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Abstract

ABSTRACT

Background: Neck pain and disability are common after whiplash injury.
One year after the accident up to 50 % still have symptoms called whiplash
associated disorders (WAD). Despite decades of research the cause of
persistent pain and disability are largely unknown and effective treatment
and diagnostic tools are lacking. Altered neck muscle function may cause
pain and disability, and real-time non-invasive methods that investigate
both superficial and deep neck muscle function need to be evaluated.
Aim: The general aim of the work presented in this thesis was to
investigate mechanical neck muscle function and evaluate effects of three
different exercise interventions related to neck muscle function in
individuals with persistent pain and disability after whiplash injury.

Method: The thesis comprised two studies, reported in four papers. Study
A was a prospective randomized controlled trial with 216 participants. The
effects of three exercise interventions; neck-specific exercises, neck-
specific exercises with behavioral approach and prescription of physical
activity were evaluated. Neck muscle endurance, perceived pain following
testing, kinesiophobia and satisfaction with treatment were compared
between the three groups (paper I). Study B was an experimental case-
control study with participants consecutively recruited from the
randomized controlled trial. Deformation and deformation rates in the
neck muscles were investigated with real-time ultrasound imaging during
ten repetitive arm elevations (paper II-IV). To investigate ventral neck
muscles, 26 individuals with WAD were compared with 26 healthy controls
(paper II). The dorsal neck muscles were investigated in paper III,
including 40 individuals with WAD and 40 controls. In total 46 individuals,
23 with WAD and 23 healthy controls were included in paper IV to develop
ventral neck muscle interaction models.

Results: Paper I: Participants in the two neck-specific exercise groups
(with and without behavioral approach) showed increased dorsal neck
muscle endurance (p = 0.003), decreased pain intensity following testing
(p = 0.04) and were more satisfied with treatment (p < 0.001) than
participants in the prescribed physical activity group. Kinesiophobia did
not significantly differ between groups (p > 0.12).

Paper II: Deformation and deformation rate showed linear positive
relationship between ventral muscle pairs in healthy controls, especially
between superficial and deep neck muscles. This relationship was weaker
or absent in the WAD group.
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Paper III: The WAD group had higher deformation rates in the deepest
dorsal neck muscles during the first and tenth (only women) arm elevations
compared to the control group (p < 0.04). Women in the WAD group
showed a weaker linear relationship between the two deepest dorsal neck
muscles compared to women in the control group.

Paper IV: The results revealed two different ventral neck muscle models in
individuals with WAD and healthy controls (R2Y = 0.72, Q2Y = 0.59). The
models were capable to detect different neck muscle interplay in people
with WAD.

Conclusion: Neck-specific exercise intervention with or without a
behavioral approach appears to improve neck muscle endurance in
individuals with persistent WAD. Decreased pain after the neck muscle
endurance test also suggests improved tolerance of load in these two
groups. Altered mechanical neck muscle function was revealed in
individuals with WAD indicating decreased muscular support for maintain
a stable cervical spine during repetitive arm elevations. The results show
great promise for improved diagnosis of neck muscle function in WAD.



II1.

I1I.

IV.

List of Papers

LIST OF PAPERS

Gunnel Peterson, Maria Landén Ludvigsson, Shaun O'Leary, Asa
Dedering, Thorne Wallman, Margaretha Jonsson, Anneli Peolsson.
The Effect of 3 Different Exercise Approaches on Neck Muscle
Endurance, Kinesiophobia, Exercise Compliance, and Patient
Satisfaction in Chronic Whiplash. J Manipulative Physiol Ther.
2015;38(7):465-76 e4.

Gunnel Peterson, Asa Dedering, Erika Andersson, David Nilsson,
Johan Trygg, Michael Peolsson, Thorne Wallman, Anneli Peolsson.
Altered ventral neck muscle deformation for individuals with
whiplash associated disorder compared to healthy controls - A case-
control ultrasound study. Man Ther. 2015;20(2):319-27.

Gunnel Peterson, David Nilsson, Simon Peterson, Asa Dedering,
Johan Trygg, Thorne Wallman, Anneli Peolsson. Changes in dorsal
neck muscle function in individuals with chronic whiplash-
associated disorders: a real-time ultrasound case-control study.
Ultrasound Med Biol. 2016;42(5):1090-102

Gunnel Peterson, David Nilsson, Johan Trygg, Deborah Falla,
Asa Dedering, Thorne Wallman, Anneli Peolsson. Novel insights
into the interplay between ventral neck muscles in individuals with
whiplash-associated disorders. Sci Rep. 2015;5:15289



CSA
fMRI
Lcap
Lco
MRI
MF
NDI
NME
NSE
NSEB
OPLS-DA
PCA
PLS
PLS-DA
PPA
QTF
Scap
Scerv
SCM
SP
TSK-11
TR
VAS
VIP
WAD

Abbreviations

ABBREVIATIONS

Cross-sectional area

Functional magnetic resonance imaging
Longus capitis muscle

Longus colli muscle

Magnetic resonance imaging

Multifidus muscle

Neck Disability Index

Neck Muscle Endurance test

Neck-specific exercise group

Neck-specific exercise with a behavioral approach group
Orthogonal partial least square discriminant analysis
Principal component analysis

Projection to latent structures

Partial least square discriminant analysis
Prescription of physical activity group
Quebeck Task Force

Semispinalis capitis muscle

Semispinalis cervices muscle
Sternocleidomastoid muscle

Splenius capitis muscle

Tampa Scale of Kinesiophobia, short version
Trapezius muscle

Visual Analogue Scale

Variable influence of projection
Whiplash-associated disorders



Acoustic impedance

Muscle deformation

Muscle deformation
rate

Mechanical neck
muscle function

Motor control
Neuromuscular

motor function

Speckle tracking

Two-way interaction

Variable influence
of projection

Definitions

DEFINITIONS

The resistance an ultrasound beam meets as it
passes through tissue. Dependent on tissue density
and the speed of sound.

The change in the longitudinal direction of the
muscle (elongation or shortening) calculated as the
percentage change of the muscles’ length (%
deformation).

The rate of the change in deformation, expressed as
the amount of deformation per time unit (%
deformation/s).

In this thesis, the mechanical function of the muscle
including the neck muscles passive or active
elongation or shortening.

The ability to regulate or direct the mechanisms
essential to movement.

Interaction between nerves and muscles, signals
from the nervous system to the muscles.

Ultrasound imaging technique that analyses the
deformation and deformation rate in muscles, i.e.
quantification of mechanical muscles function.

The simultaneous influence of two variables (x
variables; the neck muscles in this thesis) on a third
variable (the explained y variable; WAD/healthy
controls). Also called interaction terms.

The most important variables in a complex PLS
model can be detected using variable influence of
projection (VIP). The higher VIP value (cut-off value
often 1.0 or higher), the more influence the variable
has on the explained y variable.






Background

BACKGROUND

Whiplash injuries have a reported annual incidence of 200-300/100 000
(1, 2). Up to 50% will suffer from persistent symptoms called whiplash-
associated disorders (WAD), more than one year post injury (3, 4) resulting
in both personal burden and societal costs (1, 5). Most of the individuals
return to work (6), but half of those with persistent WAD have long-
standing reduced earnings after the injury (5). Common symptoms in WAD
are neck pain, headache, arm pain, dizziness, visual disturbance, and
psychological distress (3, 7). Risk factors for persistent disability following
acute whiplash injury are for example high neck pain intensity and
disability on inception, high catastrophizing and female sex (8). Despite
many years of research, the underlying mechanism and cause to persistent
problems are largely unknown and WAD is associated with biopsychosocial
factors (9) that can contribute to prolonged disability. Diagnostic tools for
investigating neck muscle function are meager and there is today no clear
evidence on which to base the management of persistent WAD (10).
Moreover, earlier randomized controlled studies have often excluded those
with more severe symptoms, i.e. neurological signs, after the whiplash

injury.

Biomechanics of the cervical spine in whiplash-
associated disorders

Whiplash injury is defined as “an acceleration-deceleration mechanism of
energy transfers to the neck. It may result from rear-end or side-impact
motor vehicle collisions but can also occur during driving or other mishaps.
The impact may result in bony or soft-tissues injuries (whiplash injury)
which in turn may lead to a variety of clinical manifestations (whiplash-
associated disorders)” (11). The injury causes strains on the bones, facet
joints and soft tissue structures in the neck and may lead to the variety of
symptoms reported. The cervical facet joints and capsule have been
proposed to cause pain due to pinching of the synovial fold and/or strain
of the capsule (12). Increased segmental C3-C4 and C5-C6 motion was also
reported in women with chronic WAD (13). Strains above physiological
levels in the ligaments and increased joint laxity have been observed in
simulated frontal and rear impact (12), also including disc injuries (14). The
ligaments, facet joints and vertebrae do not actively stabilize the spine (15),
but give neurological feedback signals that activate muscles, important for
joint positioning. The relevant muscles and tendons produce adequate
stability in the spine by muscle recruitment and reflex response from the
neural system. These three subsystem: bone and ligaments, muscles with
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tendons, and nerves, provides neuromuscular control of spine stability and
are functionally interdependent (15).

Whiplash injury may decrease spinal stability due to damage in facet joints,
ligaments and/or muscles. This can lead to compensatory reorganization
in muscle activation to increase spinal stability. Persistent compensatory
changes in muscles and tendons may be one reason for persistent pain and
disability even though the acute injury after whiplash accident has healed.
However, our ability to detect altered muscle function has to date been
insufficient.

Diagnosis in WAD

In 1995, the Quebec Task Force (QTF) presented a classification of
whiplash injury in five grades, 0 to 4, that corresponded to the severity of
the injury (11). The Task Force proposed a clinical classification of WAD in
three grades related to soft tissue injury (Table 1), as also suggested by
Jansen et al. (16). In addition, the QTF classification included related
symptoms, for example tinnitus, headache and memory loss that could be
manifest in all three grades. Individuals with no pain or physical signs, i.e.
no manifest disorder (grade 0) or bony injury such as fracture or
dislocation (grade 4) were excluded from the WAD classification (11, 16).
Other classifications have been proposed including psychological factors
that can be related to persistent symptoms in WAD (17-19); but these
classifications are rarely used.

Table 1. The Quebec Task Force classification of whiplash-associated disorders.

Clinical classification of whiplash-associated disorders

GradeI Neck pain, stiffness or tenderness only. No physical signs.

Grade II  Neck pain, stiffness, tenderness. Clinical musculoskeletal signs
including decreased range of motion and point tenderness.

Grade IIT  Neck pain, stiffness, tenderness. Clinical musculoskeletal signs
include decreased range of motion and point tenderness.
Neurological signs including decreased or absent deep tendon
reflexes, weakness and sensory deficits.

Although the QTF scientific monograph on WAD (11) was presented two
decades ago, highlighting the knowledge gap in diagnosis and treatment
after whiplash injury, the ability to identify the symptoms and clinical
findings are still very limited. Assessment with X-ray can detect fracture or
dislocation in the cervical spine but are not sufficient to find soft tissue
injuries.
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Magnetic resonance imaging (MRI), functional MRI (fMRI) or still-image
ultrasonography can investigate morphological change and soft tissue
alterations, but not during real-time activity. MRI can detect fatty
infiltration and measure cross-sectional area (CSA) in the neck muscles in
WAD (20, 21), and increased CSA was related to the higher amount of fat
in the neck muscles that can represent pseudo-hypertrophy (22). No
changes in CSA were seen in individuals with WAD three and six months
after the accident (23), but Elliott et al. reported that fatty infiltration was
higher in the deep multifidus muscle in those with more severe symptoms
three months post-injury (24). Investigations with fMRI, based on an
increase in T2 relaxation time of muscle water after exercise, revealed a
tendency to less activity in the deep neck flexor muscles in individuals with
persistent WAD (25). Still-image ultrasonography showed decreased size
of the deep multifidus muscle, indicating muscle atrophy in chronic WAD
(26). However, none of these methods can detect muscle function in real
time during an activity.

Electromyography (EMG) measures neuromuscular motor function, i.e.
the interaction between nerves and muscles, and can be used in real-time
investigations. However, it has limits in assessing the deep neck muscles.
Surface EMG, with electrodes applied on the skin, has revealed increased
activity in superficial neck muscles in chronic WAD (27, 28). To investigate
the deep neck muscles, invasive EMG methods are required. Fine-wire
EMG was used to assess the dorsal semispinalis cervices muscle (29) and
an altered muscle activation pattern was reported in individuals with
chronic trauma-induced neck pain including WAD. A nasopharyngeal
electrode was inserted to examine the deep ventral longus capitis and
longus colli muscles (30, 31). It showed alteration in the deep ventral neck
muscle in patients with chronic neck pain (30, 31); but no studies have
included individuals with WAD. These invasive methods cause pain and
discomfort to the patients and cannot be used in clinical practice or in
larger research studies. Also, these invasive methods per se may cause
alterations in the muscle behavior.

Ultrasound measurement of skeletal muscle

Ultrasound produces sound waves, and echoes returning off the tissues can
be recorded to visualize grey-scale images from different depths in the
body. Tissues have differing acoustic impedance, depending on their
density and stiffness, and the returning echoes indicate reflection of sound
waves at tissue boundaries and from small irregularities in the tissues.
Different grades of white and black images are produced, called B-mode
(brightness mode) ultrasound (32). The echoes from the small
irregularities in the muscles serve as acoustic markers because they form a
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unique speckle pattern. This speckle pattern can be followed frame-by-
frame through the ultrasound images. It provides measurements of muscle
deformation (elongation or shortening) and deformation rate (the rate at
which the deformation occurs) with post-process speckle tracking analysis.
The method was developed to measure myocardial contraction and
relaxation, and is sensitive to detect impairment in longitudinal
contraction early in cardiomyopathy and infarcted segments in coronary
artery disease (33). The method has been tested in musculoskeletal muscles
and detected real-time changes in the muscles (34, 35). The advantage of
ultrasound investigation is that the method is pain-free, non-invasive and
relatively inexpensive. Real-time ultrasound images can also provide
measurements during activity and thereby improve knowledge of
mechanical muscle function. Ultrasound can detect muscle deformation in
deep muscles close to the spine and at the same time, deformation in more
superficial muscle layers.

Motor control and muscle function

Motor control is inherently variable and humans never seem to replicate a
movement exactly (36). The degrees of freedom in joints and the
redundancy in the motor control system have interested researchers for
decades. How can the brain and body control so many degrees of freedom
and how do muscles coordinate to achieve movement? Lower movement
variability can be seen as an indicator of skilled performance but can also
be a sign of a stereotyped movement pattern due to pain or disease (37). On
the other hand, high variability seems to be necessary for flexibility.
Bernstein’s famous study of a skilled smith showed that although the
hammer exactly hit the target every time during repeated hammering,
there was clear variability between the repetitions (Fig. 1). Also, large
variability within and between individuals in motor control strategies were
reported during repeated work tasks (38). The redundancy of neck muscles
allows variation in neck movement. These variations between repeated
movements may protect joints and muscles from overuse that can lead to
pain and disability. The variability in movement “shares” the load around
joints and muscles so that tissues or structures is not repeatedly loaded but
some individuals seems to perform a task in a more stereotyped manner
than others (39). Those individuals, with less variability, may be those
more likely to develop pain as they overuse the same muscles.

