology is previously described for the lower back and pelvic girdle* and
adapted from Revel et al.*° Participants were equipped with four infrared LEDs. Two
markers were placed on the head, and two markers were placed on the thoracic spine. For
the sagittal plane, the one head marker was placed at the height of C1, and one marker
was rigidly connected to this marker 3 cm up. The thoracic markers were placed on Th 1,
and one marker was rigidly connected to this marker 3 cm down.

For the horizontal JPE one head marker was placed centrally on top of the head in line with
the rotational axis of the neck, and one marker was rigidly connected to this marker 3 cm
to the front. The thoracic markers were placed on Th 1, and one marker was rigidly
connected to this marker 3 cm down. Marker positions were recorded using a CCD video-
camera (Javelin JE7642) equipped with a black filter. Accuracy, inter- and intraobserver
reliability, and reproducibility showed good properties.?® At the beginning of the
recording, the subject sat upright in a chair with a backrest. Next, subjects were asked to
rotate left, rotate right, or bend their neck or extend their neck as far as possible in a
moderate pace without forcing or jerking and then return to the initial position. Each

motion was repeated three times. The two pairs of coordinates obtained from each video

84



Chapter 5

image were converted into an angle in the sagittal plane or the rotational plane
representing the JPE in degrees. The JPE is presented as an absolute error calculated over
three repetitions. For rotation and flexion-extension, six repetitions were averaged into

one JPE.

Recording of Reflexive Eye Movements

The exact procedure of recording reflexive eye movements are described elsewhere. 2 In
short, monocular (left) eye positions were recorded by infrared video-oculography (Eyelink
1, SMI, Germany?') during either cervical or vestibular stimulation in complete darkness by
rotating a chair. The chair was attached to a motor that ensured sinusoidal chair rotation
without any backlash. Eye movements were recorded during either cervical or vestibular
stimulation. In both stimulation paradigms (COR and VOR), participants were instructed to
look at a position directly in front of the set-up. Head position was fixed in both conditions

via a biteboard.

During the COR stimulation, rotation of the chair induced pure cervical stimulation by
fixating the position of the head in space, which elicits the COR in isolation. The chair was
rotated for 134 seconds around the vertical axis with an amplitude of 5.0 degrees and a
frequency of 0.04 Hz. degrees/s. During the VOR stimulation, the biteboard was mounted
to the chair, so that rotation of the chair induced pure vestibular stimulation. The chair was
rotated for 33 seconds around the vertical axis with an amplitude of 5.0 degrees and a

frequency of 0.16 Hz.

Reflexive eye movements were analyzed by taking the first derivative of the horizontal eye
position signal. After removal of blinks, saccades, and fast phases (using a 20 degrees-per-
second threshold), a sine wave was fitted through the eye velocity signal data. Stimulus
velocity was derived from chair position (COR and VOR measurement) data. The gain of the
response was defined as the amplitude of the eye velocity fit divided by the peak velocity
of the chair rotation. All data processing was done with Matlab R2013a (The MathWorks
Inc., Natick, MA).

Data analysis
Descriptive statistics were computed for the entire sample for the gains of the COR, VOR,

and JPE (outcome parameters), NDI, DHI, perceived pain, CROM (outcome variables), and
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age and gender. Since the COR, VOR, NDI, DHI, perceived pain, and CROM data were
distributed normally (Kolmogorov-Smirnov test), parametric statistics were applied. Two
analyses of covariance (ANCOVA) were performed to analyze differences in COR and VOR
gains, respectively, between asymptomatic controls and participants with neck pain with
age and gender as covariates. JPE data was not normally distributed (Kolmogorov-Smirnov
test). Differences in JPE between people with neck pain and asymptomatic controls were
statistically assessed using Mann-Whitney tests. Correlations between the gains, JPE
(outcome parameters), and outcome variables were assessed using Spearman’s
correlations. Cross-tabulations were made of the highest and lowest half of the scores of
JPE and COR. A two-tailed alpha level of P < 0.05 was considered significant for all

statistical tests.
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Results

Forty-one participants with neck pain and 30 asymptomatic controls participated in the
study. Eye movement recordings were successful in 37 participants with neck pain. In four
participants, the data was discarded due to technical problems. For the 37 participants
with neck pain, the JPE was measured correctly, for the control group in 3 measurements
were not stored properly on the hard disk. The group characteristics concerning the

demographics and eye reflexes are shown in table 1.

TABLE 1
Comparison of demographic and questionnaire data between asymptomatic controls and

participants with neck pain.

Control (N=30) Neck pain (N=37)
Mean (SD) [95% Cl] Mean (SD) [95% Cl]
Ageinyears* 28.3 (9.1) [25.7,32.3] 42.1(12.3) [36.5,44.9
Male/female 15/15 - 12/25 -
COR* 0.26 (0.15) [0.21,0.32] 0.38 (0.16) [0.31,0.42]
VOR 0.67 (0.17) [0.61,0.74] 0.66 (0.22) [0.56, 0.72]
CROM Rotation 139 (18) [133, 146] 134 (27) [126, 145]
CROM flexion/extension * 133 (23) [123,139] 111 (25) [103,122]
Pain - - 4.1 (2.0) [3.5,4.8]
Neck Disability Index - - 23.4(12.8) [20.5,28.4]
Dizziness Handicap Inventory - - 18.2(17.3) [12.3,24.7]

NDI scores range from 0 (no disability) to 100 (maximal disability), DHI scores range from 0 (no
disability) to 100 (maximal disability), CROM= cervical range of motion. Age and gender were identified
as possible confounders.

* Significant difference between control and neck pain group at p < 0.05.

Participants with neck pain showed an increased COR after controlling for age and gender,
(F(1,62) = 4.15, p= 0.046, n*=0.063) compared to asymptomatic controls. Table 2 shows the

median and the interquartile range (IQR) of the JPE for the neck pain group and the control

group.
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TABLE 2
Comparison of the Joint Position Error in degrees (median and IQR) between asymptomatic controls

and participants with neck pain.

Control (n=27) Neck pain (n =37)
Median (IQR) Median (IQR)
Rotation* 3.6 (1.5) 5.2 (4.4)
Flexion/extension* 3.6 (2.3) 6.3 (3.3)

* Significant difference between control and neck pain group at p < 0.05.

People with neck pain showed an increased JPE for rotation (U=343.5, Z=-2.313, p=0.021),
right rotation (U=343.0, Z=-2.321, p=0.020), flexion extension (U=239.5 Z=-3.691, p=0.000),
extension (U=315.0 Z=-2.509, p=0.012), and flexion (U=216.0 Z=-4.005, p=0.000) compared
to asymptomatic controls. Left rotation showed no significant difference between people
with neck pain and asymptomatic controls (U=359.0, Z=-1.912, p=0.056). The relation
between the gain of the COR and the JPE flexion/extension was significantly correlated for
all participants (r = 0.335, p=0.007), the COR and the JPE rotation was not significantly
correlated (r=-0.028, p=0.825). For the participants with neck pain relation between the
gain of the COR and the JPE flexion/extension was significantly correlated (r = 0.358,
p=0.032), the COR and the JPE rotation was not significantly correlated (r=-0.172,
p=0.317). In the control group there were no significant correlations between the COR and
the JPE (COR and flexion/extension, r=0.032, p=0.870 and COR and JPE rotation, r=-0.012,
p=0.950).

We observed a large proportion of participants with neck pain scoring in the highest 50%
of COR and in the highest 50% of the JPE flexion/extension, whereas the controls scored
mostly in the lowest 50% of the COR and JPE flexion/extension (table 3). For the COR and

JPE rotation, this distinction between neck patients and controls was less clear (table 4).
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TABLE 3

Cross tabulation describing the highest and lowest half of the scores of JPE flexion/extension and
COR.

JPE flexion/extension
Lowest 50% Highest 50%
Lowest | Control 14 8
50% | Neck pain 7 4
COR | Highest | Control 5 3
50% | Neck pain 6 20

TABLE 4
Cross tabulation the highest and lowest half of the scores of JPE rotation and COR.
JPE rotation
Lowest 50% Highest 50%
Lowest | Control 13 9
50% | Neck pain 3 8
COR | Highest | Control 6 2
50% | Neck pain 11 15

Discussion

The current study aimed to determine if there was a relationship between the joint
position error in the cervical spine and the cervico-ocular reflex in people with non-specific
neck pain. The results do suggest that people with non-specific neck pain have a higher
JPE and also a higher COR than people without neck pain. However, these two outcome
measures of cervical dysfunction only seem to correlate weakly, and only between the COR
and the JPE in the flexion/extension direction in the neck pain group. In the control group

there, were no correlations between eye movement reflexes and the JPE.

Similar to numerous other studies'>?'?23233 we did observe effects on a group level in the
COR and JPE between people with neck pain and without neck pain. On an individual

level, however, the COR gain or JPE alone do not seem to readily classify people with neck
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pain. The same yields for other outcome measures regarding neck pain such as range of
motion** or motor control.>* However, it is conceivable that a (weighted) combination of
these objective measures can improve individual classifications. Such a classification could
give direction to a specifically targeted intervention towards people with neck pain. Such

an approach showed promising results in people with low back pain.?**’

It is somewhat surprising that we found a correlation between the COR and the JPE in the
flexion/extension direction, whereas the COR was measured in a rotational plane. An
explanation could be related to the fact that the CROM was more restricted in this plane

than in the rotational plane, leading to a more pronounced JPE in this plane in particular.

A limitation of quantifying objective ocular reflexes with video-oculography is the
technical difficulty of the measurement. Electro-oculography (EOG) could be an alternative
measurement method which is widely used in clinical settings, but it is less suitable for
recording COR eye movements due to its limited accuracy and reliability.*®*° A possible
limitation in regard to measuring protocol for the JPE was the amount of repetitions
participants made to calculate the JPE, which was three. Swait et al.*’ reported that at least
six trials were needed to optimize stability and reliability of the cervical JPE measurement.
However, another study® showed that three repetitions also gives a moderate to almost
perfect agreement for joint position error a recent review*? concluded that all studies
which calculated the JPE over at least six trials showed a significantly increased JPE in the
neck pain group. Therefore the applied measurement protocol regarding the JPE in this
study could be possibly underestimating the difference in JPE between controls and

people with neck pain.