10
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Figure 1. An infinite number of muscle activation patterns can be used to reach
the goal of a movement task.

Neck muscle function

The neck- and head movement control system is complex. Neck muscles
maintain postural control of the cervical spine, move the head, and interact
with vestibular-, eye- and arm movement control systems (40). The
redundancy of neck muscles allows different solutions to perform a
particular movement. The deep ventral longus capitis and longus colli and
dorsal semispinalis cervicis, rotatores and multifidus muscles are assumed
to maintain the postural control and stability of the cervical spine due to
their close attachment to the vertebrae and their small movement arms (15,
41). The superficial muscles; sternocleidomastoid, trapezius, splenius
capitis and semispinalis capitis, are attached to the trunk and head and
have long movement arms. The dominant neck extension muscles are
splenius capitis and semispinalis capitis, the dominant flexion muscle is
sternocleidomastoid whereas rotation movement capacity is greatest for
trapezius (42), see figure 2 for schematic illustration of these neck muscles.
However, the some twenty-five pairs of neck muscles have many different
solutions to produce a specific movement (40) and the muscles can be
activated in different ways. In one study, the splenius capitis muscle was
activated during neck flexion in half of the individuals tested and during
neck extension in the other half (43). Siegmund et al. reported that the
dorsal neck muscles were activated in an individual specific manner during
reflexive contraction (44).

11
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Figure 2. Schematic illustration of neck muscles at the C4 level of the cervical
spine. Numbers 1 and 2 shows ventral neck muscles, and 3 to 8 dorsal neck
muscles; 1) sternocleidomastoid, 2) longus colli and longus capitis, 3) rotatores
and multifidus, 4) semispinalis cervicis, 5) semispinalis capitis, 6) splenius
capitis, 7) trapezius, 8) levator scapulae.

Studies using MRI, fMRI or EMG have reported altered neck muscle
function in persistent WAD. Impaired ventral neck muscle function with
increased activity in the superficial SCM muscle and delayed activity in the
deep muscles in neck pain (25, 27) have been shown in WAD. Also in the
dorsal neck muscles, increased activity in superficial neck extensors in
WAD has been seen (28, 45), but a study controlling for differences in
movement velocity reported no differences between WAD and healthy
controls (46). Two small studies have reported altered deep dorsal neck
muscle function in WAD. A less defined and decreased activation in the
semispinalis cervices muscle was reported (29) and the multifidus muscle
was affected by eye movements (45).

Skeletal muscles can activate in different ways. During concentric
contraction the muscle is actively shortening, while eccentric contraction
means elongation during contraction (i.e. the muscle lengthens as it
contracts) and isometric contraction is when the muscle actively holds a
fixed length. The muscle can also passively elongate (stretch) or be
shortened by pressure from surrounding tissues. In this thesis, mechanical
neck muscle function implies the active or passive elongation or shortening
of the muscle.

12
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Muscle adaption to pain

Movement and motor control patterns change in pain. The vicious model
proposed that pain increases muscle activity leading to muscle spasm and
more pain (47). In contrast, the pain adaption model suggested that pain
reduces contraction in agonist muscles but increases activity in antagonist
muscles, a strategy to protect the spine from further injury and pain (48).
Recent, research has shown a more individual response to pain (49-51).
Experimentally induced low-back pain in healthy individuals’ increases
spinal stability with increased activity in the six muscles investigated but
the response was not stereotypical, the pattern of muscle activity was
individual-specific (49). In the calf muscle, a large variation between the
study participants was seen, with no systematic muscle activation pattern
after induced pain (50). A painful stimulus in the left splenius capitis
muscle in the neck caused an individual response in twelve investigated
superficial neck muscles (51), and no two of the eight participants showed
the same muscle adaption pattern.

The biopsychosocial model of pain

The biopsychosocial model of pain has been widely accepted during the
past few decades. To better understand a person’s experience of pain, both
the biological- and the psychosocial factors, including emotion and
cognition, need to be investigated (52). Biological factors in WAD are the
damage to the soft-tissue structures in the neck caused by the accident.
Emotion is the direct reaction to the pain after injury while cognition gives
meaning to the emotional experience. Avoiding a pain-related movement
can be an adaptive behavior in the acute stage but can worsen the problem
in persistent pain (53). Psychosocial factors have conflicting and little
evidence of being prognostic factors in the development of persistent WAD
(1, 54), although catastrophizing, fear-avoidance beliefs, distress and low
self-efficacy are related to persistent disability and painin WAD (8, 17). The
fear-avoidance model has been suggested for understanding the
development from acute whiplash injury to persistent disability in WAD
(55). If pain is associated with harm and risk of aggravating pain or
(re)injury, an individual’s behavior will change, resulting in decrease, or
complete avoidance, of the painful movement, called kinesiophobia. Also,
fear-avoidance beliefs may affect neck-related exercise performance and
compliance with exercise programs if neck movement is associated with
pain and fear of increasing the damage. Thus, a behavioral approach in the
management of persistent WAD has been proposed (7, 9, 56). Behavioral
approaches often include progressive goal attainment strategies, pain
physiology education and graded activity to modify fear of pain and
(re)injury related to physical activity (9, 57).

Clinically, increased neck pain is commonly described in patients with
WAD after work with repeated arm elevation. Activity-related increased

13
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pain after arm lift has been reported in WAD (58) and may indicate that
the deep neck muscles do not maintain a stable cervical spine during arm
lifting tasks and/or that the superficial neck muscles are overused. Delayed
or decreased activation in the deepest muscles, believed to stabilize the
cervical spine, may lead to increased activation in superficial muscles. The
superficial muscles with long movement arms may then produce negative
forces and stress on the cervical spine, hence continuing neck pain.

Treatment of persistent whiplash-associated
disorders

To date, there is no clear evidence in the management of persistent WAD.
Current evidence neither supports nor refutes the effectiveness of
conservative treatment such as manual therapies, patient education,
exercises and multimodal rehabilitation in WAD grades I and II (10). This
because the poor methodological quality and conflicting results in current
literature (10). However, active interventions seems to be more effective
than passive interventions in chronic WAD (10, 59). Moderate evidence
supports radiofrequency neurotomy, i.e. heat lesion in nerves from facet
joints, as an effective treatment (60) although the relief from pain is not
permanent. The pain returns, the median time to the return to 50 %
preoperative level of pain was 8 to 14 months, but it seems that the
procedure can be repeated with similar probability of effect (61-63).
However, methodological considerations indicate that the highly invasive
procedure needs further research to determine what patients are likely to
obtain significant decreases in pain (64). There is no evidence for other
surgical or injection-based interventions in WAD (60).

Exercises and behavioral approaches in WAD

There is moderate quality evidence that strengthening and endurance
exercises for cervical- and shoulder muscles are of value to reduce pain and
disability in idiopathic neck pain (65). Despite reported altered neck
muscle pattern and muscle morphology changes in persistent WAD (20, 21,
29, 66, 67) and the advantage of biopsychosocial approaches in the
management of persistent pain (52), randomized controlled trails (RCT)
examining exercise or behavioral approaches have reported no or only
modest improvement. Stewart et al. (68) reported that general exercise
including cognitive behavioral therapy principles was slightly effective
compared to advice in the short-time. Two different neck exercise
programs, stabilizing neck exercises using a ceiling-mounted sling
compared to usual exercises led by a physiotherapist showed no differences
between groups and very small improvements after 12 months (69). No
differences was seen between a cognitive behavioral approach including
neck- and general exercises compared to common used physiotherapy

14
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management (770), but the study was limited by methodological factors,
including small sample size and poorly standardized treatment. Recently
reported (71), a comprehensive physiotherapy exercise program was
equally effective as advice for chronic WAD grades I and II. Only one study
included individuals with WAD grade III (68), but they were excluded if
they still had neurological signs when entering the study three-to-twelve
months after the injury. Thus, individuals with more severe symptoms, i.e.
neurological signs, have been excluded in previous studies.

Exercise regimens in WAD

If a reorganization in the active stabilizing muscular system persists, with
reduced activity in the deep neck muscles (27, 29, 66), appropriate
exercises may be designed for this in the first stage. Most studies have
investigated exercises mainly targeting the deep flexor muscles (72-74).
Endurance exercises for the deep extensor or rotatores muscles are rarely
incorporated in exercise regimens although reduced activity has been
reported (75). In persistent WAD, the sling-exercise treatment (69) was
intended to improve neuromuscular control in the deep neck muscles.
However, only small improvement in ventral neck muscle endurance was
reported. In a comprehensive exercise program (71), the specific exercise
program (776) focused on isometric endurance training of the deep ventral
neck muscles. For extensor muscles, training was performed during active
cervical flexion and extension where the load of the head may provoke pain
from facet joints. Current evidence for idiopathic mechanical neck pain
indicates strengthening and endurance neck exercises (65). An exercise
regimen including endurance exercise for deep flexor and dorsal rotatores
muscles was effective to reduce the prevalence of neck pain in air force
helicopter pilots (77). In chronic musculoskeletal pain, regular physical
activity exercise has shown positive effects in modulating (78) and
preventing (779, 80) chronic pain but has not been specifically studied in
persistent WAD.

The individual perspective on treatment

Measurement of patient satisfaction in medical care is important for
understanding the patient’s experiences of health care, but the meaning of
“patient satisfaction” is unclear (81). Theories of satisfaction have
suggested that ‘satisfied’ relates to the organization of the institution
delivering the care, the professional activity when care is provided, and the
outcome of the treatment as a change in the individual’s health (81). In
surgical spine care, patient satisfaction was not a valid measurement for
quality and good surgical outcome, instead it represented the patient’s
satisfaction with the health-care service (82). Individuals with neck pain
were more satisfied with manipulation therapy or home exercise
intervention than with medication, and satisfaction was related to more
information and advice in the manipulative and home-exercise groups
(83). However, the relation between satisfaction and neck pain was weak
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(83). Patient satisfaction with treatment is often assumed to measure both
care and outcome (81) but could possibly be more related to the delivering
of care and less to treatment success. Satisfaction with the intervention may
enhance the compliance with exercise regimes and is an important factor
to evaluate in randomized control trials.
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Rationale

Rationale of the thesis

The cervical spine is heavily dependent on muscular support (15, 41) and
low endurance in the neck muscles may contribute to persistent neck pain
in whiplash-associated disorders. An impaired neuromuscular function has
been reported in the cervical spine (27, 29, 66) but investigation of neck
muscle function has been unsatisfactory and no gold standard is available
for quantifying function of the deep neck muscles.

The effects of exercise interventions on neck muscle endurance in
persistent WAD are limited and there is currently only limited evidence
about effective treatment in persistent WAD (10, 59, 60). Moreover, RCT-
studies have not included individuals with neurological signs, WAD grade
III. Consequently, the RCT-study in the present thesis is to our knowledge
the first study to include WAD with neurological signs.

Evidence-based exercise programs with clear descriptions of contents,
dosage and progression are needed to guide clinicians to provide better
rehabilitation after whiplash injury. This is especially so for individuals
with more severe symptoms and pain, as is the case in WAD grade III.
Exercises (65, 80) and biopsychosocial interventions (52) are of benefit in
idiopathic neck pain and in chronic pain. The present RCT-study is the first
to evaluate the effectiveness of neck-specific exercises with or with-out
behavioral approaches or general physical activity in ventral and dorsal
neck muscle endurance in persistent WAD grades II and III.

The ultrasound studies included in this thesis are the first investigations of
deep and superficial neck muscles in real-time video-sequences in
individuals with persistent WAD. Ultrasonography can detect differences
in the interplay between neck muscles in individuals with WAD versus
healthy controls. Ultrasonography of neck muscles and the development of
neck muscle models can be important diagnostics tools to investigate
impaired mechanical neck muscle function in WAD and the monitoring of
the response to exercises.
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AIMS OF THE THESIS

General aim

The overall aim of the thesis was to investigate mechanical neck muscle
functions and evaluate effects of three different exercises interventions
related to neck muscle function in individuals with persistent pain and
disability after whiplash injury.

Specific aims

1. To compare the effects of three exercise interventions on neck
muscle endurance, kinesiophobia, exercise compliance and patient
satisfaction in individuals with persistent WAD.

2. To compare the mechanical neck muscle functions (deformation and
deformation rate) in three ventral neck muscles during repetitive
arm elevations between individuals with persistent WAD and
healthy controls.

3. To compare the mechanical neck muscle functions (deformation and
deformation rate) in five dorsal neck muscles during repetitive arm
elevations between individuals with persistent WAD and healthy
controls.

4. To develop neck muscle interaction models in persistent WAD and
healthy controls.

For specific aims 2 and 3 the following hypotheses were tested:

Individuals with persistent pain and disability after whiplash injury have
increased neck muscle deformation and deformation rate in the superficial
m. trapezius, m. splenius and m. sternocleidomastoid compared to healthy
controls.

Individuals with persistent pain and disability after whiplash injury have
decreased neck muscle deformation and deformation rate in the deep m.
multifidus/rotatores, m. semispinalis cervices and capitis, and m. longus
capitis and longus colli compared to healthy controls.

18



METHODS

Study design

Methods

This thesis is based on one prospective randomized controlled trial (study
A) and one experimental case-control study (study B). Table 2 provides an
overview of the studies and measurements.

Table 2. Overview of the studies in the thesis

Study A Study B
Study design Multicenter, prospective, Experimental case-control study
randomized controlled study
Participants Individuals with persistent pain Individuals with persistent pain and disability after whiplash
and disability after whiplash injury injury (ventral muscles n=26, dorsal muscles n=40).
(n =216) Controls with no present or past neck problems (n=26 and n=40)
Paper I (Study A) Paper II (Study B) Paper III (Study B) Paper IV (Study B)

Aims To compare the effects To compare deformation To compare deformation  To develope a model
of three different exercise and deformation rate and deformation rate that can determine
regimes on neck muscle in three ventral neck in five dorsal neck impaired mechanical
endurance, kinesiophobia muscles between muscles between neck-muscle function in
exercise compliance and individuals with WAD individuals with WAD individuals with WAD.
patient satiscfaction. and controls during and controls, during

repetitive arm elevation. repetitive arm elevation.

Methods Outcome measurements Ultrasound measurments Ultrasound measurments  Ultrasound measurments
were recorded at baseline of ventral neck muscles, of dorsal neck muscles, of ventral and dorsal neck
with three and six months post-process analysis post-process analysis muscles, post-process
follow-up. with speckle tracking with speckle tracking analysis with speckle tracking

Data One-way ANOVA Students t-test Students T-test Students T-test

analysis Chi-squared test Chi-squared test Chi-squared test Principal component
Kruskal-Wallis test Correlation and linear Mann-Whitney U test analysis
Mann-Whitney U test regression. Mixed design analysis Projections to latent
Friedman ANOVA Mixed design analysis of variance, ANOVA structures
Wilcoxon test of variance, ANOVA Linear regression Partial least square
Linear mixed model Friedman ANOVA Principal component discriminant analysis

Wilcoxon signed-rank test  analysis
Kruskal-Wallis test Partial least square
Mann-Whitney U test discriminant analysis
Paired sample T-test Orthogonal partial
least square discriminant
analysis
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Study population

Participants with persistent pain and disability six months to three years
after whiplash injury were recruited from February 2011 to May 2012. They
were recruited from health care registers from primary health care centers,
orthopedic clinics and hospital outpatient services in six counties. From the
project leaders’ clinical experiences, whiplash-associated disorders in the
chronic state could be diagnosed as cervical pain. Thus, 7 950 letters were
sent to potential participants (Fig. 3), with cervical pain with or without
radiculopathy or whiplash diagnosis. The letters contained basic study
information, basic inclusion/exclusion criteria, and a prepaid return
envelope. The potential participants were contacted by telephone to
confirm inclusion/exclusion criteria. Finally, eligible participants
underwent a clinical examination, performed by one of the study
investigators to verify their diagnosis of WAD grade II or III.

Inclusion and exclusion criteria

Inclusion criteria were ongoing symptoms associated with a whiplash
injury six months to three years before study entry with persistent neck
pain greater than 20 mm measured on visual analog scale (VAS) and/or
neck disability greater than 20% measured with the Neck Disability Index
(NDI). A manual examination had to find signs corresponding to WAD
grade II or IIT and the participants’ age should be between 18 and 63 years.
They should have sufficient Swedish to understand instructions and be able
to answer the questionnaires. In study B, individuals also had to report
neck pain on the right side of the neck and right-handedness to be included.

Exclusion criteria included potentially pre-existing conditions that could
interact with the study results or were related to the person’s ability to
participate safely in the tests and exercise interventions, see Table 3. In
study B participants with obesity affecting the ultrasound image were also
excluded.

Table 3. Exclusion criteria in study A

Exclusion criteria

e Signs of traumatic brain injury at the time of whiplash injury (loss of consciousness
retrograde and post-traumatic amnesia, disorientation, and confusion)

e Known or suspected serious pathology

e Previous fracture or luxation in cervical spine

e Contraindication to exercise

e Neuromuscular diseases

e Rheumatologic disease

e Severe mental illness

e Current alcohol or drug abuse
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Participants, study A

Study A, included 216 participants, 142 women and 74 men, mean age 40
years (SD, 11.4 years). One hundred and twenty-three had WAD grade 11
(neck pain and musculoskeletal signs) and 93 had WAD grade III (neck
pain plus neurological signs). Participants were randomly allocated to one
of three intervention groups; neck-specific exercise (NSE), neck-specific
exercise with a behavioral approach (NSEB) or prescribed physical activity
(PPA). Table 4 shows baseline characteristics and figure 3 the flowchart.

Table 4. Baseline characteristics for the three intervention groups.

Variables NSE group (N = 76) NSEB group (N =71) PPA group (N = 69) P-value
Variables mean (SD)[range]

Age, (years) 38.1 (11.3) [18 — 62] 40.1 (11) [19 — 63] 42.9 (10.7) [18 — 63] 0.03
BMI kg/m2 25.7 (4.0) [19 — 35] 25.9 (5.1) [18 — 45] 26.7 (4.9) [19 - 43] 0.10
Injury duration® 19.1 (8.5) [6 — 36] 20.3 (8.9) [6 — 36] 19.6 (9.7) [6 — 36] 0.69
Variables n (% group)

Gender n (%) female 57 (75%) 47 (66%) 38 (55%) 0.04
Whiplash motor accident’ 65 (86%) 54 (76%) 54 (82%) 0.29
Whiplash other accident’ 11 (14%) 17 (24%) 12 (14%) 0.29
WAD grade II 49 (64%) 33 (46%) 41 (59%) 0.08
WAD grade III 27 (36%) 38 (54%) 28 (41%) 0.08
Previous treatment® 64 (85%) 57 (80%) 53 (78%) 0.37
Work full-time 43 (56%) 36 (51%) 37 (54%) 0.72

NSE; neck-specific exercise, NSEB; neck-specific exercise with behavioral
approach, PPA; prescription of physical activity, BMI; body mass index, WAD;
whiplash-associated disorder

* Months since whiplash injury

"Whiplash injury as a result of motor vehicle accident

+ Whiplash injury due to other accidents (e.g. fall, skiing, diving)

§ Sought health care (physician, physiotherapist) for neck pain after the
whiplash injury, before study entry.

21



Enrollment

Allocation

Follow-up

Assessed for eligibility

by letter (n=7950) Letters sent to
individuals seeking national care
units in the preceding 6-36 months
due to neck pain/whiplash

Methods

Excluded (n=7324)

Did not meet inclusion

criteria (n=2173),
non-responders (n=4548),
addressee unknown (n=314),
declined participation (n=289)

Answered letter,
agreed to participate (n=626)

Excluded (n=207)
Did not meet inclusion criteria
for VAS and/or NDI

Assessed for eligibility by
telephone and physical
examination screening (n=419)

Excluded (n=203)
No whiplash injury (n=15) ,
whiplash injury > 3 years ago (n= 37),
working hours make it almost
impossible to participate (n= 37),
other illness or severe pain
elsewhere (n=42), traumatic brain
injury (n=3), fracture/luxation/op
cervical spine (n=4), travelling abroad,
moved to another city (n=8),
insufficient command of Swedish
language (n=16), did not come to
physical examination/no answer
(n=18), sickleave > 1 months before
whiplash injury (n=11),
declined to participate (n=12)

Randomized (n=216)

Neck specific exercise (NSE)

Allocated to intervention (n=76)
Never started intervention (n=6)

Neck specific exercise with
behavior intervention (NSEB)
Allocated to intervention (n=71)
Never started intervention (n=3)

Prescribed physical activity (PPA)

Allocated to intervention (n=69)
Never started intervention (n=5)

Follow-up 3 months
Lost to follow-up 3 months
(Lack of time/personal reason n=6,
more pain after exercise n=1,
unknown n=4, severe disease n=3,
pregnant n=1) (n=15)
Analyzed (n= 61; 45 /16)

Follow-up 3 months
Lost to follow-up 3 months
(Lack of time/personal reason n=2,
unknown n=1, moved n=1) (n=4)

Analyzed (n= 67; 44/23)

Follow-up 3 months
Lost to follow-up 3 months
(Lack of time/personal reason n=5,
unknown n=3, severe disease n=4)
(n=12)

Analyzed (n=57; 29/28)

Follow-up 6 months
Lost to follow-up 6 months
(Lack of time/personal reason n=8,
more pain after exercise n=1,
unknown n=10, severe disease n=3)
(n=22)

Analyzed (n=54; 39/15)

Follow-up 6 months
Lost to follow-up 6 months
(Lack of time/personal reason n=4,
more pain after exercise n=1,
unknown n=4, moved n=2) (n=11)

Analyzed (n=60; 39/21)

Follow-up 6 months
Lost to follow-up 6 months
(Lack of time/personal reason n=6,
more pain after exercise n=1,
pregnant n=1, unknown n=4,
moved n=1, severe disease n=5)
(n=18)

Analyzed (n=51; 23/28)

Figure 3. Flow chart study A, participants’ recruitment and retention (n = total
number; women/men).
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Participants study B

The participants in study B were consecutively recruited for neck muscle
ultrasound investigations from study A. Eligibility requirements included
neck pain on the right side of the neck, and right-handedness.

Ultrasound measurements were recorded in 40 individuals with WAD and
40 healthy controls matched for age and sex.

In paper II, 26 individuals with persistent WAD (20 women and 6 men,
mean age 37 years (SD; 10.9) and 26 controls matched for age and sex were
included. Fourteen individuals (seven pairs of participants) were excluded
due to bad image quality in either the WAD or matched controls images.
In paper III, 40 individuals with persistent WAD, 28 women and 12 men,
mean age 37 years (SD, 11.2 years) and 40 age- and gender-matched
healthy controls were included.

In the development of the neck muscle interaction model (paper IV), 23
individuals with WAD (18 women and 5 men; mean age 36 years (SD; 11.2)
and 23 matched controls were included (individuals from paper II). The
analyses in paper II detected three individuals as outliers because they had
a skew positive impact on the correlation and linear regression analysis.
These three outliers and their matched controls were excluded from the
neck muscle interaction analyses in paper IV. For baseline characteristics
in papers II, III and IV, see Table 5 a, b and c.

The controls in study B were recruited from university staff, hospital staff
and acquaintances. Exclusion criteria for controls were present or past
neck problems, trauma to the neck, neck or low-back pain, rheumatologic
or neurologic disease and generalized myalgia.
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Table 5 a. Baseline characteristics paper I1

Variables WAD Healthy controls P-value
(N=26) (N=26)

Gender, n female/male 20/6 20/6 1.0

WAD grade 2/3, n 18/8 NS

Variables mean (SD)

Age (years) 37 (10.9) 37 (10.9) 0.96

Injury duration® 22(7.7) NS

BMI " male 25 (6.6) 25 (3.5) 0.81

BMI female 25 (5.4) 22 (2.4) 0.01

Neck Disability Index © 34 (13.4) 1(1.6) 0.001

Pain previous week ¢ 50 (18.8) 1(1.0) 0.001

Variables median (IQR)

Physical activity level® 2(2-3) 4(3-4) 0.001

Table 5 b. Baseline characteristics paper III

Variables WAD Healthy controls P-value
(N=40) (N=40)

Gender, n female/male 28/12 28/12 1.0

WAD grade 2/3, n 29/11 NS

Variables mean (SD)

Age (years) 37.4 (11.2) 37.4 (11.4) 1.0

Injury duration® 21.2 (8.5) NS

BMI® male 25.0 (4.8) 26.3 (3.6) 0.48

BMI female 24.5 (6.4) 22.5(2.5) 0.14

Neck Disability Index 32.4(13.9) 1.4 (1.8) < 0.001

Pain previous week ¢ 45.9 (18.7) 1.1(2.2) < 0.001

Variables median (IQR)

Physical activity level® 2.0 (2.0-3.75) 3.5(4.0 - 4.0) 0.001
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Table 5 c. Baseline characteristics paper IV

Variables WAD Healthy controls P-value
(N=23) (N=23)

Gender, n female/male 18/5 18/5 1.0

WAD grade 2/3, n 16/7 NS

Variables mean (SD)

Age (years) 36.0 (11.2) 36.1(10.9) 1.0

Injury duration® 22.0 (7.7) NS

BMI " male 24.0 (6.6) 24.0 (3.6) 0.95

BMI female 27.0 (7.9) 22.0 (2.3) 0.03

Neck Disability Index 34.0 (13.8) 1.0 (1.6) < 0.001

Pain previous week ¢ 51.0 (17.6) 0.7 (1.0) < 0.001

Variables median (IQR)

Physical activity level® 2.0 (2.0 - 3.0) 4.0 (3.0 - 4.0) < 0.001

WAD: whiplash-associated disorders,

a) Months since whiplash injury, range 6 to 36 months.

b) Body Mass Index (BMI)

¢) Neck Disability Index Score (0-100%) was based on 10 items; higher scores
represented higher disability.

d) Visual analogue scale (VAS), average pain in the prior week, range 0-100
mm, higher rating represented higher pain intensity.

e) Physical activity level over the prior 12 months (1 = inactivity, 2 = low activity,
3 = moderate activity, 4 = high activity)

Ethical consideration

The studies were approved by the Regional Ethics Review Board in
Linkoping and conducted according to the Declaration of Helsinki. All
participants were informed orally and in writing about the studies.
Participation was voluntary; they could decline to participate in, or could
withdraw from, the study at any time with no negative consequences.
Informed consent from participants in study A and written informed
consent in study B were provided before study start. There was no known
risk with the tests or interventions except for muscle soreness when
exercise intervention began in study A. The soreness was expected to end
after a couple of days.
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Data collections

For an overview of the measurements and tests included in the thesis, see
Table 6.

Table 6. Overview of measurements

Outcome measures Outcome variable Paper1 Paper Il Paper III Paper IV
Self-reported

Descriptive items in a questionnaire Background variables X X X X
Visual Analogue Scale (VAS) Neck pain X

Tampa Scale of Kinesiophobia (TSK) Fear of movement/(re)injury X

Lickert scale (dissatisfied - satisfied) Patient satisfaction of treatment X

Clinical examinations

Neck Muscle Endurance (NME) Neck endurance (seconds) X

Real time ultrasound Deformation and deformation rate X X X
Study A

Participants completed a questionnaire at baseline, and at the three- and
six-month follow-ups. Neck muscle endurance was measured with the
Neck Muscle Endurance (NME) test, and neck pain intensity was reported
immediately before and after the NME on Visual Analogue Scale (VAS).
The questionnaire included items related to background variables (Table
4), the Tampa Scale of Kinesiophobia (TSK-11), exercise compliance, and
patient satisfaction with treatment. A clinical examination was performed
by one of the study investigators, blinded to the participants’ group
allocation. The investigators were seven experienced physiotherapists in
the six counties and were trained to undertake the strict testing protocol
during the baseline and follow-up tests.

Ventral and dorsal neck muscle endurance test

The neck muscle endurance test (NME) has been reported to be of good
reliability (ICC > 0.88) (84). NME was standardized and measured in
seconds as previously described (85, 86).

The ventral NME was tested first in all participants, with the participant
supine, legs straight, arms alongside the body, and head and cervical spine
in a neutral position (Fig. 4). The instructions given were to slightly nod,
retract the chin, and raise the head just above the examination table, such
that a small head lift was performed in slight upper cervical flexion (85).
Dorsal NME was measured with the participants positioned prone, legs
straight, arms alongside the body, and head initially supported on the
examination table (Fig. 4). The participants were instructed to lift their
head just above the examination table with the tip of the chin pointing at
the floor. Applied to the head was a load of 2 kg for women or 4 kg for men

(85).
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Figure 4. Ventral and dorsal neck muscle endurance (NME) test.

The participants were instructed to maintain the test position for as long as
possible, but stop the test by returning the head to rest on the examination
table if they felt pain radiating into the arm or were at the point of neck
fatigue. They were also told to stop if they experienced severe neck pain or
increased radiating pain to the arm(s). Endurance was measured in
seconds using a stopwatch for both the ventral and the dorsal NME test.
For familiarization, participants practiced the test before the official trial
(nod when supine, chin pointing at floor and lifting head without weight
when prone). The test leader verbally corrected the test position during the
measurement if necessary.

Neck pain intensity

The pain intensity of the neck was measured immediately before and after
the NME test, using a 100 mm VAS; 0 mm = no pain to 100 mm = worst
imaginable pain. Moderate to good reliability and validity have been
reported for the 0-100 mm VAS (87). The scale has limitations in repeated
measures due to intra-subject differences in the experience of pain (88). A
reduction of 50% in individuals reported pain intensity has been conside-
red substantial clinical improvement (89).

Kinesiophobia

Fear of movement and (re)injury was measured using the Tampa Scale for
Kinesiophobia (TSK-11) short form and the two-factor model of the TSK-
11, including activity avoidance (TSK-AA) and somatic focus (TSK-SF). The
TSK-11 shows moderate to good reliability and validity (90) and includes 11
items scored from 1 to 4 with a possible total score ranging from 11 to 44.
Higher scores indicating greater fear of movement and (re)injury. Subscale
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TSK-AA has 5 items with a total score ranging from 5 to 20, and the TSK-
SF includes 6 items with a total score ranging from 6 to 24.