We conclude that people suffering from non-specific neck pain present a deficit in JPE and
COR but that these representations of cervical afferent information only seem to correlate
weakly. Evaluation of different components of sensorimotor control in patients with neck
pain might be worthwhile in clinical settings.*’ We advocate from a clinical point of view
that intervention programs should target those functional disorders that are present in the
heterogeneous group of people with non-specific neck pain. These multi-modal programs,
therefore, should also address the important links between the cervical, vestibular and

ocular systems in those where this relation is disturbed.*
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ABSTRACT

Purpose Although several lines of research suggest that the head and eye movement
systems interact, previous studies reported that applying static neck torsion does not
affect smooth pursuit eye movements in healthy controls. This might be due to several
methodological issues. Here we systematically investigated the effect of static neck torsion

on smooth pursuit and saccadic eye movement behavior in healthy subjects.

Methods In twenty healthy controls we recorded eye movements with video-oculography
while their trunk was in static rotation relative to the head (7 positions from 45 degrees to
the left to 45 degrees to right). The subject looked at a moving dot on the screen. In two

separate paradigms we evoked saccadic and smooth pursuit eye movements, using both

predictable and unpredictable target motions.

Results Smooth pursuit gain and saccade peak velocity decreased slightly with increasing
neck torsion. Smooth pursuit gains were higher for predictable target movements than for
unpredictable target movements. Saccades to predictable targets had lower latencies but
reduced gains compared to saccades to unpredictable targets. No interactions between

neck torsion and target predictability were observed.

Conclusion Applying static neck torsion has small effects on voluntary eye movements in

healthy subjects. These effects are not modulated by target predictability.
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Introduction

Humans can shift their gaze voluntarily for optimal visual processing. New objects can be
viewed by executing saccadic eye movements that rapidly redirect the line of sight, whilst
moving objects can be followed using smooth pursuit eye movement. In daily life, these
eye movements occur together with head movements, to ensure that gaze shifts are fast,
accurate and efficient. It is not surprising that several lines of research suggest that the
head movement system and the eye movement system interact.'?

Electrical stimulation of the frontal eye fields in monkeys evokes a saccadic eye movement
3. However, it also results in contraction of neck muscles that yield head movement in the
same direction as the saccade, even when the stimulation is at subthreshold level and no
saccade is executed . A similar finding has been observed for the supplementary eye fields
4. Electrophysiological recordings from eye movement structures, like the frontal eye fields
> and the superior colliculus (an important area for eye head co-ordination) ¢, show that
some cells in these areas modulate their responses based on altered cervical afferent input
due to changes in head position. Some clinical studies have reported affected smooth
pursuit gains following static rotation of the head relative to the body in patients with
neck pain due to, for instance, Whiplash Associated Disorder 27 or cervical spondylosis °.
These findings underlie the Smooth Pursuit Neck Torsion (SPNT) test used to assess the
degree of eye movement impairments relating to clinical neck pain populations ™.

In healthy subjects, on the other hand, neck torsion seems to affect eye movements
minimally at most 2'%'". Although this is usually welcomed in clinical practice, as it
increases the discriminative ability of the SPNT, the lack of neck torsion effects in non-
patient populations might be the result of reduced sensitivity due to various
methodological issues. Firstly, most of these clinical studies focused on smooth pursuit
eye movements and less so on saccadic eye movements. Secondly, smooth pursuit eye
movements were evoked by a predictably moving target. Therefore, any decline in smooth
pursuit performance due to changes in low-level motor processes might well be
compensated for by higher level cognitive processes that predict target motion'>.,
Thirdly, only a few neck rotations are applied in the SPNT, being one extreme (30 or 45
degrees to the left or right) and one neutral (straight ahead) rotation. Moreover, neck
rotation was usually enforced by holding the head manually. Fourthly, eye movements

were recorded by means of electro-oculography (EOG) which is known to be limited in its
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accuracy and reliability '>'¢. Although an influence of neck torsion on eye movements in
healthy subjects is expected given the alleged interaction between head and eye
movement systems, these methodological issues might hamper observing such an effect.
In the present study, we measured eye movements by means of video-oculography and
systematically investigated the effect of neck torsion on both smooth pursuit and saccadic
eye movements. We displayed targets with predictable and unpredictable movements
and used a custom-made bite board to fixate the head while applying a range of static
rotations to the trunk. We hypothesized that increased neck torsion would yield small
changes on eye movement characteristics which are more pronounced for unpredictably
moving targets than for predictably moving targets. In addition, we expect that
unpredictably moving targets would yield less optimal eye movements, showing longer

saccadic latencies and reduced gains.

Methods

Subjects

Twenty healthy subjects participated in each of the two experimental paradigms (smooth
pursuit eye movements and saccadic eye movements); 16 subjects participated in both
paradigms. None of the subjects had a history of trauma, neck complaints or neurological
conditions. In all subjects, vision was normal or corrected-to-normal. In the smooth pursuit
paradigm, subjects (10 male, 10 female) were on average 28.4 years old (range 20-51
years); in the saccade paradigm subjects (9 male, 11 female) were on average 27.9 years
old (range 21-44 years). All subjects gave informed consent to participate in this study,

which was approved by the local ethical board.

Apparatus

The paradigms were performed in a darkened and quiet room. Subjects were seated in a
custom-made rotatable chair. Body movements were restricted by seat belts. Head
movements were restrained by means of a bite board. Rotating the chair to a fixed
position, while keeping the head pointing straight ahead, induced static neck torsion.
Visual stimuli were generated in Matlab (version 2008) and back-projected by a projector
(Infocus LP 335) on a translucent screen, placed 168 cm in front of the subject. In both the

saccade and smooth pursuit paradigm the visual target was a single red dot of 0.5 degrees
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of visual angle in diameter that was displayed on a black background. We will refer to this
dot as the target.
Eye movements were measured at 250 Hz with an infrared eye-tracking device (Eyelink |,

SMI, Germany, see ).

A experimental setup B saccade paradigm

— target
15

projection screen

2

-15 1s

A A A
C smooth pursuit paradigm
Predictable target motion — target
eye
15° o
0° ~
T
Unpredictable target motion — target
eye
45degrees ____ ..., Odegrees ____...... 45 degrees 15° 4
neck torsion no neck torsion neck torsion
to the right (neutral) to the left o 4
-15° o

Figure 1. Experimental setup and paradigms. Panel A shows a schematic representation of the experimental
setup: the body of the subjects could rotated to a static position while the head faced forwards toward the
screen on which the target was presented. Panel B shows an example of the saccade paradigm: eye
movement responses (grey line) in response to a target (black line) that jumped from a center to a peripheral
position and back again. Panel C shows examples of the smooth pursuit paradigm: eye movement responses

(grey line) in response to a predictably (top) or unpredictably (bottom) moving smooth pursuit target (black

line).

Paradigms

Subjects participated in two experimental paradigms: saccades and smooth pursuit. Each
paradigm consisted of multiple runs. In both paradigms and in each run, the chair was
rotated to one out of seven positions to induce static neck torsion, i.e., the trunk was
rotated while the head was kept pointing straight ahead (figure 1A). These seven chair
rotations were 15, 30, 45 degrees to the left or to the right, and a neutral rotation (0
degrees straight ahead, i.e., the head and trunk were aligned).

In the saccade paradigm subjects were instructed to look at target while it jumped on the

screen (Figure 1B). At the beginning of a trial, the target was presented at the center of the
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screen. After a random interval of 0.8 to 1.6 seconds, the target disappeared and
immediately appeared unpredictably at one out of six possible locations. These locations
were 5, 10, or 15 degrees of visual angle to the left or right site from the center. After a
random interval of 0.8 to 1.6 seconds the target disappeared from that location and
immediately appeared at the center of the screen, indicating the beginning of the next
trial. In each trial, two saccades were therefore evoked. The first centrifugal saccade was
directed to an unpredictable position whereas the second saccade was always directed
towards the center (centripetal) and therefore was predictable with respect to its direction
and amplitude. We note that target predictability is confounded with the initial eye
position but this is unlikely to have a significant impact (see discussion). Each of the six
possible locations was used in ten trials, yielding 120 trials in total per run. The duration of
the target display and the order of used target locations were randomized in each run. A
run lasted about 2 minutes.

In the smooth pursuit paradigm subjects were instructed to look at the target while it
moved gradually from left to right on the screen in the horizontal plane (Figure 1C). There
were two conditions in this paradigm: a predictable motion condition and an
unpredictable motion condition. In the predictable condition the target moved according
to a single sinusoid with frequency of 0.4 Hz and a peak to peak amplitude of 27 degrees.
In the unpredictable condition the target moved according to a sum of three sinusoids
with different frequencies and amplitudes (Sum of Sines stimulation, Soeching et al. 2010).
One of the sinusoids had a frequency of 0.4 Hz and a peak to peak amplitude of 27
degrees, like the predictably moving target. In a single run, the other two (non-harmonic)
sinusoids were one of the following pairs: 0.182 and 0.618 Hz, 0.222 and 0.578 Hz or 0.268
and 0.532 Hz. Note that for each combination the average frequency was 0.4 Hz. Three
different combinations were used randomly between runs to prevent learning. In each
run, the predictable condition was performed first for about 30 seconds, followed by the
unpredictable condition for about 30 seconds. In between conditions was a brief pause of

about 5 seconds. A run lasted little over 1 minute.
Procedure

The order of the chair rotations was pseudo-randomized across subjects. In the first run the

chair was in neutral rotation (0 degrees), followed by a 45 degrees chair rotation either to
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the left or the right in the second run. In the third run the chair was rotated 45 degrees to
the other direction. In the following runs the four remaining rotations were applied in a
pseudo-random order across subjects. In the smooth pursuit paradigm only, an additional
measurement was made with neutral chair rotation in the fourth run. In both paradigms, a
neutral chair rotation (0 degrees) was used for the final run. The smooth pursuit paradigm
entailed nine runs, the saccade paradigm entailed eight runs.