Patient satisfaction

The participants rated their satisfaction with the intervention at the six-
month follow-up on a seven-point Likert scale, from 1 (very dissatisfied) to
7 (very satisfied) as an answer to the question “How is your experience of
the intervention for your neck pain?”

Exercise compliance

Compliance with exercise was defined as at least 50% attendance at the
recommended intervention sessions (all three groups). Also included was
attendance at the basic information for the NSE group and at least 50% of
the behavioral components for the NSEB group. Exercise compliance data
was collected from the physiotherapists’ diaries (NSE and NSEB groups)
and the participants’ exercise diaries (PPA group).

Study B

Participants completed a baseline questionnaire including items regarding
age, height, weight, NDI, physical activity level, and neck pain intensity in
the last week. The ventral and dorsal neck muscles were recorded using a
B-mode 2-D ultrasound Vivid-i scanner (GE Healthcare, Horten, Norway).
The ultrasound was equipped with a 12-MHz linear transducer (38 mm),
with the frame rate set to 235 frames/s. Post-process analyses of the
ultrasound images were performed using speckle-tracking analyses.
Ultrasound measurements of dorsal neck muscles were recorded first. A
physiotherapist identified the level of the fourth cervical vertebrae (C4) by
palpation of the spinous process and marked the skin with a pen. The
ultrasound transducer was positioned in a transverse orientation at the
level (C4) on the dorsal right side of the neck. When the C4 spinous process
was identified at the transverse image, the transducer was rotated 90° in a
longitudinal position and all dorsal ultrasound recordings were performed
in this longitudinal position. Then the ventral neck muscles were recorded.
The C4 level was verified with a transverse ultrasound projection of the
bifurcation of the carotid artery at the right ventral side of the neck. The
carotid artery is commonly observed at the C4 level (91). The transducer
was then rotated to a longitudinal position and the ventral images were
recorded in this position (Fig. 5).
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Figure 5. Ultrasound measurement of dorsal and ventral neck muscles.

A test included ten arm elevations and ultrasound images were taken of the
first and tenth arm elevation. Many normal daily activities require
tolerance of sustained neck loading and activities involving repeated arm
lifting could increase neck pain in WAD (58). The participant held a weight
of 0.5 kg (women) or 1 kg (men) in the right hand.

The arm was raised to 90 degrees, to an adjustable horizontal bar and the
index finger was to touch the bar. A pair of customized contact switches
were attached, one on the right hip and one on the right wrist. The contact
signals were recorded in the ultrasound machine allowing synchronization
of data and giving information of the start and stop of arm movements. A
metronome was set to 40 beats per minute to keep a steady pace during the
examination. The individual was asked to look at the bar, hold the head
steady, lift the arm to the bar on the beat and then lower the arm to the
switch contact on the next beat.

Ultrasound analyses, speckle tracking

The speckle tracking method was based on an algorithm developed by
Kanade-Lukas-Tomasi (92, 93), and further developed by Farron et al.
(94). It was implemented with an in-house software program written in
Matlab 2013b. A region of interest (ROI) was manually placed in the first
frame of the video sequence of the muscle, and the unique speckle pattern
was tracked frame-by-frame through the video sequence (Fig. 6a). When
the speckle pattern changes length with muscle lengthening or shortening,
so does the length of the ROI. Three ROIs (each 10 x 3.3 mm) were
positioned longitudinally to the muscle in each muscle covering 30 mm of
the muscle of interest. Ultrasound with post-process speckle tracking has
been validated against force measurements (35), and shows a positive
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relationship between the magnitude of muscle deformation recorded with
speckle tracking and the magnitude of muscle activity in voluntary
movement and electrical stimulation. The test-retest reliability of the
speckle tracking analysis method has been reported to be excellent, ICC

0.71-0.97 (95).

Carotid
artery

Lcap

)
S—— )

Figure 6. Ultrasound images of ventral and dorsal neck muscles.

Three regions of interest were selected in each muscle for ventral and dorsal neck
muscles. ROI’s can be seen in the three ventral neck muscles (Fig. 6a); each
indicated as a blue line with a square end.

a) Three ventral neck muscles; sternocleidomastoid (SCM), longus capitis (Lcap)
and longus colli (Lco).

b) Five dorsal neck muscles; trapezius (TR), splenius capitis (SP), semispinalis
capitis (Scap), semispinalis cervicis (Scerv) and multifidus (MF).

Deformation and deformation rate

To measure muscle deformation (elongation or shortening of the muscle)
the percentage change from the original length of the ROI compared to rest
was calculated (expressed as % deformation). To quantify muscle
deformation, the areas on the deformation curves were calculated (Fig. 7).
The area under the deformation curve gives information about the change
in deformation (percentage change from the beginning of the test) for every
frames in the ultrasound imaging sequence. The method not only gives the
total deformation area calculated, but also information about elongation
and shortening of the muscle as well as the magnitude of the deformation
at every time point during the test. Area under the curve is a common
method to measure the sum of change over time in a very broad research
fields (for example; cardiovascular tests (96) and blood concentration-time

(97)).
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The trapezoidal rule (Equation 1) where A is the area, t is time between
samples and yn is the current ROI position at sample point n, was used as
a basis for the area calculation.

A= %(y1+2y2+2y3+..+2yn-2+2yn-1+yn) (Equation 1)

The muscle deformation rate was expressed as the amount of deformation
per time unit (% deformation/s) and was presented as the root mean
square (RMS). RMS values gives information about the local tissue velocity
of deformation. All ultrasound images were coded during the post-process
analyses. Thus, the person analyzing the speckle-tracking data was blinded
to the affiliation.
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3%
2% r‘Lﬁ/“JJJ\:"\/\d

-1%

Deformation %

2%
-3%
-4%

0.5 1.0 15 2.0 2.5
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Figure 7. Muscle deformation area in three ventral neck muscles during one
arm elevation.

Muscle shortening is the negative values (area below zero) and muscle elongation
is the positive values (area above zero). The total deformation area is the sum of
negative and positive values. When the line crosses the 0% line, the muscle
switches from elongation to shortening and vice versa.

Interventions study A

The study interventions (Table 9) were conducted by 69 physiotherapists
working in primary care in six different Swedish counties, thus minimizing
the distance for participants to go to the intervention session. The
physiotherapists received from the project leaders one day of theoretical
and practical training before study start. They could also contact the project
leaders if they need further advice regarding the interventions.
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Neck-specific exercise (NSE)

The participants were supervised by a physiotherapist twice weekly for 12
weeks, with additional home exercise. They were informed about
anatomical and physiological factors related to symptoms. The exercises
were initially aimed to facilitate deep neck muscle activation and thereafter
designed to improve neck muscle endurance (Fig. 8). The content, dosage
and progression of the neck-specific exercise program are described in
details online at Academic Archives (98). The exercise program also
included exercises for scapulae, low back, abdomen and stretching if
needed. The participants were instructed to avoid pain aggravation during
exercise. After the 12 weeks they were instructed to continue with neck-
specific and general exercise outside the physiotherapy clinic.

| [éfgf%?$&~

<

Cc:’,rht Géw:l Peterson

Figure 8. Example of neck-specific exercises

Neck-specific exercise with behavioral approach (NSEB)

The neck-specific exercises were identical to those in the NSE group (98).
But in contrast to the NSE group, the participants performed the training
in small steps to ensure success (graded activity) despite some pain, but to
avoid increased pain radiating in the arms or a cumulative elevation of pain
level throughout the program. The behavioral approach included setting
specific activity goals, education in neurophysical and neurobiological
processes underlying chronic pain, coping strategies, relaxation and body
awareness techniques, and strategies for dealing with neck pain relapse.
The NSEB group was also instructed to continue with neck-specific and
general exercise outside the physiotherapy clinic after the 12 weeks.
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Prescription of physical activity (PPA)

The participants had one or two appointments with a physiotherapist,
which included a motivational interview session and a physical
examination. They got an individualized physical exercise program, which
did not include neck-specific exercises. The exercises were performed at
non-health care location, for instance at home, or at a gym.
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Table 9. Description of the three interventions

Neck-specific exercise (NSE)

Week 1

Week 2-3

Week 4-12

Week 12

Neck-specific exercise aimed at facilitating the deep neck muscles
Basic information on neck muscle function and how to avoid aggravation of pain

Isometric neck-specific exercise in supine and sitting positions
Instruction in good body posture to minimize postural strain
Introduction to neck-specific gym exercise

Continued training in gym and home excercise with gradual progression

Information to continue with both general and neck-specific exercise
outside the physiotherapy clinic, prescription of physical activity

Neck-specific exercise with behavioral approach (NSEB)

Week 1-2

Week 3

Week 4-5

Week 6-7

Week 8-10

Week 11-12

Specific activity goal setting, specified for time and designed to be
reachable during the 12-week rehabilitation program

Education in processes underlying chronic pain

Information about coping strategies and recovering from relapse of pain
Neck-specific exercise to facilitate the deep neck muscles

Instruction in relaxation exercises and body awareness techniques

for postural control

Isometric neck-specific exercise in supine and sitting positions
Information on the influence of thoughts on behavior

Introduction to neck-specific gym excercise
Specific activity goal exercise and breathing exercise

Continued training in gym and home exercise with gradual progression
Reinforcement of processes in chronic pain.

Follow-up of specific activity goal exercises, continued neck-specific
gym exercises

Strategies for dealing with relapse of neck pain

Follow-up of specific activity goal exercise, continued neck-specific
gym exercises

Information to continue with both general and neck-specific exercise
outside the physiotherapy clinic, prescription of physical activity

Prescription of physical activity group (PPA)

Week 1

Week 2-12

Physical examination and motivational interviewing
Instruction in physical exercise program not including neck-specific exercises

Physical exercises at home or selected location outside of health care
system, possibility for one follow-up with the physiotherapist
Able to phone the physiotherapist to ask questions during the first 12 weeks
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Statistical analyses

In study A paper I, the study sample size was based on the primary outcome
of the NDI in the randomized controlled trial (99), and 63 participants per
group were required for detecting a minimal clinically important NDI
outcome of 7%. A total of 216 participants were recruited to account for
drop-outs and the analyses were made on an intention-to treat basis. In
paper I, the demographic variables were compared using one-way analyses
of variance (ANOVA) and Kruskal-Wallis test for non-normally distributed
data. Chi-square test was used for binary outcomes. In study B paper II, 111
and IV the two-tailed unpaired Students t-test was used for parametric
demographic variables, Mann Whitney U test for non-parametric data and
the chi-square test for binary outcomes. Statistical significance was set at
an a level of 0.05.

Group comparison

The neck muscle endurance results in paper I were analyzed with linear
mixed model conducted with time (3 levels; baseline, three and six
months), group (3 levels; NSE, NSEB and PPA), and gender (2 levels; men
and women) as fixed effects. Ventral or dorsal neck muscle endurance was
the dependent variable. Included in the model were participants with
baseline data and at least one more measurement (three and/or six
months). Statistical p-values were reported for the; overall change over
time; differences between groups; differences between gender; interaction
between time and group; interaction between time, group and gender.
There were significant differences between gender in ventral NME, so post-
hoc analyses were stratified for gender. All NME measurements were log
transformed (Log!°) because data were strongly positively skewed and
variance were significantly different (Levence’s test p < 0.05). Differences
between groups in neck pain, patient satisfaction and kinesiofobia (TSK-
11) were analysed with Kruskal-Wallis test and post-hoc comparison were
evaluated with the Mann-Whitney U test. To define within-group
differences with respect to time Friedman’s test was used, and the findings
were further clarified using Wilcoxon signed-rank test. The exercise
compliance was dichotomized (compliant, non-compliant) according to
attendance (defined as at least 50% attendance at the recommended
intervention sessions) and analyzed using a chi-square test.

In paper II the deformation measurements were skewed and non-
parametric tests were applied. The deformation rate measurements were
normally distributed and parametric tests were used. To evaluate
differences between individuals with WAD and healthy controls in
deformation rate a mixed design analysis of variance (ANOVA) with
Bonferroni correction was used. The two groups (control and WAD) were
the between-subjects variable, the three muscles (SCM, Lcap, and Lco)
were the within-subject variables, and the analysis was adjusted for the
duration of each arm elevation. The deformation data were positive-
skewed and Levene’s test showed that the assumptions of variance were
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violated (p < 0.05) and the Friedman ANOVA and the Mann Whitney U
test were used. For two group analyses of differences in the deformation
between the first and tenth arm elevation the Wilcoxon signed-rank test
was used, and the paired samples t test for deformation rates. Effect sizes
were calculated for the deformations and deformation rates.

For dorsal neck muscles analyses in paper III a mixed design analysis of
variance (ANOVA) with Bonferroni correction was used. The ANOVA was
used to evaluate between-subject factor of group (two levels: WAD and
controls) and within-group factor of deformation and deformation rate
(five levels, one for each muscle). The analyses were adjusted for the
duration of each arm elevation and sex. The assumptions of variance were
violated (Levene’s test p < 0.05) in deformation (first arm elevation) and
deformation rate (tenth arm elevation) and the data were logw©
transformed.

Correlation and linear regression of deformation and
deformation rate

In paper II, correlation of deformation among the three ventral neck
muscles (SCM, Lcap, Lco) during the first and tenth arm elevations were
evaluated with Spearman’s rho test and for deformation rate with Pearson’s
correlation. Linear regression models were used to investigate the
relationships of the deformations and the deformation rate among the
three muscles (SCM/Lcap, SCM/Lco, Lcap/Lco) for individuals in both
groups (control and WAD).

The relationships between pairs of dorsal neck muscles in paper III were
analyzed. Adjusted R2values were reported and the strength of the linear
relationship was reported as follows: weak, 0.1 — 0.3; moderate, 0.31 — 0.6;
strong, > 0.61 (100).

Outliers

One outlier (WAD) in the deformation rate and one outlier from each group
(WAD/Control) in the deformation were detected (paper II). These three
outliers had a skew positive impact on the correlation and linear regression
analysis and were excluded. In study III, six outliers were detected in
deformation, three in the WAD group (one women and two men) and three
in the control group (all men) and seven outliers in deformation rate (one
in the WAD group and six controls, all men). Men had much greater
variation in deformation and deformation rate with many outliers and only
women were further analyzed regarding the linear relationship between
muscles and multivariate analyses. Three outliers were detected in paper
IV, all of them men (one WAD and two controls) and they were excluded
from further analyses.
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Multivariate statistics

The strength in the multivariate statistics is the possibility to identify
underlying patterns in large datasets from complex, highly correlated neck
muscle interaction data. Multivariate data analysis was performed in Simca
13.0 (MKS Umetrics, Umed, Sweden) and Evince 2.6 (UmBio AB, Umea3,
Sweden) (101). Principal component analysis (PCA) is designed to extract
systematic variation in the dataset and was applied to obtain an overview
of the data. Projection to latent structures (PLS) can be used to identify
pattern in multivariate data sets. To analyze the differences between the
WAD and control groups partial least squares discriminant analysis (PLS-
DA) was used. PLS-DA is a regression extension of PCA, and orthogonal
partial least squares discriminant analysis (OPLS-DA) was used in paper
III to improve interpretability (101).

Interaction terms

The data analyzed with the multivariate techniques included a total of 24
variables in paper IV; the total deformation area, elongation and
shortening area, and deformation rate from the three ventral neck muscles
and a total of 40 variables in paper III; the total deformation area,
elongation and shortening area, and deformation rate from five dorsal neck
muscles during the first and tenth arm elevations. All possible two-way
combinations of interaction terms, including quadratic terms, between
these variables were evaluated, resulting in 324 variables in paper IV and
860 variables in paper III. Prior to calculating the interaction between the
variables a and b, the variables were mean centered and scaled to unit
variance. The interaction between variables a and b can be calculated with
element-wise multiplication where X, and X, are the means of the two
variables a and b and sq and s, are the standard deviations (Equation 2).
The quadratic terms were logarithmically transformed with base 10 prior
to further analysis.

a—Xg ob—Xp

lap = = . (Equation 2)
a b

The strength of the multivariate models in this study was determined by
R2X, the explained variance in the X-matrix (deformation and deformation
rates variables); R2Y, the explained variance in the Y-matrix (healthy
control or individuals with WAD); and Q2Y, the predictive explained
variance in Y. The maximum value for each is 1.0 and symbolizes a perfect
model. Both groups (control and WAD) were normally distributed. The two
groups were checked for equal variances which resulted in a rejected null
hypothesis (p = 0.017) and the two-sample t-test assuming unequal
variances for differences between the WAD and control groups was used.
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Variable influence of projection (VIP)

In order to analyze important variables in a complex PLS model the most
important variable can be detected using VIP (101). The higher VIP value
(cut-off value often 1.0 or higher), the more influence the variable has on
the explained y variable. VIP sorting made it possible to summarize the
most important muscle interactions, involved in the difference in muscle
interaction between individuals with WAD and healthy controls in paper
IV.
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RESULTS

The effect of three different exercise interventions on
neck muscle endurance test, pain intensity,
kinesiophobia, exercise compliance and patient
satisfaction (Paper I)

In study A, paper I, the 216 individuals were randomized to three exercise
groups, NSE (n = 76), NSEB (n = 71) and PPA (n = 69). The baseline
characteristics were similar in the three groups, except that participants in
the NSE group were younger and more women were included than in the
PPA group (Table 4). At three months, 185 participants (85 %) were tested
and 165 (777 %) at six months. There were no significant differences in any
baseline characteristics or baseline measurement between those who
dropped out and those who completed the intervention (p > 0.26).

Dorsal Neck Muscle Endurance

A total of 182 individuals (116 women, 66 men) were included in the linear
mixed model (Table 10). There was no significant group*time*gender
interaction effect (F = 1.3, p = 0.25), but a significant group-by-time
interaction effect (F = 4.1, p = 0.003). Both the NSE and NSEB groups (F
= 6.810 5.5, p < 0.05) improved in dorsal NME from baseline to six months
compared to the PPA group (F = 0.42 p = 0.66). The baseline dorsal NME
score for men differed between the three groups at baseline and the
differences were close to significant (p = 0.08). When baseline dorsal NME
values was included as covariate in the linear analyses, the results were
unchanged (Peterson, unpublished results 2016).

Ventral Neck Muscle Endurance

For ventral NME, 185 individuals (118 women, 67 men) were included in
the linear mixed model (Table 10). There were no significant interaction
effects between group*time*gender (F = 1.4, p = 0.23) or group*time
interaction (F = 1.8, p = 0.13), but a significant group by gender interaction
effect (F = 3.2, p = 0.04). When stratified for gender, there were significant
differences between groups for men at six months. Men in the NSE and
NSEB groups showed higher ventral NME compared to men in the PPA
group (F = 4.2, p = 0.02).

Neck pain intensity

Pain intensity before and after the NME test was decreased for the NSE
group at three months (p < 0.05) compared to the PPA group. Both the
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NSE and NSEB groups showed decreased pain after the NME test at six
months’ follow-up compared to the PPA group (p = 0.04) (Table 11).

Table 10. Neck muscle endurance for the three groups; NSE, NSEB and PPA at
baseline, three- and six months’ follow-ups.

Group, geometric mean, 95% confidence interval (95% CI)

P values*®

Variable Period NSE NSEB PPA P, P, Py Puyy Py
Ventral NMET
Whole group Baseline 19 (15 — 26) 25 (19 — 32) 22 (16 — 30)

3 months 21 (18 — 28) 29 (23 - 39) 25 (19 - 35)

6 months 28 (22 - 38) 34 (26 — 45) 23 (17 - 32) <.01 .07 <.01 .13 .23%
Women Baseline 15 (12 — 22) 18 (14 — 24) 20 (13 - 34)

3 months 19 (15 — 25) 21 (17 — 29) 21(14 — 34)

6 months 23 (18 - 31) 24 (17 - 34) 24 (17 - 35)
Men Baseline 36 (20 — 66) 41 (27 - 62) 36 (21— 66)

3 months 37 (21— 66) 52 (34 — 81) 29 (19 — 46)

6 months 54 (30 — 105) 59 (42 — 87) 22 (14 — 39) <.02§
Dorsal NMET
Whole group Baseline 41 (29 - 62) 44 (32 - 63) 42 (28 — 65)

3 months 57 (42 - 79) 64 (46 - 93) 35(23 - 56)

6 months 86 (62 — 123) 84 (60 — 120) 42(28-66) <.01 .06 .11 <.01 .25%
Women Baseline 37 (23 -59) 34 (23 - 154) 49 (28 - 91)

3 months 53 (36 —79) 49 (32 - 76) 43 (24 - 78)

6 months 75 (50 — 115) 65 (42 — 102) 55 (32 —98) <.029
Men Baseline 68 (36 — 132) 67 (40 — 120) 36 (21— 68)

3 months 71(38 - 135) 101 (56 — 186) 31 (17 — 60)

6 months 144 (74 — 282) 128 (72 — 234) 35 (19 — 68) <.021

NME; neck muscle endurance, NSE; neck-specific exercise, NSEB; neck-specific
exercise with behavioral approach, PPA; prescription of physical activity.
Values are presented as geometric mean (back transformed log°) and 95 %
confidence interval (CI).
* P values reported for the; overall change over time Py, differences between
group Pg; differences between gender Ps; interaction between group and time
Pr+g; interaction between time, group and gender Pirgs
TNeck muscle endurance in seconds for the groups, geometric mean (95% CI)
+ P values for the main linear mixed model analyses, group*time*gender
interaction effect (group; NSE, NSEB and PPA, time; baseline, three and six
months, sex; women and men). The p-values$ show the significant differences
between groups from the linear mixed model.
§ Significant differences between groups in ventral NME at six months.
9 Significant differences between groups in time*group interaction effect in
dorsal NME.
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Table 11. Pain intensity measured immediately before and after the NME test and the Tampa Scale of Kinesiophobia measurements
at baseline and six months for the three intervention groups, NSE, NSEB and PPA.

Group median, inter-quartile range (IQR) and range [ ]

Treatment effects and P valuest

Variables n NSE n NSEB n PPA P NSE-PPA P NSEB-PPA P NSE-NSEB P
VAS before NME® Baseline 76 26 (14 — 53) [0 — 95] 71 30 (12 - 53) [0 - 89] 69 32(23-53)[0-94] o0.41

3months 62 17(2-39)[0-97] 66 23 (4 — 45) [0 - 85] 55 30(10-57)[0—100] o0.05 -5.0 .02 -3.0 .16 -2.0 .27

6 months 55 11(3—-11)[0—92]* 59 21(5-39)[0—85]* 51 24 (6 — 62) [0 —91] 0.09 -7.0 -2.0 -5.0
VAS after NME®  Baseline 76 33(24 -58)[0-97] 71 43 (17 - 60) [0-95] 69 42(26-63)[4-97] 0.44

3months 62 24 (5-48)[0-95] 66 32 (9 —55)[0-98] 55 41(21-64)[0—-100] 0.03 -11.0 .01 -5.0 .09 -6.0 .39

6 months 52 25(6-44)[0-97]1* 56 27(9-54)[0-77]* 51 40 (16 —48)[0—-87]  0.04 -7.5 .04 5.5 .05 -2.0 -94
TSK - 11" Baseline 76 22 (18 — 27) [12 — 37] 71 21 (17 — 26) [12 — 41] 67 21(16 —28)[12 -36] 0.95

6 months 54 19 (15 — 23) [11 — 36] 57 19 (15 — 25) [11 — 40] 52 21 (15 — 26) [11 — 43] 0.47 -2.5 -2.0 -0.5
TSK-AA™ Baseline 76 12 (10 — 15) [6 — 22] 71 12 (9 —15)[6 — 23] 67 12 (9 —15) [6 — 21] 0.76

6 months 54 11(8-14)[5—21]* 57 10(8—-13)[6 —22]* 52 12 (8 -15)[6 — 23] 0.24 -2.0 -1.0 -1.0
TSK-SF" Baseline 76 9(7-12)[5-17] 71 10 (7 -13)[5-19] 67 10 (7 - 12) [5 - 19] 0.68

6 months 54 8(6-10)[5-16]* 57 8.5(6 -13)[5— 18] 52 9 (6 —11)[5-20] 0.27 -0.5 0.5 -1.0

Values are presented as median, inter-quartile range (IQR) and [range].
* Significant with-in group differences with respect to time p < 0.05

T Treatments effects at follow-up time (three and six months). If significant between-group differences in the Kruskal-Wallis test are
evident, the p-values for post-hoc comparisons are shown. For outcomes; a negative effect favors the first group (the underlined group
(NSE-PPA, NSEB-PPA, NSE-NSEB).
+$VAS 0 to 100, higher scores indicating higher pain intensity, median, inter-quartile range (IQR) for the groups. Pain intensity
measured immediately before+ and after$ the NME tests.
ITSK-11; total score short form, 11 items, from 11 to 44, higher scores indicate higher fear of movement and (re)injury, TSK-AA™;
subscale activity avoidance, 5 items, from 5 to 20, TSK-SF1t; subscale somatic focus, 6 items, from 6 to 24.

NME; neck muscle endurance, NSE; neck specific exercise, NSEB; neck specific exercise with behavioral approach, PPA;
prescription of physical activity, TSK; Tampa Scale of Kinesiophobia
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Kinesiophobia

There was no difference between groups in TSK (P > 0.24). From baseline
to the six-month follow-up, the NSE group showed significant
improvements in total TSK-11 score, and on the subscales for activity
avoidance and somatic focus (P < 0.01). The NSEB group only showed
improvement on the activity avoidance subscale (P < 0.03). For both the
NSE and NSEB groups, these improvements were small (1 to 3 points). The
PPA group revealed no significant improvements over time (P > 0.19).

Patient satisfaction and exercise compliance

Sixty-six percent in the NSE group and 62 % in the NSEB group reported
that they were very satisfied with their treatment (score of 6 and 7 on the
Likert scale) at three months’ follow-up. There were significantly lower
proportions of satisfied participants in the PPA group (7 %; p < 0.01). These
differences remained at six months’ follow-up (NSE; 55%, NSEB; 67 %,
PPA; 19 %), p < 0.01). Compliance to exercise did not significantly differ
between groups. At three months the proportions of compliant participant
were 73 % (NSE n=43), 74 % (NSEB n=44) and 50 % (PPA n=19), (p =
0.07). At six months all three groups had 50 - 53 % compliance (p > 0.90).

Mechanical neck muscle function, deformation and
deformation rate (Papers I, lll and IV)

Comparisons between the WAD and control group in
deformation

For ventral neck muscles (paper II), the only significantly different finding
when each muscle was analyzed separately, was that the SCM was less
elongated in the WAD group compared to the control group during the first
arm elevation (WAD; 1.2, controls; 2.6, p = 0.02). There were no significant
group by deformation interaction effect (F = 0.2 to 2.0, p > 0.10) or
differences between groups (F = 0.02 to 0.55, p > 0.46) in dorsal neck
muscles deformation (paper III), but a significant group by gender
interaction effect for both the first (F = 3.9, p < 0.01) and tenth (F = 2.7, p
< 0.04) arm elevations. Men in the control group showed greater
deformation in all muscles (F = 11.3 to 35.5, p < 0.001) compared to
women, but this difference was not seen in the WAD group (F = 1.3 to 0.39,

p > 0.25).
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Linear relationship between pairs of muscles in deformation

There was a stronger positive linear relationship between the muscle pairs
SCM/Lcap and SCM/Lco, in ventral neck muscles for healthy controls
compared to the WAD group. The linear relationship increased from the
first (controls; R2 = 0.25 to 0.35, WAD; R2 = 0.00 to 0.03); to the tenth arm
elevations (controls; R2 = 0.43 to 0.53, WAD; R2 = 0.02 to 0.08); (paper
IT). Only between Lcap/Lco during the tenth arm elevation was the linear
relationship stronger in individuals with WAD compared to controls (R2 =

0.57 vs. 0.51), (Fig. 9 a-f).

For dorsal neck muscles (paper III), there were stronger positive linear
relationships between the two deepest neck muscles (semispinalis cervices
and multifidus) for women in the control group during the first (R2 = 0.61
vs. R2 = 0.15) and tenth arm elevations (R2 = 0.32 vs. R2 = 0.01) compared
to women in the WAD group (Table 11). Women in the WAD group
exhibited moderate relationships between more pairs of muscles during the
first arm elevation compared to controls (R2 = 0.32 to 0.47).
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Figure 9 a-f. Linear relationships between total deformation areas of ventral
neck muscle pairs are shown for the first and tenth arm elevations.
(a,b) Relationships between sternocleidomastoid (SCM) and longus colli (Lco)
muscles: (fop panels) Controls showed weak linear relationship during the first
arm elevation (R2 = 0.25) and moderate linear relationship during the tenth arm
elevation (R2= 0.53); (bottom panels) individuals with WAD showed no linear
relationships (R2< 0.02).

(c,d) Relationships between SCM and longus capitis (Lcap) muscles: (top panels)
Controls showed higher linear relationships (moderate) during the tenth arm
elevations (R2= 0.43) compared to the first (R2 = 0.35); (bottom panels)
individuals with WAD showed no linear relationships (R2= 0.08 to 0.03).

(e,f) Relationships between Lcap and Lco: Both groups showed weak linear
relationships during the first arm elevations and moderate linear relationships
during the tenth arm elevations; (fop panels) controls (R2 = 0.14 to 0.51); (bottom
panels) individuals with WAD (R2= 0.13 to 0.57).

Comparison between the WAD and control groups in
deformation rate

In paper II (ventral neck muscles) a significant main effect between groups
was observed in the deformation rate during the tenth arm elevation, F
(1,48) = 5.3 (p < 0.01), where individuals with WAD had higher
deformation rates in the longus colli muscle compared to controls F (1,48)
= 4.6. No significant between-group effect was observed during the first
arm elevation, F (1,46) = 0.81 (p > 0.40).

For dorsal neck muscles (paper III), there was a significant group by
deformation rate interaction effect for the first (F = 3.3, p < .04) and tenth
(F = 5.9, p < 0.01) arm elevation and a significant main effect between
gender (F = 25.0 to 19.1, p < 0.001). The WAD group had higher
deformation rates in the multifidus muscle during the first and tenth (only
women) arm elevations compared to the control group. Men had a higher
deformation rate in all muscles compared to women in both the WAD (F =
5.6 to 7.4, p < 0.03) and control groups (F = 18.9 t0 19.3, p < 0.001).