In 12 of the 16 subjects who performed in both paradigms, the two paradigms were
executed in two sessions on two separate days; in the other four subjects the paradigms
were performed in a single session. For these subjects, the chair was rotated to a specific
position and a run of the smooth pursuit paradigm was followed by a run of the saccade

paradigm.

Analysis

The recorded eye data were parsed for events (blinks, saccades and fixations) and eye
positions using the built-in EyeLink software, and subsequently analyzed off-line using
custom-written software in Matlab (version 2008b).

In the saccade paradigm, the primary saccades following a change in target position,
either away or toward the center, were marked and extracted for each subject and in each
run. For each saccade, the latency (i.e., the time between change in target location and
saccade onset), the amplitude and peak velocity were determined. Saccades with a latency
smaller than 50 ms, an amplitude below 2 degrees or above 30 degrees of visual angle,
with a duration over 150 ms, and/or with a vertical component above 2 degrees of visual
angle were discarded. Saccadic amplitude was transformed into a gain value, being the
amplitude divided by the size of the target jump.

Saccades were grouped in 12 categories according to six trial types (i.e., the combination
of two directions of the saccade (leftward or rightward), and three sizes of the initial target
jump away from the center) and two phases within a trial (the unpredictable jump away
from the center, evoking a centrifugal saccade, and the predictable change towards the
center evoking a centripetal saccade). The median values of the three saccade parameters
of interest (latency, gain, and peak velocity) were calculated over the 10 trials for each of
the 12 saccade categories and each of the eight runs separately. The two values of the two

runs when the chair was rotated in the neutral position were averaged within each
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subject. Data were averaged over the direction of chair rotation, since a preliminary
analysis showed no effect of the direction of chair rotation.

Statistical analyses were performed by means of repeated measurements ANOVAs, which
included four factors (“neck torsion” with four levels: 0, 15, 30 and 45 degrees of chair
rotation; “predictability” with two levels: predictable (centripetal) target jumps vs.
unpredictable (centrifugal) target jumps; “direction” with 2 levels: left or right; and
“amplitude” with three levels: 5, 10 or 15 degrees of visual angle). For each of the three
outcome parameters of the saccade paradigm (latency, gain, and peak velocity) a separate
ANOVA was performed.

In the smooth pursuit paradigm, instantaneous eye velocity signals were calculated from
the eye position signals. The numbers of saccadic intrusions (amplitude > 1.0 degrees)
were counted in a time window of 30 seconds, starting one second after the
commencement of recording. Saccades and square waves, as well as eye blinks were
removed from the velocity signals. For the predictable condition, a sinusoid with a
frequency of 0.4 Hz was fitted through the eye velocity data. This yielded a gain and a
phase lag of the smooth pursuit eye movement. The gain was defined as the fitted eye
velocity amplitude divided by the target velocity amplitude (fixed at 2*pi*0.4*13.5 = 33.9
degrees/s). For the unpredictable condition a sum of three sinusoids, with frequencies
matching the three target frequencies, was fitted through the eye velocity data. This
yielded three fitted eye velocity amplitudes. The gain of the unpredictable smooth pursuit
eye movement was defined as the fitted amplitude for 0.4 Hz divided by the target velocity
amplitude at 0.4 Hz (fixed at 2*pi*0.4*13.5 = 33.9 degrees/s).

The gains, phase lags, and the number of saccadic intrusions of the second and third
measurement, when the chair was rotated in the neutral position, were averaged, to
obtain values for this chair rotation (the first measurement in this rotation was discarded).
For each subject, all 14 gains (obtained for 7 chair rotations and 2 target movement
conditions [predictable and unpredictable]) were normalized by dividing them by the
median of the 7 gains obtained in the predictable condition. The number of saccadic
intrusions were normalized similarly using the median number of saccades for the 7 chair
rotations in the predictable condition. Data were averaged over the direction of chair
rotation, since a preliminary analysis showed no effect of the direction of chair rotation.

Statistical analyses were performed by means of repeated measurements ANOVAs, which
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included two factors (“neck torsion” with four levels: 0, 15, 30 and 45 degrees of degrees of
chair rotation; “predictability” with two levels: predictable vs. unpredictable smooth
pursuit target motion). For each of the three outcome parameters of the smooth pursuit
paradigm (gain, phase difference and number of saccadic intrusions) a separate ANOVA
was performed.

All statistical analyses were performed using SPSS (Version 20). Significance level was set at
5%. In the result section we will focus on the effects of chair rotation and target
predictability (and their interaction with other factors) on the various outcome measures

of saccadic and smooth pursuit eye movements.

Results
Saccadic eye movements
The data of one subject was discarded, because almost all her predictable centripetal

saccades had latencies below 50 ms, leaving 19 subjects to be included in the analysis.
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Figure 2: Saccadic gains (panel A), latencies (panel B) and peak velocities (panel C) for each of the four
eccentricities of chair rotation, for predictable centripetal saccades (closed circles) and unpredictable

centrifugal saccades (open squares). Error bars represent 95% confidence interval.

Saccadic gain (figure 2A) was not affected by neck torsion and none of the interactions
involving neck torsion reached significance. Predictability did affect saccade gain (F(1,18)
= 8.25, p =.01, partial n? =.34): unpredictable centrifugal saccades had higher gains (0.97 +
0.02) than predictable centripetal saccades (0.95 + 0.01). The interaction between
predictability and amplitude (F(2,17) = 27.65, p < .00, partial n> =.77) showed that the
gains of unpredictable centrifugal saccades decreased with amplitude (1.00 £ 0.02, 0.97 +
0.02,and 0.94 £ 0.01, for 5, 10, and 15 degrees amplitude, resp., F(2,17) = 20.56, p < .00,

partial n2 =.71), whereas the gains of predictable centripetal saccades did not (0.92 +
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0.02,0.96 £ 0.01,and 0.96 + 0.01, for 5, 10, and 15 degrees amplitude, resp., F(2,17) = 9.38,
p = .00, partial n2 =.53). The interaction between predictability and direction (F(1,18) =
6.13, p =.02, partial n? =.25), showed that the difference in gain between leftward
saccades and rightward saccades was smaller for predictable centripetal saccades (0.94 +
0.02 vs. 0.95 £ 0.01) than for unpredictable centrifugal saccades (0.95 + 0.02 vs. 1.00 + 0.01,
T(18) = 2.501, p =.02) The main effect of direction (F(1,18) = 7.93, p = .01, partial n?=.31)
showed that rightward saccades had a higher gain (0.97 + 0.02) than leftward saccades
(0.94 + 0.01). The main effect of amplitude (F(2,17) = 8.26, p = .00, partial n? = .49) showed
that, overall, saccade gain differed between amplitudes (0.96 + 0.02, 0.97 + 0.02 and 0.95 +
0.01 for 5, 10, and 15 degrees amplitude, resp.). Saccadic latency (figure 2B) was not
affected by neck torsion and none of the interactions involving neck torsion reached
significance. Predictability did affect latency (F(1,18) = 82.37, p < .00, partial n? =.82):
unpredictable centrifugal saccades had longer latencies (193 + 5 ms) than predictable
centripetal saccades (166 + 6 ms). The interaction between predictability and amplitude
(F(2,17) =12.21, p = .00, partial n> =.59) showed that latencies of unpredictable centrifugal
saccades increased with amplitude (194 £ 5192 £ 5,and 214 + 5 ms for 5,10, and 15
degrees amplitude, resp., F(2,17) = 105.27, p < .00, partial n? =.93), whereas the latencies
of predictable centripetal saccades did not (166 £ 6, 155 + 5, and 165 + 5 ms for 5, 10, and
15 degrees amplitude, resp., F(2,17) = 44.76, p < .00, partial n?=.84). There was no
interaction between predictability and saccade direction and there was no main effect of
direction. The main effect of amplitude showed that, overall, saccade latency differed
between amplitudes (180 £ 5,173 + 4, and 189 + 4 ms for 5, 10, and 15 degrees amplitude,
resp., F(2,17) =100.66, p < .00, partial n? =.92). Saccadic peak velocity (figure 2C) was
significantly affected by neck torsion (F(3,16) = 6.39, p = .01, partial n2 =.55). Post-hoc
analysis using paired t-tests showed that the peak velocity at neutral position (350 =9
deg/s) was significantly different from the peak velocity at 15 degrees (327 + 9 deg/s, p =
.00) and at 30 degrees neck torsion (333 = 10 deg/s, p =.01), but not from the peak
velocity at 45 degrees neck torsion (342 + 9 deg/s). The peak velocities between 15
degrees and 45 degrees neck torsion differed as well (p =.04). None of the interactions
involving neck torsion reached significance. Predictability did not affect peak velocity. The
interaction between predictability and amplitude (F(2,17) =51.10, p < .00, partial n2 = .86)

was significant. Post-hoc comparisons showed that peak velocity increases with amplitude
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for predictable saccades (239 £ 6,351 £ 9,and 425 + 10 deg/s, for 5, 10, and 15 degrees
amplitude, resp., F(2,17) = 406.63, p < .00, partial n2 = .98), but less so for unpredictable
saccades (253 £ 7,352+ 9,and 399 + 10 deg/s, for 5, 10, and 15 degrees amplitude, resp.,
F(2,17) =305.82, p < .00 partial n2 =.97). There was no interaction between predictability
and saccade direction. There was no main effect of direction. The main effect of target
amplitude showed that, overall, peak velocity differed between amplitudes (246 + 6 deg/s,
355+ 9deg/sand 412 £ 10 deg/s for 5, 10, and 15 degrees, resp., F(2,17) = 395.40, p < .00,
partial n2 =.98). In neutral chair rotation, the within-subject correlations between
predictable centripetal saccades and unpredictable centrifugal saccades were significant
for all parameters measured: saccade gains (r =.78), latencies (r =.57), and peak velocities
(r=.79). We also compared the mean gain, latency and peak velocity between both runs in
neutral rotation (i.e., between run 1 and run 8) to assess possible effects of learning and/or
fatigue. No differences in gain or latency were found. Peak velocities of saccades in the first
run (350 £ 12 deg/s) were somewhat higher than the second run in neutral rotation (328 +

12 deg/s; F(1,17) = 7.01, p = .02, partial n? =.29).

Smooth pursuit eye movements

All 20 subjects were included in the analyses.
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Figure 3: Normalized smooth pursuit gain (panel A), phase lags (panel B) and normalized number of saccadic
intrusions (panel C) for each of the four eccentricities of chair rotation, for predictably moving targets (closed

circles) and unpredictably moving targets (open squares). Error bars represent 95% confidence interval.

Smooth pursuit gain (figure 3A) was affected by neck torsion (0.95 + 0.02, 0.99 + 0.01, 0.97
+0.01 and 0.95 £ 0.01, for 0, 15, 30 and 45 degrees chair rotation, resp., F(3,17) =4.98, p =
.01, partial n2 = .47). Predictability did affect smooth pursuit gain (F(1,19) = 22.74, p < 00,
partial n2 =.55): predictably moving targets yielded higher smooth pursuit gains (1.00 £
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0.00) than unpredictably moving targets (0.94 £+ 0.12). The interaction between
predictability and neck torsion was not significant. Phase lags (figure 3B) were affected by
neck torsion (9.2 £ 0.5, 8.6 £ 0.6, 8.0 + 0.5 and 9.1 + 0.6 degrees, for 0, 15, 30 and 45
degrees chair rotation, respectively (F(3,17) = 3.39, p = .04, partial n2 =.37). Phase lag was
higher for unpredictably moving targets (10.3 £+ 0.6 degrees) than for predictably moving
targets (6.9 + 0.6 degrees, F(1,19) = 4.50, p = .05, partial n2 =.19). No interaction between
neck torsion and predictability was present. The normalized number of saccadic intrusions
(figure 3C) was not affected by neck torsion. Predictability did affect the number of
saccadic intrusions (F(1,19) = 7.22, p = .02, partial n2 = .28): predictably moving targets
resulted in more saccades (1.01 £.01) than unpredictably moving targets (0.93 £ 0.03). The
interaction between predictability and neck torsion was just not significant (F(3,17) = 3.04,
p = .06, partial n2 = .35). A post-hoc analysis suggested that for predictably moving targets
the number of saccadic intrusions increased with increasing neck torsion (93 +.04, .96 +
.02,1.03 .04 and 1.07 = .04 intrusions, for 0, 15, 30 and 45 degrees chair rotation, resp.,
F(3,17) = 3.90, p = .03, partial n2 = .41). For unpredictably moving targets, the number of
saccadic intrusions was not affected by neck torsion. Individual smooth pursuit gains (r =
46) and number of saccadic intrusions (r =.79) correlated between predictably moving
targets and unpredictably moving targets across 20 subjects in the neutral rotation.
Smooth pursuit gains did not correlate with number of saccadic intrusions for predictably
(r=.14) and unpredictably (r = .05) moving targets. We compared smooth pursuit gains
and numbers of saccades to predictably moving targets between both runs in neutral
rotation (i.e., between run 4 and run 9) to assess possible effects of learning and/or fatigue.
No significant differences were found in smooth pursuit gains or numbers of saccadic
intrusions.

Finally, for the neutral chair rotation, we observed no correlation between the average
gain of predictable saccades and the gain of predictable smooth pursuit (r =.32), nor
between the average gain of unpredictable saccades and the gain of unpredictable
smooth pursuit (r =.19), using the data of the 16 subjects who participated in both
paradigms. Also, we did not see marked differences between the four subjects who
performed both paradigms in a single session and the 12 subjects who performed both

paradigms in two separate sessions.
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Discussion

In this study, we systematically investigated the effect of neck torsion on voluntary eye
movements. Using a thorough methodological approach using video-oculography and a
range of neck torsions, we found that smooth pursuit as well as saccadic eye movement
performance were only mildly affected by static rotation of the trunk relative to the head.
The effect was most prominent, but nonetheless small, for smooth pursuit eye
movements. Using a range of neck torsions from 45 degrees to the left to 45 degrees to
the right, a maximum of 5% percent change in smooth pursuit gain was observed. Gain
was maximal at 15 degrees torsion, but similar gains were observed for neutral (0 degrees)
and extreme (45 degrees) neck torsions. For saccadic eye movements, only peak velocity
seems to be influenced by neck torsion, and gain and latency were not. Neutral and
extreme neck torsions yielded comparable saccadic peak velocities. These findings of small
effects of neck torsion on healthy human voluntary eye movements are in line with
previous reports®’211,

Interestingly enough, optimal performance, as reflected by high gains, was not always
encountered at neutral rotations of the trunk, i.e.,, when the head and trunk were aligned
(see figure 2A and 3A). Indeed, some subjects spontaneously reported that they found it
more convenient to perform the task when they were rotated a little sideways, although
this varied between subjects. However, we did not measure this “preferential direction”
reliably for proper analysis in the present study. It is recommended that it is taken into
account in the design of future studies.

The lack of effect of neck torsion might be explained by an adaptive process. Increased
neck torsion could have only transient effects on eye movement control as it is
conceivable that the oculomotor system adapts to static changes in afferent cervical input
caused by increased neck torsion. This notion could be tested in a setup that allows for
applying dynamic chair rotation while presenting visual stimuli (see, e.g.'®"). In this way,
one could disentangle transient from sustained effects of neck torsion on oculomotor
control.

In both the saccadic and smooth pursuit paradigm we manipulated the predictability of
the target movements. As expected, unpredictable target jumps yielded higher saccadic
latencies. Previous studies suggest that more time is needed in planning a saccade in

response to an unpredicted target jump %2'. An increased latency might also allow for
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executing a more accurate saccade 2. In the present study, gains were higher for increased
latencies. The observed interaction between peak velocity and amplitude seems to be in
line with previously reported increased peak accelerations for predictable large saccades
2, An increase in peak velocities could be related to the concurrent increase in gain, given
the link between saccade amplitude and velocity which is known as the main sequence .
Also in the present study we found this relationship by manipulating the size of the target
jump.

In our saccade paradigm, saccades were either predictable or unpredictable with respect
to direction and amplitude. However, predictable saccades were always centripetal,
whereas unpredictable saccades were always centrifugal. Initial eye position could
therefore be a confounding factor #. Eye position, however, does not play a role in saccade
generation on a low level. Structures like the superior colliculus and the brainstem encode
saccadic direction, amplitude, duration and velocity, independent of initial eye position .
Saccadic latencies are more likely to be controlled by cognitive processes that take target
predictability into account. These cognitive processes are part of a higher level of
oculomotor control in which the frontal eye fields, for instance, play a role *¢. We therefore
argue that the differences in saccadic latencies are not caused by different initial eye
positions but rather by target predictabilities.

For smooth pursuit movements, unpredictable target movements impaired smooth
pursuit behavior. As expected, adding a frequency component above 0.4 Hz had a
decremental effect on smooth pursuit gain of the 0.4 frequency component ' This effect
was found to be present for all neck rotations. However, reduced gains did not lead to an
increased number of saccadic intrusions in response to unpredictably moving targets. This
could be explained by the notion that it is not useful to make a saccade to a location that is
unlikely to be the correct position of the target, since it moves unpredictably. In line with
previous research, phase lags increased in the unpredictable condition for which smooth
pursuit gain was decreased %’.

In the Smooth Pursuit Neck Torsion (SPNT) test '® smooth pursuit is measured in response
to predictable target motion. Importantly, smooth pursuit performance is compared
between neutral position and a position with (extreme) neck torsion, which circumvents
issues related to between-subject differences that are, for instance, related to variations in

cognitive abilities. We observed that the effect of neck torsion was not affected by target
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predictability. This suggests that one does not need to use unpredictable targets to
compare groups of subjects, for instance, patients with neck pain and healthy controls.
Even so, it might be worthwhile to use both predictable and unpredictable target motions
to investigate how cognitive factors affect oculomotor behavior in patients with neck pain.
For instance, patients with cognitive impairments due to frontal lobe degeneration show
deficits in predicting target movements during smooth pursuit %. It has been reported that
patients with neck pain due to WAD also show more self-reports of cognitive complaints %.
It could be that these patients are less able to predict target motion and therefore show
impairments in smooth pursuit performance. Although speculative, this impairment could
be more pronounced in more challenging circumstances, i.e., when the neck patient is in
extreme torsion. However, both the effect of target predictability itself and its potential
interaction with neck torsion has not been investigated in patients with neck pain.

The present study has several limitations. For instance, our subjects were rather young and
it is known that eye movement performance changes with age *°. Therefore, one cannot
extrapolate the current findings to the general population. Furthermore, we only tested
eye movements and neck torsion in the horizontal plane. Given the distinct neuronal
pathways for horizontal and vertical eye movements %, it might be that neck torsion in
different planes (tilt and roll) might yield different results.

In conclusion, applying static neck torsion to healthy human subjects resulted in minimal
changes in oculomotor control, not only for smooth pursuit eye movements, but also for
saccadic eye movements. These effects were not modulated by target predictability,
which, in itself, had clear effects on saccadic and smooth pursuit performance.

Our findings are in line with previous observations about the effect of neck torsion on
smooth pursuit eye movements in healthy individuals. As in the SPNT test, we did not find
significant differences between no neck torsion (neutral rotation, 0 degrees) and extreme
neck torsion (45 degrees rotation). Therefore, the methodological issues mentioned in the
introduction do not seem to reduce the clinical relevance of the SPNT test to assess the
cervical afferent influence on smooth pursuit eye movements. However, the use of video-
oculography allows for a more detailed analysis of smooth pursuit behavior including
saccadic intrusions and phases. Using more chair rotations provides a more complete view
of the effect of neck torsion, for instance, by taking an individual torsion preference into

account. Finally, using both predictable and unpredictable targets could give more insight
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in the interaction between (impaired) cognitive processes and smooth pursuit. Therefore,
when given the opportunity, we recommend that future studies, for instance on the
oculomotor control of patients with neck pain, include both predictably and unpredictably
moving targets and use a range of neck torsions. This could be a useful and informative
supplement of t he SPNT test, although we realize that this might be difficult in clinical
practice. Further studies are warranted to investigate how the head and eye movement

systems interact to produce efficient gaze shifts in humans.
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Chapter 7

ABSTRACT

Study Design This is a cross-sectional study.