Linear relationship between pairs of muscles in deformation
rate

For ventral neck muscles (paper II), the positive linear relationships were
strong for SCM/Lco (R2 = 0.70) and moderate for Lecap/Lco (R2= 0.53) in
the control group during the first and tenth arm elevations. The
relationship between SCM/Lcap increased from the first to tenth arm
elevations (R2 = 0.43 to 0.71). In the WAD group, the linear relationship
decreased from the first to tenth arm elevations for all three muscle pairs
(R2=0.44 to 0.07) (Fig. 10 a-f).
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For dorsal neck muscles (paper III), there were stronger positive
relationships between the muscles during both the first and tenth arm
elevations for women in the control group (R2 = 0.24 to 0.82) compared to
the WAD group (R2 = 0.05 to 0.74), except for trapezius/semispinalis
cervicis and semispinalis capitis/semispinalis cervicis during the tenth arm
elevation (Table 12).

For women in the WAD group, the deep multifidus muscle had a weaker
relationship with the other four investigated muscles than in the control
group during both the first (R2 = 0.05 to 0.41 vs. 0.24 to 0.56) and tenth
arm elevations (R2 = 0.07 to 0.64 vs. 0.49 to 0.68) (Fig. 11 a-d).
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Figure 10 a-f. Linear relationships between deformation rates of ventral neck
muscle pairs for the first and tenth arm elevations.

(a,b) Relationships between sternocleidomastoid (SCM) and longus colli (Lco)
muscles: (Top panels) Controls had a strong linear relationship during both the
1st and the 10th arm elevations (R2= 0.70); (bottom panels) a weak linear
relationships during the tenth arm elevations (R2= 0.14) compared to the first
(moderate; R2= 0.30) was seen in the WAD group.

(c,d) Relationships between SCM and Longus capitis (Lcap) muscles: (Top
panels) Controls showed a moderate linear relationship during the first arm
elevations (moderate; R2 = 0.43); compared to the strong relationship at the
tenth (R2= 0.71) (bottom panels) individuals with WAD showed a weak linear
relationship during the tenth arm elevations (R2 = 0.07) compared to the first
(moderate; R2 = 0.44).

(e,f) Relationships between Lcap and Lco muscles: (Top panels) controls
showed similar linear relationships during the first and tenth arm elevations
(moderate; R2= 0.53); (bottom panels) individuals with WAD showed a
moderate linear relationship during the first arm elevations (R2 = 0.43),
decreased to weak at the tenth arm elevations (R2 = 0.19).
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Table 11. Linear relationships in deformation between dorsal neck muscle pairs for women.

First arm elevation women Tenth arm elevation women
Control group WAD group Control group WAD group
TR | .32 .03 .05 -.04| TR | .33 .07 .32 .13 | TR | .24 .37 -.01 -.05| TR | .50 .22 .17 .14
SP .02 .07 .06 | SP .28 .36 .16 SpP .22 .16 .02 | SP 11 .07 -.08
Scap .07 .24 | Scap .02 .47 | Scap .04 .06 | Scap .40 .08
Scerv Scerv .15 | Scerv .32 | Scerv .01
SP  Scap Scerv MF SP  Scap Scerv MF SP  Scap Scerv MF SP  Scap Scerv MF

Data are adjusted R2 values. Grey shading indicates a moderate relationship (R2 = 0.30 — 0.60; p < 0.02) and black shading a strong
relationship (R2 = 0.61; p < 0.001) between muscle pairs. Abbreviations: TR, trapezius; SP, splenius capitis; Scap, semispinalis

capitis; Scerv, semispinalis cervicis; MF, multifidus/rotatores.

Table 12. Linear relationships in deformation rate between dorsal neck muscle pairs for women.

First arm elevation women Tenth arm elevation women
Control group WAD group Control group WAD group
TR 28 .24 | TR 28 .24 .07 | TR TR .21 .31 .11
SpP 55 .33 Sp .52 .37 .05 Sp SpP 44 .45 .07
Scap .57 .38 | Scap .33 .17 | Scap 5 Scap 43
Scerv .56 | Scerv .41 | Scerv N8 Scerv
| SP  Scap Scerv MF | SP  Scap Scerv M | SP  Scap Scerv MF | SP  Scap Scerv MF

Data are adjusted R2 values. Grey shading indicates a moderate relationship (R2 = 0.30 — 0.60; p < 0.02) and black shading a strong
relationship (R2 = 0.61 — 0.82; p < 0.001) between muscle pairs. Abbreviations: TR, trapezius; SP, splenius capitis; Scap,

semispinalis capitis; Scerv, semispinalis cervicis; MF, multifidus/rotatores
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Figure 11 a-d. Linear relationships between the deformation rates of muscle
pairs in women during the tenth arm elevation.
a) Linear relationship between the trapezius and multifidus (MF) muscles; (top
panels); Controls showed a moderate relationship (R2 = 0.49), compared to a
weak relationship in individuals with WAD (R2 = 0.11) (bottom panel).

b) Linear relationship between the splenius and MF muscles; (top panel)
controls exhibited a strong relationship between the muscles (R2= 0.68)
compared to a weak relationship in individuals with WAD (R2 = 0.07) (bottom

panel).

¢) Linear relationship between the semispinalis capitis and MF muscles;
controls (top panel) and individuals with WAD (bottom panel) exhibited a
moderate relationship between the muscles (controls, R2= 0.58; WAD, R2=

0.42).

d) Linear relationship between the semispinalis cervicis and MF muscles;
Controls (top panel) and individuals with WAD (bottom panel) exhibited a

strong relationship between the semispinalis cervicis and MF muscles (controls,
R2=0.65; WAD, R2=0.64).
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Neck muscle interactions in individuals with persistent WAD
and healthy controls

Interaction terms were created for every possible combination of two
variables in deformation and deformation rate for the five dorsal neck
muscles (paper III) and the three ventral neck muscles (paper IV). These
can be divided into three different types; 1) interactions in the first arm
elevation, 2) interactions in the tenth arm elevation, 3) interactions
between the first and tenth arm elevations. The third type is not an actual
muscle interaction, instead it can be viewed as a relation between the first
and tenth arm elevation.

Principal component analysis (PCA) of interactions between
muscles

In paper III, PCA was used to compress the 40 variables (deformation and
deformation rate in five muscles during the first and tenth arm elevation)
into a model with four components (R2X = 0.58). No differences were seen
between the WAD and control groups but differences between men and
women (Fig. 12). PCA modelling of the data set regarding interaction terms
of the total 860 variables, revealed that men exhibited a much larger
variation with many severe outliers.

The total 324 variables (paper IV) were investigated in a PCA model with
five principal components (R2X = 0.61) and the score plot for the first two
components explained 24.4% and 9.9% of the variation in deformation and
deformation rate (Fig. 13a). Three serious outliers were detected (all of
them men) and they were excluded from further analyses. The PCA model
with the outlier removed showed that individuals with WAD were
positioned to the right to a higher degree, which indicated a difference
between the WAD and control groups (Fig. 13b).
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Figure 12. PCA score plot for the first two components created for the 40
deformation and deformation rate variables (paper III). Men (blue dots) tend to
be situated more to the right, which indicates differences between men and
women (red dots). Men also had a more heterogeneous spread and more outliers
than women.
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Figure 13 a-b. The PCA analysis including all 324 variables of deformation and
deformation rate in the three ventral neck muscles (paper IV).

a) The first two components explained 24.4 % and 9.9% respectively and
detected three serious outliers (one WAD and two healthy controls) and one
moderate outlier, all men.

b) The score plot with the three severe outliers removed, showed a more
homogenous sample, even if there are some moderate outliers. A small shift to
the right in the first component was seen for individuals with WAD (green dots)
compared to healthy controls (blue dots) indicating a differences between the
groups.
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Differences betwween the WAD and control groups using
partial least squares discriminant analysis (PLS-DA) and

orthogonal partial least squares discriminant analysis (OPLS-
DA)

In paper I1I, only women were included in the OPLS-DA modelling because
the men had much larger variation with many severe outliers, detected in
the PCA analyses. The best model included deformation rate from the first
and tenth arm elevations with an R2Y of 0.47 and Q2Y of 0.16 using one
predictive and three orthogonal components. The deformation rate in
multifidus for the first and tenth arm elevations separated the WAD and
control groups (Fig. 14).

Deformation rate
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Figure 14. Loading plot for the OPLS-DA model of dorsal neck muscles. The
loading plot shows which variables separate individuals with WAD from controls.
The deformation rate of the multidfidus muscle at the first and tenth arm
elevations were positioned closest to Y (WAD/control, triangle). The plot shows
the loading vectors of the model; the correlated (important variable) loading is
on the x-axis, and the orthogonal loading is on the y-axis. There is one loading
value for each variable included in the model. Loading values with higher values
on the x-axis are more important than values close to zero.

Abbreviations: TR, trapezius; SP, splenius capitis; Scap, semispinalis capitis;
Scerv, semispinalis cervicis; MF, multifidus/rotatores ; 1, the first arm elevation;
10, the tenth arm elevation.

In ventral neck muscles (paper IV) the PLS-DA model including all 324
variables revealed differences between the WAD and control groups (R2Y
= 0.50, Q2Y = 0.21). Using a discriminant cut-off of 0.5, thirty-one (72 %)
of the individuals were correctly classified as WAD or control. A total of 12
individuals were wrongly classified, seven healthy controls being classified
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as WAD and five individuals with WAD were classified as healthy controls.
All 324 variables were ranked according to their variable importance
(variable influence on projection [VIP]). The effective cut-off value was
0.99, which corresponded to the 8oth variable. Accordingly, 80 variables
exhibiting the highest VIP values were selected for further analysis. A two-
component PLS model (R2Y = 0.72, Q2Y = 0.59) was calculated with high
prediction efficiency but the validation procedure showed a similar effect
to the full model with 324 variables.

The PLS weight plot explored the characteristics of the 80 most important
interactions (Fig. 15). A majority (52 variables) were positively correlated
with healthy controls and the remaining 28 variables were directly related
to muscle interactions or muscle relationships in the WAD group (Fig.
16). The 80 interactions also included quadratic interaction terms, four in
the control group and three in the WAD group (see paper IV). A quadratic
interaction term describes the interaction between a variable and itself
and model non-linear effects.
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Figure 15. Projection to latent structure (PLS) weights in individuals with
whiplash-associated disorder (WAD) and healthy controls. PLS is a regression
extension of principal component analysis and showed that 52 interactions
between deformation and deformation rate in the three ventral neck muscles
were positively correlated to healthy controls (blue dots). The remaining 28
variables, of the in total 80 variables, were correlated to WAD (green dots).
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Figure 16. Variable influence of projection (VIP)

a, b) The most important two-way interactions between neck muscles in
deformation and deformation rate during the first (a) and tenth (b) arm
elevations that separate WAD from controls. In healthy controls, 14 interactions
were seen during the first and tenth arm elevations and 9 interactions were
present for the first arm elevation which decreased to 5 in the tenth arm
elevation for the WAD group.

¢) The interaction terms between the first and tenth arm elevations do not
indicate muscle interplay. The interaction should be seen as a relationship
between the first and tenth arm elevations that distinguishes the WAD and
control group in this multivariate model. Twenty interactions were seen in the
control group and 11 in the WAD group.

Abbreviations: SCM, sternocleidomastoid; Lcap, longus capitis; Lco, longus
colli; Tot.deform, total deformation area (the sum of shortening and
elongation); shortening, muscle deformation shortening; elongation, muscle
deformation elongation; rate, deformation rate.

The WAD group had fewer muscle interactions compared to the control
group during the first arm elevation (WAD: 9 [39%], controls: 14 [61%])
and the muscle interaction decreased in the WAD group at the tenth arm
elevation (WAD: 5 [26%], controls: 14 [73%]). Sternocleidomastoid was
involved in all interactions in the control group during the first and tenth
arm elevations unlike the WAD group. In the WAD group, the interaction
between muscles included elongation for the two deepest muscles, longus
capitis and longus colli, which was not seen in the control group during the
first or tenth arm elevation (Fig. 16a and b)

The third interaction type (Fig. 16¢) is not an actual muscle interaction, but
can be seen as a relationship between the first and tenth arm elevation,
distinguishing individuals with WAD from healthy controls. More
interactions were observed in the control group (20 [65%]) compared to
the WAD group (11 [35%]). In the WAD group, 91% of the interactions
included elongation of the two deep neck muscles longus capitis and longus
colli, and sternocleidomastoid was not presented during the first arm
elevation. For controls, sternocleidomastoid was involved in the
interactions at the first arm elevation and the feature of the deep neck
muscles was shortening.
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Differences in ventral neck muscle function after
three months neck-specific exercises compared to
waiting-list

Twenty-six individuals in study B were consecutively randomly assigned to
neck-specific exercise (NSE, 3 men and 10 women, mean age; 39 years [SD
11.9]) or continued on the waiting-list (WL, 2 men and 11 women mean age;
36 years [SD 10.3]) for three months. Ultrasound measurements were
performed at baseline and after three months. There were no differences in
ventral neck muscles interactions between the two groups at baseline (PCA
analyses; p = 0.24), see Fig. 17a. After three months there were significant
differences between the groups (Fig. 16b; p < 0.03). Seven individuals in
the NSE group were improved and showed a neck-muscle interaction
model more similar to that of healthy controls in paper IV. No-one was
improved in the WL group (Fig. 17b).
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Figure 17 a-b. PCA sore plot

a) There were no significant differences at baseline between the neck-specific
exercise group (13 individuals, yellow squares) and the waiting-list group (13
individuals, blue squares)

b) At three months, there were significant differences between the two groups (p
< 0.03). Seven of the individuals in the neck-specific exercise group (yellow
squares) were positioned more to the left in the model after three months of
neck-specific exercises, indicating a ventral neck muscle pattern more equal to
that of healthy controls (see figure 13 b)
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For those seven (three men and four women) out of 13, with improved
ventral neck muscle interactions, a tendency to increased ventral neck
muscle endurance was seen compared to non-improved both at baseline
(improved; median 22 seconds, IQR 19-54, non-improved; median 12
seconds, IQR 6-30; p = 0.08) and three months’ follow-up (improved;
median 50 seconds, IQR, 36-74, non-improved; median 18 seconds, IQR,
13-34; p = 0.11). There were no significant differences between improved
and non-improved groups regarding pain intensity before the NME test,
neck disability index, age or BMI (p > 0. 43). The dorsal neck muscle
endurance was increased in the improved group compared to the non-
improved both at baseline (improved; median 52 seconds, IQR 28-110,
non-improved; median 27 seconds (IQR; 13-75), and at three months’
follow-up (improved; median 114 seconds (IQR; 43-226); non-improved;
median 50 seconds (IQR; 36-74) but the differences were not significant (p
> 0.10).
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DISCUSSION

Main findings

The main results from the randomized control study showed that neck-
specific exercise with and without a behavioral approach (the NSE and
NSEB groups) significantly improved dorsal neck muscle endurance
compared to prescribed physical activity (the PPA group). The neck pain
was also significantly decreased in the NSE and NSEB groups immediately
after the endurance test compared to the PPA group at six months. The
results are promising for improved neck muscle function after neck-
specific exercise in persistent WAD.