Objective The purpose of this study is to support and extend previous observations on
oculomotor disturbances in patients with neck pain and whiplash-associated disorders
(WAD:s) by systematically investigating the effect of static neck torsion on smooth pursuit
in response to both predictably and unpredictably moving targets using video-
oculography.

Summary of Background Data Previous studies showed that in patients with neck
complaints, for instance due to WAD, extreme static neck torsion deteriorates smooth
pursuit eye movements in response to predictably moving targets compared with healthy
controls.

Methods Eye movements in response to a smoothly moving target were recorded with
video-oculography in a heterogeneous group of 55 patients with neck pain (including 11
patients with WAD) and 20 healthy controls. Smooth pursuit performance was determined
while the trunk was fixed in 7 static rotations relative to the head (from 45° to the left to
45° to right), using both predictably and unpredictably moving stimuli.

Results Patients had reduced smooth pursuit gains and smooth pursuit gain decreased due
to neck torsion. Healthy controls showed higher gains for predictably moving targets
compared with unpredictably moving targets, whereas patients with neck pain had similar
gains in response to both types of target movements. In 11 patients with WAD, increased
neck torsion decreased smooth pursuit performance, but only for predictably moving
targets.

Conclusion Smooth pursuit of patients with neck pain is affected. The previously reported
WAD-specific decline in smooth pursuit due to increased neck torsion seems to be
modulated by the predictability of the movement of the target. The observed oculomotor
disturbances in patients with WAD are therefore unlikely to be induced by impaired neck

proprioception alone.
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Introduction

Patients with neck pain often present with headaches, dizziness, as well as visual
problems'2, which can be related to problems in eye movement control. *° This includes
smooth pursuit, which is an eye movement that is executed to keep track of a moving
object.’ The smooth pursuit neck torsion test (SPNT) is a clinical test that has been
developed to diagnose patients with cervical dizziness (reported sensitivity/specificity:
90%/91%) “. This test is based on the observed decrease in smooth pursuit performance in
patients due to static neck torsion (placing the head in rotated position while keeping the
trunk stationary). Smooth pursuit performance is reflected by the smooth pursuit gain, i.e.,
the velocity of the eye movement relative to the velocity of the moving object. A gain of 1
implies perfect smooth pursuit. A decline in smooth pursuit performance with increased
neck torsion was not observed in healthy controls. A later study validated the SPNT for
diagnosing patients with whiplash associated disorder (WAD), and reported high
diagnostic value in discriminating these patients from others with cervical complaints 2.
Additional studies that used the SPNT reproduced these findings of gain decline and
specificity for WAD patients '°. However, several factors impede proper assessment of
these findings. First, subjects were fixated manually, which reduces the comparison and
reproducibility between measurements since one cannot make sure that the same neck
torsion is applied at all times. Second, eye movement recordings were commonly done by
means of electro-oculography (EOG), which is quite unreliable to detect small changes in
eye position as well as relatively slow eye movements ''. Finally, a limited variety of neck
torsions was usually applied (either none or very prominent, i.e., about 45 degrees of head
rotation relative to the body). A final important limitation is related to the predictable
motion of the object used to evoke smooth pursuit. With such a predictable motion, the
sought-for modifications in smooth pursuit behavior might be compensated for by
adequate prediction of target motion’'%'*. This confounding factor can be avoided by
using an unpredictably moving target.

In this research we studied the effects of neck torsion and target predictability on smooth
pursuit eye movement in patients with various origins of neck pain, avoiding the issues
mentioned above. We expect that increased neck torsion would have more detrimental

effects on smooth pursuit performance in patients than in healthy controls. Furthermore,
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we hypothesized an interaction between target predictability and neck torsion, with the

SPNT with unpredictably moving targets being more affected.

Methods

Subjects

Twenty healthy controls and 55 patients with neck pain participated in this experiment.
Healthy controls were recruited among the hospital and university staff: they formed a
heterogeneous group of 10 males and 10 females, being on average 28.4 years old (range
20-51 years). None of the control subjects had a history of trauma, neck complaints or
neurological conditions. All had normal or corrected to normal vision. Importantly, none of
the controls had experienced severe neck pain in the last six months.

For the patients, we looked at a heterogeneous group with various origins of their
complaints, both traumatic and non-traumatic. Patients were included with support of the
Spine and Joint Centre Rotterdam, a rehabilitation center for patients with chronic neck
complaints, as well as regular physical therapists. In total, 55 patients (21 males, 34
females, mean age 44.2 years, range 25-67 years) were included. All patients experienced
chronic pain the neck for more than six months which impaired their behavior in daily life.
The patients were diagnosed as having Whiplash Associated Disorder (WAD, n=11) or not
(non-WAD, n=44) according to experienced physicians of the Spine and Joint Centre
Rotterdam, with use of the criteria of Spitzer '®.

All participants gave informed consent and the study was approved by the local review

board.

Apparatus

The methodology has been described in detail elsewhere . Briefly, subjects were seated in
a custom-made rotatable chair. Rotating the chair to a fixed position, while keeping the
head pointing straight ahead induced static neck torsion. Eye movements in response to a
moving red dot on a black background were recorded by means of video-oculography

(resolution noise < 0.01 degrees, velocity noise < 3 degrees/s, sample rate 250 Hz) '@.
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Experiment

Seven chair rotations were used: a neutral rotation (0 degrees straight ahead, i.e., the head
and trunk were aligned) and a rotation of 15, 30, 45 degrees to the left or to the right
(figure 1). The experiment consisted of nine runs in which the chair was positioned in a
specific rotation. Each eccentric rotation was applied once and the neutral rotation was

applied three times. In each run, conditions were applied.

screen
A A A A
chair ; : @
0 degrees 15 degrees 30 degrees 45 degrees

no neck torsion
(neutral position)

Figure1: Schematic representation of the chair rotation conditions. While the head was fixated by means of a
bite board, the torso was held in a fixed rotation to the right or to the left, which induced static neck torsion.

The subject was asked to follow a single moving dot that was projected on the screen in front.

There were two conditions in this experiment: a predictable motion condition and an
unpredictable motion condition. In the predictable condition the target moved according
to a single sinusoid with frequency of 0.4 Hz and a peak to peak amplitude of 27 degrees.
In the unpredictable condition the target moved according to a sum of three sinusoids
with different frequencies and amplitudes. One of the sinusoids had a frequency of 0.4 Hz
and a peak to peak amplitude of 27 degrees, like the predictably moving target. Three
unpredictable stimuli were used randomly between runs to prevent learning. In each run,
the predictable condition was performed first, followed by the unpredictable condition.

Both conditions lasted about 33 seconds.
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Procedure
The order of the seven chair rotations was pseudo-randomized across subjects, Neutral
rotation was measured three times at the 1st, 5th and 9th run. The experiment lasted

about 20 minutes.

Analysis

The recorded eye data were parsed for events (blinks, saccades and fixations) and eye
positions using the built-in EyeLink software, and subsequently analyzed off-line using
custom-written software in Matlab (version 2008b).

Instantaneous eye velocity signals were calculated from the eye position signals. The
numbers of saccadic intrusions (amplitude > 1.0 degrees) were counted in a time window
of 30 seconds, starting one second after the commencement of recording. Saccades and
square waves, as well as eye blinks, were removed from the velocity signals. For the
predictable condition, a sinusoid with a frequency of 0.4 Hz was fitted through the eye
velocity data. This yielded a gain of the smooth pursuit eye movement. The gain was
defined as the fitted eye velocity amplitude divided by the target velocity amplitude (fixed
at 2*pi*0.4*13.5 = 33.9 degrees/s). For the unpredictable condition a sum of three
sinusoids, with frequencies matching the three target frequencies, was fitted through the
eye velocity data. These combinations were 0.4 Hz combined with one of three frequency
pairs (0.182 and 0.618 Hz, 0.222 and 0.578 Hz or 0.268 and 0.532 Hz), that were on average
all 0.4 Hz. This yielded three fitted eye velocity amplitudes. The gain of the unpredictable
smooth pursuit eye movement was defined as the fitted amplitude for 0.4 Hz divided by
the target velocity amplitude at 0.4 Hz (fixed at 2*pi*0.4*13.5 = 33.9 degrees/s).

Number of saccadic intrusions was determined since an increased number of saccades
during smooth pursuit eye movement is associated with worse performance '*?°. The gains
and the number of saccadic intrusions of the second and third measurement at neutral
position, were averaged, to obtain values for this chair rotation (the first measurement in
this rotation was discarded). Data for each chair rotation eccentricity to the left and to the
right were combined by taking the average of the two values, since a preliminary analysis
showed no effect of the direction of chair rotation.

Statistical analyses were performed using all the complete measurements by means of

repeated measurements ANOVAs, which included one between-subject factor “Group”
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with two levels (patients vs. controls) and two within-subject factors (“Neck Torsion” with
four levels: 0, 15, 30 and 45 degrees of chair rotation; “Predictability” with two levels:
predictable vs. unpredictable smooth pursuit target motion). For both outcome
parameters (gain and number of saccadic intrusions) a separate ANOVA was performed.
Correlations between the smooth pursuit gain and the number of saccadic intrusions were
assessed using Pearson’s correlation coefficient.

For each subject we also calculated the Smooth Pursuit Neck Torsion (SPNT) difference,
similar to the previous studies *#2'. The SPNT difference is defined as the difference
between the average gain in the neutral position and the gain in the most eccentric
measured positions, averaged over left and right. In most cases this was the 45 degree
torsion. The SPNT difference was analyzed using a repeated measurement ANOVA with
one between-subject factor “Group” with two levels (patients vs. controls) and one within-
subject factors (“Predictability” with two levels: predictable vs. unpredictable moving
targets). We also analyzed the groups of neck pain patients (WAD and non-WAD)

separately.