Ultrasound real-time investigation of superficial and deep neck muscles
revealed altered interplay between pairs of neck muscles in the WAD group
compared to controls. An individual muscle pattern in healthy controls was
seen, with equal deformation and deformation rate between pairs of neck
muscles, but this interplay between muscles was weakened or not found in
individuals with WAD. Moreover, two different ventral neck muscle models
were revealed in individuals with WAD and healthy controls. There were
fewer interactions between muscles and fewer neck muscles combinations
involved in the two-way interactions in the WAD group. This non-invasive
ultrasound method stands to make a major breakthrough in the assessment
and diagnosis of mechanical neck muscle function in WAD.

Discussion of the results

The effect of three different exercise interventions on neck
muscle endurance and pain intensity

In contrast to previous RCT-study showing that exercise does not improve
function (69), the findings in paper I showed enhanced neck muscle
endurance for the ventral (only men) and the dorsal neck muscles in the
NSE and NSEB groups. The first stage of the neck-specific exercises was
targeted to activate and enhance endurance in the deep flexor, extensor and
rotator neck muscles. The next stage was to improve endurance in the
superficial neck muscles with the deep muscle activated, e.g. to perform the
exercises with postural control of the neck. When deep neck muscle
endurance increases, the ability to maintain a stable cervical spine may
improve and the exercises program can progress. This exercise strategy
may protect the cervical spine and facet joints from overload. Though
people do not normally go around with a load tied round their head as in
the NME test, if the neck is flexed the weight of the head itself can increase
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neck pain (102). In neck pain, the ability to maintain an upright posture
was reduced and the individuals showed a more forward head posture
(103). The facet joints and capsule are sources of pain after whiplash injury
(12, 14) and activities with flexed neck position or forward head posture
may maintains the pain in WAD. The pain intensity measured immediately
after the neck muscle endurance test was decreased in the two neck specific
exercise groups. A tendency to between-group differences in substantial
clinical improvement was seen. At six months, 40 % of the participants in
the NSE group, 35 % in the NSEB group and 24 % in the PPA group had
decreased pain > 50% after the NME test compared to baseline (p = 0.09;
Peterson, unpublished results 2016). Moreover, only in the NSE and NSEB
groups was muscle endurance time increased. Improved neck muscle
endurance and decreased pain after test indicated that neck-specific
exercise can improve the capacity to tolerate sustained loading of the neck.
The neck-specific exercise regimens (NSE and NSEB) also improved self-
reported neck function and reduced analgesics drug at six months (104)
and the neck function was still significantly improved at one- and two-year
followed up compared to the PPA group (105). The neck-specific exercises
were also of great benefit compared to no intervention (106) and were the
only factor that consistently gave higher odds of treatment success (107).
The neck-specific exercises in paper I differed from those in earlier studies
(68-71) which only trained the deep ventral neck muscles or used more
generalized exercises, and this could explain the discrepancy in results. No
previous studies have included participants with neurological signs (WAD
grade III) at study entrance this may also contribute to the differences in
results (68-71).

For women, there were no significant differences between the three groups
for ventral neck muscle endurance and the median endurance time were
equal in the three groups (23 to 24 seconds) at six months’ follow-up.
Earlier studies (85, 108-111) have reported ventral endurance time from 15
(111) to 36 seconds (85) for women without neck pain and the cut-off value
for subnormal endurance was set to 23 seconds (85). Thus, the results
indicate that women in all three groups were within the normal range for
ventral neck muscle endurance at six months. However, the ventral neck
muscle endurance in women with-out neck pain were only 24 % to 78 % of
men’s (85, 110, 111). Neck pain is more prevalent among women (112) and
women have a slightly increased risk of WAD (1). This may indicate the
need of ventral neck muscle endurance training for women with-out neck
pain, and thereby also for women with WAD.

Ventral (for men) and dorsal neck muscle endurance (men and women)
was considerably lower at the six-month follow-up in the NSE and NSEB
groups compared to neck healthy individuals. Women only had 22 % of the
dorsal neck muscle endurance reported in pain-free individuals (85) and
men showed 35 % (dorsal muscles) and 51 % (ventral muscles) of the
corresponding endurance values (85). Although the participants in the NSE
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and NSEB group doubled their endurance time in the dorsal muscles and
increased the ventral endurance time by 33-50 %, the results imply that a
longer training period is needed in persistent WAD to maximize
improvements.

There were no significant differences between the NSE and NSEB groups.
The NSEB group experienced a more rapid improvement in dorsal neck
muscle endurance and the NSE group a more rapid improvement in neck
pain intensity before and after the endurance test. The participants in the
NSE group were instructed to avoid increased pain during exercise as per
recommendation for treatment in chronic WAD (113). Increased pain in
WAD, from a biological point of view, can facilitate and enhance
hypersensitive sensory disturbance and induce change in muscle activity
(113) and decrease the possibility to achieve normal motor control. In the
NSEB group, the behavioral approach included education (114) aimed to
decrease fear of pain and fear-avoidance beliefs. The participants were
instructed to continue exercise despite pain but they should avoid a
cumulative elevation of pain level and increased arm pain due to nerve
engagement. The differing approaches in the NSE and NSEB groups
seemed to be important up to three months’ follow-up. However, at six
months there were equal improvements in both groups in neck muscle
endurance test and pain intensity. In clinical practice, the physiotherapist
may choose the best exercise for the actual patient and determine what is
most important; rapidly increased pain; to include behavioral approaches
to reduce pain-related fear; or acceptance of some pain to gain rapid
improvement in neck muscle endurance. The NSEB group showed also
improvement in dizziness (115) and pain disability (116), while the NSE
group improved in Kkinesiophobia, anxiety and catastrophizing (116)
compared to the PPA group. These results further strengthen the need to
individualize the treatment both in clinical practice and in future research.
A more general physical activity as in the PPA group, seeking to enhance
aerobic fitness, showed no significant improvements at group level in the
PPA group but for some individuals this intervention had effect.

The effect of three exercise interventions on kinesiophobia,
exercise compliance and patient satisfaction

There were no significant differences between the three groups in
kinesiophobia. Only the NSE group improved from baseline to six months
in the TSK-11 score. Experienced physiotherapists leading patients through
non-painful exercises with enhanced severity of exercises are likely to
improve their patients’ self-efficacy and reduce fear. The most important
part in the self-efficacy theory (117) stipulates that self-efficacy increases
and fear is reduced through repeated success. In this case (paper I), that
neck exercises became possible to performe without increased neck pain.
However, the improvements in TSK were small. Low baseline score
indicates that kinesiophobia may not have been a great problem for the
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participants in this study (paper I) which would make it difficult to detect
clinically important change (118).

Individuals in the NSE and NSEB groups were more satisfied with their
treatment, and at the three-month follow-up they tended to be more
compliant (the differences approached significance) with their exercise
program compared to the PPA group. For those compliant at three months’
follow-up, dorsal NME were improved over time in the NSE and NSEB
groups and at three and six months’ follow-up they were significantly more
improved compared to the PPA group (p = 0.05). Ventral NME was also
improved over time in the NSE group (p < 0.01). There were no significant
changes over time or between groups changes among non-compliant
participants in NME (Peterson, unpublished data 2016). Exercise
compliance was set to at least 50 % attendance and the results indicate that
a training level below that limit does not provide improvement in the neck-
specific exercise groups. However, the study was not designed for these
subgroups analyses, there was also more missing self-reported data (38 %)
in compliance for the PPA group at three months so the results need to be
interpreted with caution.

Participants in the NSE and NSEB groups had regular meetings with the
physiotherapist, got more information and education and their greater
satisfaction could be related to this (82, 83). A more satisfied patient may
come to the exercise meetings and thus be more likely to improve if the
delivered treatment is effective. Also, effective treatment that improves
function and decreases pain may make a participant more compliant.
However, there were weak correlation between satisfaction and
compliance; r = 0.21, p < 0.05, satisfaction and improved ventral; r = 0.19,
p < 0.05, or dorsal neck muscle endurance; r = 0.24, p < 0.01 and decreased
pain immediately after the endurance test r = -0.25, p < 0.01 (Peterson,
unpublished data 2016). This is in accordance with other studies reporting
weak correlation between satisfaction and effect of treatment (82, 83). The
question in paper I was directed to satisfaction with the intervention and
thus, the answer may be more related to how the exercises were conducted
in the NSE, NSEB and PPA groups.

Mechanical neck muscle function, deformation and
deformation rate

There were few significant differences between individuals with WAD and
healthy controls in deformation and deformation rate when comparing
each neck muscle separately between the two groups (WAD/control).
Deformation rate in the deepest neck muscle were increased in the WAD
group compared to the control group and the superficial ventral muscle
sternocleidomastoid was more elongated in the control group. Thus, our
hypotheses that deformation and deformation rate would be increased in
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the superficial neck muscles and decreased in the deep neck muscles in the
WAD group, were not confirmed.

The hypotheses described above were based on previous theories and
studies. The pain adaption model suggested that pain reduce contraction
in agonist muscles which is a strategy to protect the spine from further
injury and pain (48). Magnetic resonance imaging and still-image
ultrasound studies have shown higher amount of fatty infiltrate in the
ventral and dorsal neck muscles, especially in the deep multifidus and
longus capitis/colli muscles (21, 67) and reduced cross-sectional area of the
deepest dorsal neck muscles (26) in WAD. In addition, EMG studies have
reported increased activity in the superficial muscles and delayed and
decreased activity in the deep neck muscles in individuals with WAD and
non-traumatic neck pain (27, 30, 119). The deep ventral and dorsal muscles
are assumed to maintain the postural control and stability of the cervical
spine due to their close attachment to the vertebrae (15, 41) and as neck
pain altered the activation in the deep muscles (31), neck pain is believed
to decrease the stability in the spine. The alteration in muscle
characteristics in WAD based on these earlier studies (21, 26, 27, 30, 67,
119) was the reason for the present hypotheses and for assuming similar
findings in real-time ultrasound measurements. However, the hypotheses
were not confirmed, instead a highly individual muscle pattern was
revealed (papers II and III) when the interplay between muscles was
investigated and there were significant differences between the WAD and
control groups.

In controls, the results showed an individual muscle pattern of low
deformation and deformation rates or high deformation and deformation
rates between pairs of muscles. The diminished relationships between
muscles in the WAD group may indicate an irregular interplay between
muscle pairs, especially between the superficial and the deep neck muscles.
The direct attachment of the deep multifidus muscle to the cervical facet
capsule (120) may be a source of increased neck pain in WAD, as the
multifidus muscle showed a significantly higher deformation rate in
women in the WAD group and weaker interplay with the other neck muscle
layers, indicating overuse or disuse of the deep muscle.

Neck muscle interactions in individuals with persistent WAD
and healthy controls

The results in paper IV, revealed two different neck muscle interaction
models in individuals with persistent WAD and healthy controls. The
postural test of the ventral neck muscles showed an important difference
between the two groups. In total, 80 muscle interactions were detected to
be primarily involved in the models that separate the WAD group from
healthy controls. The majority, 52 interactions, were positively correlated
to healthy controls. The remaining 28 interactions were related to
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individuals with WAD and the superficial muscle sternocleidomastoid was
only involved a few times. The lower number of interactions in the WAD
group may indicate reduced motor variability in the interplay between neck
muscles in individuals with persistent WAD. There are incredibly many
ways to combine muscle activities to perform a specific motor task (36).
Reduced motor variability has been seen in experimental and chronic pain
(39, 121, 122). Moreover, results in recently published studies (49-51) show
individual-specific changes in motor variability in pain.

Earlier studies have reported increased activity in the superficial
sternocleidomastoid muscle in individuals with chronic neck pain
compared to healthy controls (27, 28, 119, 123) when measured with EMG
or fMRI. In paper IV, the superficial sternocleidomastoid muscle was
involved in all fourteen interactions in the control group during both the
first and tenth arm elevations but only a few times in the WAD group. The
discrepancy compared to earlier studies may be due to different
measurement methods. EMG measures the electrical activation of the
muscle, fMRI the T2 relaxation time of muscle water after activity whereas
real-time ultrasound measures the deformation and deformation rate in
the muscles.

The interactions between muscle pairs included shortening of the deep
muscles in healthy controls and only the WAD group showed elongation of
the deep muscles during the first and tenth arm elevation task (Fig. 16a and
b). The deep ventral muscles are assumed to maintain the postural control
and stability of the cervical spine (41). Elongation of the deep muscles may
reflect passive elongation and difficulties to maintain postural control in
the WAD group. These findings are more in accordance with earlier studies
showing reduced activation in the deep ventral neck muscles in chronic
neck pain (31, 119). The 80 most prominent variables resulted in a model
with high prediction efficiency (Q2Y = 0.59). The use of multivariate
statistics that can handle many highly correlated variables and calculation
of mechanical real-time neck muscle deformation area and deformation
rate has greatly improved our knowledge of altered neck muscle function
in WAD. The results show great promise for improved diagnosis in WAD.

After three months of neck-specific exercises, improvement in interaction
between ventral neck muscles and tendency to improved ventral neck
muscle endurance were seen in seven individuals out of thirteen (Peterson,
unpublished results, 2016). Results from a small pilot study need to be
interpreted with caution. Notwithstanding, the results suggest that
improved endurance in ventral neck muscles is related to improved
interactions between ventral neck muscles. The results also indicate that
some individuals need longer training or other exercises since six
individuals in the neck-specific exercise group showed no improvement in
ventral neck muscle endurance or in interaction between neck muscles.
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Methodological considerations

Generalization of the results

The participants in the RCT-study (study A, paper I) were comparable with
participants included in previous studies of persistent WAD based on mean
age, proportion of men and women, neck disability and neck pain (68, 70,
71). Included in the present thesis, were individuals with WAD grades 1I
and III, thus the results can also be generalized to patients with
neurological signs after WAD. No other study has evaluated exercise
regimes for WAD grade III. The study sample was heterogeneous regarding
neck pain, neck muscle endurance and self-reported neck disability with a
large variation between participants. This reflects the “real” patient in
clinical work but the results cannot be generalized to individuals non-fluent
in Swedish, or to individuals with WAD that also have other severe disease
as they were excluded from the study. Participants were recruited from
primary health care centers, orthopedic clinics and hospital outpatient
service in six different counties and the results can be generalized to these
settings. The study intervention was conducted by 69 physiotherapists
working in primary care that have received one day of theoretical and
practical training. A strength of the study (paper I) is that the neck-specific
exercises can be implemented in clinical practice within a day, and no other
specialist knowledge beyond ordinary physiotherapist skills in primary
care is needed.

The participants in study B (papers II-IV) were recruited from study A.
They were slightly younger (mean; 36 — 37 year) and have higher pain
intensity (mean VAS; 46 — 51 mm) than participants in study A (mean; 40
year, pain intensity VAS; 34 mm), but were comparable in gender and neck
disability. More women than men were included in the study. Also, the
results in deformation and deformation rate showed differences between
men and women. More men were excluded from the analyses for much
greater variation in deformation and deformation rate. Thus the results are
more representative for women.

The effect of three exercise interventions on neck muscle
endurance and pain

The baseline dorsal NME score for men was close to significant between
the three groups at baseline (p = 0.08). Baseline NME score was included
as covariate in the linear analyses and the results remained unchanged.
Thus, the baseline differences did not affect the results.