Results

Study population

In total 55 patients with neck pain were included. The data of one patient was discarded
due to eye movement recording problems. 45 patients (including 7 WAD patients) were
measured in all seven chair rotations.

The other nine patients provided only a partial data set. Five patients could not reach 45
degrees neck torsion and measurements at these eccentricities were skipped. Another four
patients could not complete the measurements due to complaints of fatigue or too much
pain and only the first three measurements (0 degrees, 45 degrees to the left and to the
right) were performed. However, the partial data of these nine patients could be included
in the analysis of the Smooth Pursuit Neck Torsion difference.

The experiment was performed successfully in all 20 controls. Their results have been

reported in more detail previously .
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Smooth pursuit gains
Controls Patients
1.0 - : 1.0 -
——Predictable
—8— Unpredictable
0.9 0.9
=
(4]
Q)
0.8 0.8
il : : 474 :
. 0O 15 30 45 ¢ 0O 15 30 45

Neck Torsion [deg]

Figure 2: Smooth pursuit gains per group (20 Controls and 45 Patients), for each of the four eccentricities of
chair rotation (Neck Torsion), and for predictably moving targets (open squares) and unpredictably moving

targets (closed circles). Error bars represent Standard Error of the Mean.

Smooth pursuit gains of patients and controls are shown in figure 2. The overall ANOVA
showed that the 20 healthy controls had higher smooth pursuit gains (0.90 £ 0.03) than
the 45 neck pain patients (0.76 £ 0.02, F(3,62) = 18.12, p < 0.00, partial n>=0.22). A
significant main effect of Neck Torsion on smooth pursuit gain (F(3,62) = 2.80, p = 0.05,
partial n? = 0.12) showed that gains decreased a little with increasing neck torsion (0.84 +
0.02,0.84 +0.02, 0.84 £ 0.02 and 0.82 + 0.02, for 0, 15, 30 and 45 degrees respectively). No
interaction between Neck Torsion and Predictability was observed (p = 0.10). The
interaction between Neck Torsion and Group failed to reach significance (p = 0.06).
Predictability affected smooth pursuit gain significantly (F(1,64) = 4.36, p = 0.04, partial n?
= 0.06): gains for predictably moving targets were higher than for unpredictably moving
targets (0.85 £ 0.02 vs. 0.82 + 0.02, resp.). Predictability showed a significant interaction
with Group (F(1,64) = 4.48, p = 0.04, partial n? = 0.07): healthy controls had a higher gain
for predictably moving targets (0.93 + 0.03) than for unpredictably moving targets (0.88 +
0.03, p < 0.00), whereas patients had similar gains in both conditions (0.76 + 0.03 vs 0.76 +
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0.02, resp., p = 0.98). The interaction involving all three factors was not significant (p =
0.63).

The ANOVA performed on the number of saccadic intrusions showed no effect of Group (p
=0.11) and none of the interactions involving Group reached significance (all p > 0.30). We
did observe a small effect of Neck Torsion (F(3,54) = 3.03, p = 0.04, partial n? = 0.14): more
eccentric positions evoked slightly more saccadic intrusions (70.5 + 2.1,71.2 £ 2.5,73.6 £
2.5 and 73.9 £ 2.1 saccadic intrusions, for 0, 15, 30 and 45 degrees neck torsion,
respectively). We also observed a small effect of Predictability on number of saccadic
intrusions (F(1,56) = 15.32, p < 0.00, partial n? = 0.22), with unpredictably moving targets
evoking fewer saccadic intrusions (69.5 + 1.9) than predictably moving targets (75.6 + 2.5).
The interaction between Neck Torsion and Predictability was weak but just significant
(F(3,54) = 3.00, p = 0.04, partial n>=0.14). The number of saccadic intrusions increased
slightly more with neck torsion for predictably moving targets (from 73.0 to 78.1 intrusions,
at 0 and 45 degrees chair rotation, resp.) than for unpredictably moving targets (from 67.9
to 69.8 intrusions).

There was no correlation between the smooth pursuit gain and the number of saccadic
intrusions in controls (r* = 0.014, p = 0.62) or in patients (r* = 0.06, p = 0.72) in the neutral

condition.

Smooth Pursuit Neck Torsion (SPNT) difference

The SPNT difference could be calculated for all 20 controls and 54 patients, thereby
including those patients who skipped measurements at certain chair rotations. The SPNT
difference was calculated using a chair rotation of 30 degrees in five patients, and the
maximum chair rotation of 45 degrees in 49 patients.

We first compared all patients to controls. Analysis showed no main effect of Group (F(1) =
0.73, p = 0.40, partial n? = 0.01). The SPNT difference was higher for predictably moving
targets than for unpredictably moving targets (-0.04 + 0.01 vs.-0.01 + 0.01, resp., F(1) =
5.39, p = 0.02, partial n? = 0.07). There was no interaction between Group and Predictability
(p =0.38).
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Figure 3: Smooth Pursuit Neck Torsion (SPNT) differences for each of the three groups (Controls, WAD
patients and non-WAD patients) and the two stimulus conditions (predictably moving targets and

unpredictably moving targets). Error bars represent Standard Deviations. * p < 0.05

We also looked at the effect of target predictability on the SPNT difference in healthy
controls, in WAD patients, and in non-WAD patients separately (figure 3). In healthy
controls and in non-WAD patients, the SPNT difference was not significantly different
between predictably and unpredictably moving targets (controls: -0.02 + 0.07 vs. -0.00 +
0.07, resp., t(19) =-1.27, p = 0.22 ; non-WAD patients: -0.05 £ 0.11 vs.-0.01 £ 0.12, resp.,
t(42) =1.77, p = 0.09). In WAD patients, however, the SPNT difference was larger for
predictably than for unpredictably moving targets (-0.08 + 0.12 vs. 0.01 £+ 0.05, resp., t(10)
=3.21,p=0.01).

Comparisons between the three groups for predictably and unpredictably moving targets
separately showed that the SPNT differences in WAD patients did not differ from that of
controls or non-WAD patients (all p > 0.12).

Discussion
We investigated the effect of neck torsion and target predictability on smooth pursuit eye
movements in patients with neck pain. As expected based on previous reports, patients

with neck pain showed lower smooth pursuit gains than healthy controls #871021.22,
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Moreover, smooth pursuit gains in patients decreased with increasing torsion of the neck,
which is in line with several previous studies **'°. However, this decrease in gain was not
different between patients and controls. This finding was supported by the analysis
according to Smooth Pursuit Neck Torsion (SPNT) test. The differences in smooth pursuit
gains between most eccentric neck rotations and neutral rotations were the same in
patients with neck pain as in controls.

Target predictability, however, affected smooth pursuit gains differently in healthy
controls and patients. In line with previous studies using predictably moving stimuli, we
observed the performance of patients with neck pain was impaired compared to healthy
controls ##192122 However, smooth pursuit performance of healthy controls decreased
when targets moved unpredictably, which might be explained by the fact that these
subjects are adequately able to predict the movement of the target when the target
moved in a simple fashion %4, In contrast, the performance of patients with neck pain was
the same for both conditions. This novel finding could suggest that the constant pain in
their neck already hampered adequate prediction of the straightforward trajectory of a
target. A similar hypothesis was put forward by Prushansky and colleagues %, who
suggested that observed deficits in eye movement performance in WAD patients were
related to pain. Another explanation is that patients with neck pain are too distracted by
the pain in their neck to perform optimally when the task is less challenging. In this respect
it is worth to note that some patients spontaneously mentioned they found it hard to keep
focused when the target moved predictably. This lack of focus could explain the lower
gains for the predictably moving targets. Future studies in patients with neck pain might
incorporate tests of concentration and attention to assess their effects on smooth pursuit
performance. Moreover, to correlate pain experience with performance, a detailed analysis
of pain experience might be fruitful.

We also aimed to differentiate between patients with Whiplash (WAD) and non-WAD. In
accordance with previous reports we observed that for predictably moving targets the
SPNT difference was larger in WAD patients than in controls and non-WAD patients 82", In
our population this difference was not significant, probably due to a lack of power.
However, the SPNT differences disappeared completely when we used unpredictably
moving targets. The observation that in WAD patients the SPNT difference is altered to a

large extent by target predictability, raises the question whether the observed effect of
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increased neck torsion on smooth pursuit performance is due to eye movement deficits
alone, as suggested by previous research . If this was the case, increased neck torsion in
WAD patients would also lead to lower gains for unpredictably moving targets. This was
not observed. Therefore, the reduced gains for predictably moving targets induced by
increased neck torsion could well be caused by confounding factors such as pain
experience or impaired cognitive functioning (e.g. attention). This explanation is
supported by previous observations showing that WAD patients have normal reflexive
saccadic eye movements, but impaired voluntary ones which was explained by the authors
as being caused by (pre-)fron tal dysfunction 2.

A strength of the present study was the use of a high-quality video-oculography to record
smooth pursuit eye movements and the range of applied neck torsions from extreme left
to extreme right. A limitation is the relatively small number of subjects in the two patient
groups. Moreover, not all patients could be measured in all chair rotation eccentricities.
Therefore, too few subjects remained to make the favorable separation into two patient
groups in the overall ANOVA. On the other hand, all patients could be included in the SPNT
test. Furthermore, groups differed in age and since eye movements are altered when
getting older, a more even age distribution would be recommended for future studies 7%,
In conclusion, the differential effects of neck torsion in WAD patients, non-WAD patients
and controls on smooth pursuit performance seem to be modulated by the predictability
of the target trajectory. The observed oculomotor disturbances in WAD patients are
therefore unlikely to be induced by impaired neck proprioception alone. Future studies
investigating the relationship between impaired neck proprioception and eye movement

control could take this property of the visual stimulus into account.
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Chapter 8

Neck pain is highly prevalent, hard to treat health problem with substantial consequences
for individuals and society. ' People with neck pain experience a wide range of complaints
leading in many cases to some form of disability. However, a less well-known aspect of
neck pain is that these people may also experience visual disturbances, dizziness, and/or
unsteadiness as part of their complaints.>® This thesis describes the interactions between
head and eye movement systems in people with neck pain. Overall, these studies provide
insight into oculomotor (stabilizing) reflex disturbances and proprioceptive deficit in

people with neck pain.

This thesis is the reflection of a series of experiments and a review in which the relation
between neck proprioception and eye stabilizing reflexes were studied in people with
neck pain. The link between the clinical representation of complaints and the level of
disability is subject of an ongoing debate. In this final chapter, results will be discussed in
light of existing research with sometimes methodological inconsistencies but also
sometimes with strong arguments. In addition, general considerations are posed
regarding oculomotor disturbances and proprioceptive disturbances in people with neck
pain. Furthermore, the description and direction of future research based on this thesis are
presented. In this thesis, the results from laboratory studies are discussed in light of their
practical significance. Although this is a complicated task, new hypotheses and ideas can

be delineated from these studies and can potentially improve clinical practice.

Joint position sense error in patients with neck pain (and healthy controls)

We hypothesized that the ‘Joint Positioning Sense Error’ (JPSE) would be (negatively)
influenced by the (altered) cervical afferent information of people with neck pain. The first
step to verify this hypothesis was to make an inventory of the existing literature on this
subject and summarize the results in, a systematic review. The main finding of our
systematic review regarding the JPSE in people with neck pain (presented in chapter 2)
showed an increased JPSE in people with neck pain compared with healthy controls.
Results of the review also showed that the JPSE did not differ between people with
traumatic and non-traumatic neck pain and that pain duration or neck pain intensity did

not influence JPSE.

Interestingly, all studies in which the mean JPSE was calculated over at least six trials,

showed significantly higher joint position error in people with neck pain than in controls.
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Studies which measured the JPSE over less than six trials did not show a consequent
difference between people with neck pain and people without neck pain — suggesting
that applied statistics play a role. It might be that the vulnerability to outliers is less when
the mean JPSE is calculated over more trials, as a result of this, reducing the standard error
of the mean. Another explanation could be that in the first trials a kind of learning curve
was experienced in both groups, but after three trials, the group of participants without
pain increased their performance while people with neck pain did not further learn or

adapt.

For an adequate interpretation of JPSE-tests of the cervical spine, it is essential to realize
that we cannot move our heads without stimulating proprioceptors of the (upper) cervical
spine and our vestibular systems; head repositioning tests always stimulate both systems
at the same time.”® However, differentiation between these systems to determine which
system is dysfunctional may be needed for effective treatment choices. Chen and
Treleaven’ showed that trunk-to-head rotation (thereby excluding input of the vestibulum)
showed a different JPSE compared to the JPSE of the conventional measurement protocol
of head-to-trunk rotation in the same sample. From a clinical perspective, it is essential to
know which system (proprioceptive or vestibular) should be targeted in therapeutic
interventions. For this reason, modifications of the traditional JPSE tests have been
suggested that are more likely to stimulate cervical afferent information. A case-control
study® showed that people with non-specific neck pain have impairments in implicit motor
imagery performance. People without neck pain in this study were more accurate than
people with non-specific neck pain in making left/right judgments of images of head
rotation.’®'" Other research has shown improvements in JPSE in people with neck pain
during mental imagery and action observation.'?' Cervical JPSE was also declined in
people without neck pain and improved in people with neck pain after neck muscle
vibration (this effect lasted up to 24 hours).” This vibration is thought to stimulate muscle
spindle afferents.’*'> Based on the results stated above, it is essential to realize that JPSE
results cannot always be attributed explicitly to proprioceptive dysfunction but can
include vestibular involvement or supraspinal involvement. Suggesting that changes in
proprioceptive input is not a prerequisite for an altered position sense but plays a part in it.
The solitary use of the JPSE test as a representative for cervical afferent information is thus

an oversimplification.
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Besides, the difficulties regarding the separate roles of the proprioceptive and vestibular
subsystems in JPSE it is not (yet) clear what the minimal clinically important difference is of
the JPSE which is necessary to use the JPSE as an evaluative instrument.” The precision of
many of the JPSE testing instruments ranges from 0.1 degrees to 0.5 degrees.'®?° Such a
minimal difference would not be reliably detectable using clinical methods such as
universal goniometry or visual estimation.?’ A study by Basteris et al.,”> demonstrated a
method for measuring JPSE that does not require the participant to wear any equipment.
Based on a webcam with available head tracking software, they developed a system that
allows assessment of the JPSE. This system, however, should be validated before it could
be used in clinical practice. This development would also make it possible to measure
more people with neck pain all with their specific properties. Creating an opportunity to
investigate the possible relationship between, pain, disability, cervical range of motion

(CROM) and other properties which could relate to the JPSE.

Cervico-ocular reflex

The results of the study presented in chapter three showed that the cervico-ocular Reflex
(COR) is increased in people with non-specific neck pain compared to people without neck
pain, whereas the vestibulo-ocular Reflex (VOR) did not differ between these groups. The
studied population showed no correlation between cervical range of motion, dizziness,
pain levels, and COR gain. In contrast to the neck pain group, adaption between COR and
VOR was seen in people without neck pain.? Ischebeck?* and Kelders*® showed similar
results in people with Whiplash Associated Disorders (WAD), people with traumatic neck
pain, and people with chronic neck pain. This implicates that an increased COR is a general
feature of oculomotor control in patients with neck pain and is not limited to specific
subgroups. Despite suggestions from earlier studies, this outcome shows that trauma and

duration of complaints are not the dominant reason for an altered oculomotor control.?>?¢

A probable explanation for an increased COR could be altered afferent information from
the cervical spine, as this is a dominant source of information regarding the
COR.”Additionally, altered movement patterns of the neck and/or avoiding end range of
motion could also influence the afferent information of the cervical spine. Possibly

resulting in a lack of adaption between the COR and VOR in people with neck pain which
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could be associated with visual disturbances’, dizziness?®, and disturbances in postural
control.* As mentioned before there was no correlation between the gain of the COR and
dizziness. The properties of the study population could explain the absence of correlations
in our study described in chapter three between the COR, pain level, dizziness, or disability.
The participants with neck pain scored reasonably low on pain levels, dizziness and also
the cervical range of motion (CROM) only differed in the vertical plane when the

participants with neck pain were compared with the control group.

Since we only observed group effects and results were quite variable in both groups, it is
not yet possible to identify a person as a sufferer from neck pain solely based on an altered
COR. The same yields for the studies of Ischebeck* and Kelders* concerning other
subgroups like WAD, traumatic neck pain, or chronic neck pain. This also holds for other
outcome measures regarding neck pain. Group differences are also known to be present in
outcome measures like a decreased cervical range of motion*® and/or irregular cervical
movement strategies like jerky and irregular cervical movements.*' In order to conclude
that a person feels neck pain solely based on the fact that there is a reduced cervical range
of motion compared to the group norm, does not stand. However, to define a therapeutic
baseline situation and be able to evaluate results of therapeutic interventions, possibly a
combination of weighed factors could build up to an individual patient profile which could

be the starting point of a patient-centered, personalized intervention.

The relation between the JPSE and COR

The relation between the JPSE and COR was investigated in an experimental set-up
(chapter four) and showed a correlation between the COR and the JPSE in the vertical
plane in people with neck pain. This result suggests a relation between the COR and the
cervical JPSE, as both tests receive afferent information from the (upper) cervical spine. The
rather weak correlation between the COR and the JPSE might be caused by the fact that
the result of the JPSE test depends on multiple factors. While the COR is a derivative of
cervical afferent information, the JPE test is also influenced by other factors like vestibular
function, as described earlier. Since the two tests represent different aspects of
sensorimotor function, it can be argued that to obtain adequate insight into neck reflex
function, both tests should be used as an additive to each other also resulting in a specific

patient profile.
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There was no correlation between the COR and the JPSE in the horizontal plane in people
with neck pain, while the COR was measured in the rotational plane. A possible
explanation for this result is that the CROM was more restricted in the vertical plane in
people with neck pain. The correlation between the COR and the JPSE in the vertical plane
should be described as weak. It has been described earlier in this general discussion that
sensorimotor control is a complex concept with its afferent, efferent, and central
integration and processing components. Therefore, it was expected that only a small part
of the variance of the COR could be explained by the variance of the JPSE and vice versa. In
the group of people without neck pain, there were no correlations between eye
movement reflexes and the JPE. It could be argued that JPSE has to be assessed in other
planes. Alternatively, even in multiple planes at the same time, i.e., in a three-dimensional
setting. Using an experimental set-up in which movements in 3-D can be generated, these

aspects can be studied further.

Smooth pursuit eye movements

In chapters six and seven, the interaction between head and eye movement systems are
described. Chapter six describes the effect of static neck rotation on smooth pursuit and
saccadic eye movement behavior in participants without neck pain. It is yet not utterly
evident whether static neck torsion influences smooth pursuit eye movements in healthy
controls compared to people with neck pain. This is a prerequisite for the Smooth Pursuit
Neck Torsion (SPNT) test. However, it seems plausible that the neck position of healthy
controls influences eye movements.'®*>** In chapter six, we found that both smooth
pursuit, as well as saccadic eye movement performance, were indeed mildly affected by
static rotation of the trunk relative to the head. The effect, although small, was most
prominent for smooth pursuit eye movements. Remarkably, optimal performance (i.e., by
high gains) was not always reached when the head and trunk were aligned. An adaptive
process might explain the small effect of neck torsion. Increased neck torsion could have
only transient effects on eye movement control as it is conceivable that the oculomotor
system adapts to static changes in cervical afferent input caused by increased neck torsion.
Healthy controls perform better with predictable targets compared to unpredictable
targets when looking at smooth pursuit gains; they show higher gains. It was expected
that people without neck pain would show higher gains with predictable targets, as a

possible indicator of cognitive performance of the participant. In order to interpret these
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results, the change in gain in people without neck pain should be compared to the change
in gain in of people with neck pain.

In chapter 7, we described that, as expected, people with neck pain showed lower smooth
pursuit gains than people without neck pain.**3> Less expected was that the influence of
neck rotation was as small in people with neck pain as in people without neck pain. People
with neck pain had a slightly lower smooth pursuit gain in rotated neck positions, but the
differences in smooth pursuit gains between most eccentric neck rotations and neutral
rotations were the same in people with neck pain when compared to people without neck
pain. The type of stimulus (predictable or unpredictable), which we also investigated in this
chapter, affected smooth pursuit gains differently between people with neck pain and
people without neck pain. It is not yet clear why predictability of the stimulus has a
different effect on people with neck pain, compared to people without neck pain. It can be
suggested that neck pain inhibited adequate prediction of the straightforward trajectory
of a target. Another explanation is that people with neck pain are distracted by their pain

and therefore perform not optimally with an easier task.

Recommendations for further research

If we want to improve the understanding of the underlying mechanisms of neck pain, it is
encouraged to conduct more fundamental research concerning people with neck pain. It is
essential to comprehend the pathophysiology in people with neck pain in general and (in
the light of this thesis) regarding oculomotor disturbances in particular. Only when we can
unravel the black box of neck pain step by step, we can improve and personalize our
diagnostics and therapeutical interventions substantially. Furthermore, it is essential to
investigate what the Minimal Clinical Important Difference of the JPSE is, to further explore
the possibility of measuring the JPSE with a webcam reliably and validly. However, the first
step is to understand people with neck pain. If we do so, it is possible to construct a ratio
for using a reliable and valid diagnostic instrument in order to make it possible to choose

the most appropriate therapeutic intervention.

Regarding the JPSE, we suggest that learning and/or habituation effects can be an
explanation for the result that JPSE between people with neck pain and healthy controls

was significantly different after at least six trials. It would be of interest to investigate a
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possible effect of neck pain concerning proprioception of the neck and/or motor learning.
Another opportunity for further research would be to investigate the possible relationship
between, pain, disability, cervical range of motion (CROM) and other properties which
could relate to the JPSE. This would be possible when a sizeable heterogenic group of
people with neck pain is included in a study. In respect to the therapeutic point of view, it
would be interesting to determine if an increased proprioceptive acuity could be
accomplished by targeting cortical areas using tasks such as left/right judgments or by

conservative proprioceptive training.

The present set-up to assess the COR is an expensive, inflexible laboratory setting. In order
to make it worthwhile to measure the COR in a clinical setting, it is indispensable that it is
possible to test the COR in a way that is reliable and valid, however easy to use and cheap.
Only if these requirements are met, this outcome measure can make its way to clinical
practice. Research and means should be concentrated on the implementation of easy
measurements set-ups. Besides studies which investigate the psychometrical properties of
these oculomotor tests, it also needs the connection to technicians engaged in industrially
redesign the COR set-up. Treleaven described these tests, such as gaze stability and
eye/head coordination,*® are based on construct validity. Besides researching the COR and
the JPSE in an isolated manner in different groups of people with neck pain, it would also
be recommended to further investigate the relationship between the COR and the JPSE in
a larger study population with different outcome measures. Here, for example, one can
think of people with dizziness, differences in duration of perceived pain, the degree of

disability but also age. Moreover, experiments in 3-D should be introduced.

The results described in chapter six and chapter seven might suggest that the effect of
neck torsion is not a decisive factor in the differentiation between patients with neck pain
and healthy controls and therefore question the applicability of the SNPT test in a clinical
setting. The influence of cognitive impairments on the execution of the SPNT test should,
therefore, be evaluated more thoroughly. This information is essential to determine
whether the SPNT is a suitable (clinical) test for the diagnosis of people with neck pain. The
same applies to research to evaluate the psychometric properties of the SPNT not with

electrooculography as Daly and colleagues®” but with video-oculography.
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In conclusion, the studies described in this thesis have lifted the lid of the black box
containing the underlying biological processes of non-specific neck pain. Taken together,
the studies show to what extent proprioceptive and oculomotor reflexes are disturbed in
these patients. People with non-specific neck pain have higher gains of the COR and a
larger JPSE. Furthermore, we found that static rotation of the neck influences smooth
pursuit eye movements. Sensorimotor disturbances are indeed part of the biology of neck
pain and should be part of the considerations of physical therapists working with patients
with non-specific neck pain. However, we did not find a significant relation between
oculomotor disorders and/or JPSE, and the origin or severity of neck pain intensity further
research into the relevance of the sensorimotor disturbances is required to determine the
clinical implications of this type of disturbances. The black box regarding the biology of
neck pain should be opened further to make a better understanding of the alignment

between biological processes and physiotherapeutic interventions possible.
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This thesis aimed to describe the interactions between head and eye movement systems in
people with neck pain. The first paper (chapter 2) of this thesis was a systematic review in
which we described joint position sense error (JPSE) in people with neck pain. In general, it
can be concluded that people with neck pain show a larger cervical JPSE error when it is
measured over at least six trials. There was no difference between onset, pain intensity, or

duration regarding the joint position sense error.

The paper concerning the cervico-ocular reflex (COR) in people with non-specific neck pain
(chapter 3) showed an altered gain of the COR in non-specific neck pain in comparison to
people without neck pain. The VOR did not differ between these two groups. The COR
differed on a group level, and there was no correlation between cervical range of motion,
pain intensity, dizziness, and the gain of the COR. This was the first study describing the
COR in a study population of people with non-specific neck pain, which is by far the

majority of people with neck pain.

Chapter 4 was a letter to the editor on ‘the cervico-ocular reflex is increased in people with

non-specific neck pain.’

In chapter 5 we described the relationship between the COR and the JPSE. Here we
presented a correlation between the COR and the JPSE in a vertical plane. As both tests
receive information from the cervical spine, this was expected. What was less expected was
the result that there was no correlation between the COR and the JPSE in the horizontal
because the COR was measured in a horizontal plane and not in a vertical plane. The fact
that the JPSE is a representation of different aspects of sensorimotor function can explain

this finding.

In chapters 6 and 7, we described the effect of static neck torsion and target predictability
on smooth pursuit eye movements and saccadic eye movements in people without neck
pain and people with neck pain. The Smooth Pursuit Neck Torsion test is used as a clinical
measure for oculomotor disorders in people with neck pain. However, it is doubtful that
the SPNT merely tests the influence of cervical proprioception on smooth pursuit eye
movements. As was expected, people with neck pain showed lower smooth pursuit gains
than people without neck pain. Smooth pursuit gains in people with neck pain decreased

with increasing torsion of the neck. This decrease did not differ between people with neck
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pain and people without neck pain.
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Dit proefschrift heeft als doel de interacties te beschrijven tussen oculomotore functie en
hoofdbewegingen bij mensen met a specifieke nekpijn. De eerste paper (hoofdstuk 2) van
dit proefschrift was een systematische review waarin we de Joint Position Sense Error
(JPSE) beschreven bij mensen met nekpijn. In het algemeen kan worden geconcludeerd
dat mensen met nekpijn een structureel grotere JPSE vertonen wanneer deze over ten
minste zes herhalingen wordt gemeten. Er was geen verschil in JPSE wat betreft

ontstaanswijze, pijnintensiteit of de duur van de klachten.

Hoofdstuk 3 beschrijft de cervico-oculaire reflex (COR) bij mensen met a-specifieke nekpijn.
De resultaten laten zien dat in de groep van mensen met a-specifieke nekpijn een hogere
gain van de COR had in vergelijking met mensen zonder nekpijn. De vestibulo-oculaire
reflex (VOR) verschilde niet tussen deze twee groepen. De COR verschilde op groepsniveau
en er was geen correlatie tussen de cervicale bewegingsuitslag, pijnintensiteit,
duizeligheid en toename van de COR. Dit was de eerste studie die de COR beschrijft in een

onderzoekspopulatie van mensen met niet-specifieke nekpijn.

Hoofdstuk 4 was een brief aan de redacteur met betrekking tot het artikel The Cervico-

ocular Reflex is increased in people with non-specific neck pain.'

In hoofdstuk 5 hebben we de relatie tussen de COR en de JPSE beschreven. De resultaten
laten zien dat er een correlatie was tussen de hoogte van de gain van de COR en de JPSE
gemeten in het verticale vlak. Er was geen correlatie tussen de gain van de COR en de JPSE
gemeten in het horizontale vlak. Dit resultaat viel op aangezien de COR enkel in het
horizontale vlak gemeten is. Het feit dat de JPSE een weergave is van verschillende
aspecten van de sensorimotorische functie, kan deze bevinding verklaren evenals dat de
range of motion van de cervicale wervelkolom in de nekpijngroep kleiner was ten opzichte

van de controle groep waar dit in het horizontale vlak niet het geval was.

In de hoofdstukken 6 en 7 beschreven we het effect van statische nekrotatie en de
voorspelbaarheid van het te volgen doel op oogvolgbewegingen bij mensen zonder
nekpijn en mensen met nekpijn. De smooth pursuit neck torsion-test (SPNT) wordt
gebruikt als een klinische maat voor oculomotorische stoornissen bij mensen met nekpijn.
Het is echter nog niet geheel duidelijk of de SPNT alleen de invloed van cervicale

proprioceptie representeert. Er zijn namelijk verschillende andere factoren welke het
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testresultaat lijken te beinvloeden. De groep van mensen met nekpijn vertoonden minder
goede oogvolgbewegingen dan de groep van mensen zonder nekpijn. De
nauwkeurigheid van oogvolgbewegingen nam bij mensen met nekpijn af wanneer de
statische rotatie van de nek toenam.

De verschillen in oogvolgbewegingen tussen maximale rotatie en de neutrale positie van
het hoofd waren zowel bij mensen met nekpijn als mensen zonder nekpijn even groot.
Overeenkomstig met eerdere onderzoeken, presteerden mensen met nekpijn bij
voorspelbare stimuli slechter dan mensen zonder nekpijn. Bij onvoorspelbare stimuli
hadden echter alleen mensen zonder nekpijn meer moeite met de taak. Mensen met

nekpijn presteerden hetzelfde bij zowel voorspelbare als niet-voorspelbare stimuli.
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