The neck muscle endurance test has shown moderate to excellent intra-
rater (ICC; 0.68 - 0.93) and inter-rater reliability (ICC; 0.67 — 0.88) for
ventral (84, 110, 124, 125) and dorsal neck muscles (ICC; 0.80 — 0.94) (84,
126). Although the test is highly reliable the standard error of measurement
is large. Variation between individuals’ endurance capabilities is large both
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for ventral (84, 86, 109, 110, 124, 127) and dorsal neck muscles (84, 86,
127). The standard error of measurement for ventral neck muscles varies
between 5 to 15 seconds (84, 110, 124, 125, 128), and to be confident that
the change is real, the minimal detectable change (MDC) should be greater
than 17 seconds in individuals with neck pain (84). For dorsal NME, the
standard error of measurement was 26 and 35 seconds in individuals with
neck pain (84, 126) and the MDC needed to be greater than 70 seconds
(84). For both ventral and dorsal NME, the variation increases with longer
test time.

To evaluate whether the changes in NME are important, values to compare
with should be derived from studies with the same population. However,
no MDC values for individuals with WAD were published when the present
analyses were conducted, and values from individuals with neck pain were
used to evaluate the findings in paper I (84). Significantly more individuals
in the NSE and NSEB groups (32 %) improved more than 17 seconds at the
six-month follow-up in ventral NME compared to the PPA group (16 %, p
< 0.05). For dorsal NME, significantly more individuals in the NSE and
NSEB group increased the endurance time with 70 seconds compared to
the PPA groups (NSE; 26 %, NSEB; 32 %; PPA; 10 %, p = 0.03) (Peterson,
unpublished data 2016). As the sample size calculation was based on the
primary outcome on the Neck Disability Index there may have been
insufficient data to detect a difference between groups. Statistical power is
the possibility that a study will detect an effect of the treatment if there is
one, and depends on the sample size. The power is recommended to be >
0.80 and was calculated for ventral and dorsal neck muscle endurance
(PASS, 13.0.8). The power to detect time by group interaction effect was
0.31 for ventral NME and 1.0 for dorsal NME. The power was 1.0 for both
ventral and dorsal NME regarding change over time. Thus, the sample size
for ventral NME was too low and further studies need to include more
participants to detect an effect between groups.

The NME test measure isometric muscle endurance over a period of time,
i.e. while maintain a static contraction. The test provides a gross estimation
of muscle endurance; it cannot distinguish between deep and superficial
muscles and may depend on the individuals’ experience of pain (129). The
ventral NME test with the chin tucked, activates both the deep and
superficial muscles (130) and activity in the superficial muscles may mask
an impaired function in the deep muscles. Also fear avoidance beliefs (17)
may influence the test, if increased pain during the test is associated with
fear of increasing the damage. However, the correlation between the neck
muscle endurance test (NME) and fear avoidance beliefs (TSK) was weak
to moderate at six-month follow-ups (ventral NME, r = -.26, dorsal NME;
r = -.31, p = 0.01 (Peterson, unpublished data 2016).

The NME test can easily be used in clinical settings but presents
considerable measurement error with large variation between individuals
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as presented in previous studies (84-86, 109-111, 124-128). Nevertheless,
the findings in paper I with significant improved endurance time as well as
decreased pain after test following neck-specific exercise interventions,
indicate improved tolerance of sustained loading of the neck. The test is
also more reliable in women with lower endurance time (110), but needs
further evaluation for individuals with whiplash injury. The pain intensity
during and immediately after the test needs to be analyzed together with
the NME test results.

Validity and limitations of ultrasound

One challenge in ultrasound measurement is image quality. When the
ultrasound wave propagates through the body, its intensity will be reduced
by the distance travelled and echoes from deeper tissues are weaker than
those from similar superficial tissues (32). Other artefacts are
reverberations and mirror-images due to echoes being returned from
strongly-reflecting interfaces or returning echoes from a reciprocal path.
Both artefacts display a false ultrasound image (131). Refraction is a change
in the direction of the ultrasound waves when passing from one tissue to
another with different acoustic impedance. Refraction may cause the
examined tissue to be wider or misplaced (131). However, the neck muscles
have no tissues of high acoustic impedance between the different layers and
reverberations and mirror-image artefacts appear in images of liquid-filled
areas or posterior to the diaphragm. Ultrasound machines now have also
improved spatial and contrast resolution, reducing image noise and
improving wall definition. Time-gain control makes it possible to increase
the size of the ultrasound echoes from deeper tissues and thereby get a clear
ultrasound image.

The accuracy of ultrasound recording depends on the ability of the operator
to obtain the measurements and then interpret the ultrasound image.
Learning curves for echocardiography to assess cardiac function and
anatomy reportedly show 89 % accuracy after four lessons of 45 minutes
(132). To our knowledge, no studies have investigated the learning curve
for musculoskeletal ultrasound imaging. The physiotherapist performing
our ultrasound examinations received in total more than 100 hours of
training, including 20 hours of training by a biomedical engineer before
study start. The speckle tracking analyses were performed by a
physiotherapist with three years’ experience of the method. The heart
muscle has a very complex movement pattern compared to the neck muscle
as tested in study B. Thus, if echocardiography could be assessed with good
accuracy after three hours’ training (132), we believe that the training for
the present ultrasound measurements was sufficient to achieve accuracy in
the neck muscle investigations and analyses.

The transducer placement could have been limited due to the lack of
significant anatomical landmarks. However, the C4 spinous process and
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vertebral column were used as reference points in the dorsal images and
the bifurcation of the carotid artery (commonly at the C4 level) (91), in the
ventral images. Another potential limitation was that the ROI was selected
manually for each muscle. Like in EMG investigations, the ROI may not
adequately represent the whole muscle. However, three ROIs were placed
in each muscle of interest covering 30 mm of the muscle (transducer size
38 mm): this larger area minimizes the differences between inidviduals and
increases measurment accuracy. Changes in head kinematics might also
have affected the deformation and deformation rates measurements. The
ventral and dorsal neck muscles were measured during arm elevation to 9o
degrees and the individuals were specifically instructed to hold their head
steady during the test. Thus, it is reasonable to assume that head movement
has not affected the data and does not significantly account for the
difference between WAD and controls in papers II-IV.

The reliability of 2D ultrasound with speckle tracking analyze has been
tested, showing that longitudinal deformation is an effective method for
quantifying left ventricle heart function (133, 134). Speckle tracking have
been validated against force for the biceps brachi muscle (35). Voluntary
contraction force and deformation curves showed good resemblance. Inter-
subject variability was found to be higher than intra-subject variability,
indicating that the largest variance exists between different subjects but
with good reproducibility for each individual (35). The intra-test reliability
of the speckle tracking analysis method is excellent in neck muscles (ICC
0.71-0.97) (95).

Dorsal neck muscle deformation has been validated against force in 19
neck-healthy individuals (Peterson et al. unpublished data 2016). The
relationship between force and deformation area (mean value of three
tests) for five dorsal neck muscles showed strong positive relationships
(five participants, R2; 0.74 to 0.99), or moderate to strong curve-linear
relationships for 14 participants (one moderate R2; 0.46, 13 strong R2; 0.63
to 0.99). The results showed high intra-subject variability between
deformation and percent of maximal voluntary contraction. Some
individuals had high deformation area while others had low at the same
MVC level. There are many different ways to perform a voluntary
movement when several muscles are available. Thus, the redundancy of the
neck muscles allowed for many different solutions for achieving the same
external results (39, 40). The 14 participants with non-linear correlations
showed a linear relationship between force and deformation area from 10%
of maximal voluntary isometric contraction (MVC) to a peak in 60% MVC
and a slope of the curve after 60 % MVC. These results resemble those for
the biceps brachi muscle (35) where deformation was relatively high
already at 30% of MVC during voluntary isometric contraction and the
authors suggested that force and deformation are not directly proportional.
Electromyography studies have shown findings with non-linear relations
between force and EMG, related to the proportion of fiber type (135).
Muscles with mixed type I and II fibers showed non-linear relation with
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force. Both type I and II fibers were seen in neck muscles in neck pain
patients who underwent spinal fusion (136).

Deformation of muscles can represent passive or active elongating or
shortening, and no conclusion on the degree of active or passive muscle
deformation can be drawn from these studies (papers II-IV). The models
developed in paper IV were however able to detect differences between
individuals with WAD and healthy controls.

Validation of the multivariate model

In paper IV, the model was validated with respect to quality and significant
components, with leave-p-out cross-validation. Cross-validation is used for
assessing how results can be generalized to an independent data set. The
cross-validation procedure excluded one-third (14-15) of the individuals
from the creation of a reduced PLS-DA model (28-29 individuals) of the
co-variation between the 324 variables and the y variable (WAD patient or
control). Patient status (WAD or control) was then predicted for the
excluded one-third (14-15 individuals) by the reduced PLS-DA model. The
validation process was created for all 324 variables and also for the VIP
model including the 80 most important variables. The test sets procedure
was repeated three times followed by consolidation of the prediction
outcome of all three procedure runs. All Q2Y values reported in paper IV
were derived from the cross-validation. The validation procedure was
undertaken to ensure that variation in the data actually reflected the
differences between WAD and healthy controls. To use this cross-
validation method, where one third of the participants were left out and
predicted at a time, allowed for a robust validation for the sample data. If
cross-validation employs a model where only a few individuals at a time are
left out for prediction, a similar model is used for all predictions and only
small deviations are allowed from the full model. Excluding a larger portion
as in paper IV, the sample data will allow for a larger deviation from the
original model. In this case, a more independent model can be created for
each validation round and more importantly, the final prediction outcome
will be less dependent on more or less the same model.

Gender differences

Men showed significantly higher ventral neck muscle endurance compared
to women (men; median 36 sec., women 19 sec., p <0.001) and higher
dorsal muscle endurance, as the men’s load were heavier (men 4 kg load
median 66 sec., women 2 kg load, 39 sec., p = 0.06) in paper 1. Men in the
NSE and NSEB groups improved significantly in ventral NME compared to
the PPA group, but for women, there were no differences between the three
groups. Men showed greater variations and higher values in both
deformation and deformation rate for ventral and dorsal neck muscles,
indicating different mechanical neck muscle function compared to
women’s. Especially for the dorsal neck muscles, the gender differences
were large both in the WAD and control groups. Only 12 men were included
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in each group, too few for subgroup analyses of men. Men’s larger muscle
size and greater strength compared to women’s (137) may explain the
differences in neck muscle endurance, the greater variations in muscle
deformation and deformation rate as well as gender differences in muscle
interplay in papers II, III and IV.
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CONCLUSION

Neck-specific exercises with or with-out a behavioral approach improved
neck muscle endurance and decreased pain immediately after endurance
testing compared to prescription of physical activity. Participants in the
two neck-specific exercise groups were more satisfied with treatment.
Improved endurance and decreased pain imply improved capacity to
tolerate sustained loading of the neck after neck-specific training in
individuals with persistent pain after whiplash injury. Addition of the
behavioral approach led to faster improvements in neck muscle endurance
whereas the neck-specific exercise groups experienced a more rapid
decrease in pain intensity. No other differences were seen between these
two groups. The results suggest that neck-specific exercises should be
considered for individuals with persistent disability after whiplash injury.

Real-time ultrasound investigations of neck muscles with speckle-tracking
analyses revealed new insight into mechanical neck muscle function.
Individuals’ with-out neck pain showed an individual interplay between
superficial and deep ventral neck muscles. This interplay was not found in
individuals with whiplash-associated disorder. Altered function of the deep
dorsal neck muscles was also seen in individuals with persistent whiplash-
associated disorder.

Men had greater deformation and higher deformation rates compared to
women and men seems to have different mechanical neck muscle functions
compared to women’s.

A model for mechanical ventral neck muscle function was developed. The
model can distinguish individuals with persistent whiplash-associated
disorders from individuals with-out neck pain. The results are promising
for improved diagnosis in neck muscle function after whiplash injury.
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CLINICAL IMPLICATIONS

The neck-specific exercise program with or without a behavioral approach
provides clinical guidance in content, dosage and progression to improve
neck muscle endurance in individuals with persistent whiplash-associated
disorders. Individuals with neurological signs, WAD grade III, have not
been included in earlier RCT studies. The present results showed that the
two neck-specific exercise programs were of benefit for individuals with
WAD grades II and III.

In clinical practice, the physiotherapist may choose neck-specific exercises
because they have the best effect in persistent WAD grades II and III.
However, the best exercise program fitting the actual patient needs to be
identified; whether rapidly decreased pain is most important, or a
behavioral approach should be included to reduce pain-related fear, and/or
rapid improvement in neck muscle endurance. More general physical
activity as in the PPA group with the goal of improving aerobic fitness
showed no significant improvements at group level in the PPA group.
However, for some individuals this intervention had effect, and
prescription of physical activity can be the best choice for someone in the
clinical setting.

Altered function was detected in the interplay between superficial and deep
neck muscles in individuals with persistent WAD. These findings imply the
need for neck-specific exercise targeted to both ventral and dorsal neck
muscles.
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FUTURE RESEARCH

The great variation in neck muscle endurance and difficulties to attain
improvement above measurement error imply the need for further
research to evaluate measurements of neck muscle endurance. To identify
the level of sufficient neck muscle endurance for humans to avoid and
prevent neck pain is a challenging but essential research question.

The results in paper I were based on intention-to-treat analyses at group
level. Further research needs to identify predictors for the individual’s
response, or non-response, to different exercise programs. Moreover, the
dosage and progression in the exercises need to be further investigated.

The participants in the neck-exercise groups with or without a behavioral
approach were supervised by a physiotherapist twice weekly for 12 weeks.
The positive results in paper I can be tested in interventions with less
contact with physiotherapists. This can save physiotherapist time and
thereby reduce waiting-list and save patients’ time if they can exercise at
home.

Men’s deformtion and deformation rate differed compared to women’s.
Previous studies have included more women than men and studies
including more men are warranted.

The experimental ultrasound investigations with speckle-tracking analyses
in study B showed differences in mechanical neck muscle function in
individuals with WAD compared to healthy controls. These findings can be
a basis for further research aiming to improve the diagnostics of impaired
mechanical neck muscle function and to evaluate responses to neck muscle
exercises. This is important not only for individuals with WAD, and could
be extended to individuals with neck pain due to other circumstances.
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SUMMARY IN SWEDISH

Bakgrund: Kvarstdende smarta och nedsatt funktion efter whiplashskada
ar vanligt och sd manga som 50 % har whiplash-relaterade symptom
(whiplash-associated disorders; WAD) mer an ett ar efter skadan. Orsaken
till WAD ar okiand trots att forskning pagatt i artionden och
behandlingsmetoder saknas. En forandrad funktion i nackmusklerna kan
orsaka nackbesvar men metoder for att undersoka bade de ytliga och
djupare musklerna saknas.

Syfte: Det Overgripande syftet med avhandlingen var att undersoka
funktionen i nackmusklerna, samt att utvardera hur tre olika
traningsinterventioner paverkade nackmusklernas funktion hos personer
med langvariga besvar efter whiplashskada.

Metod: Tva studier ingick i avhandlingen. Studie A var en randomiserad,
kontrollerad studie med 216 deltagare dar tre olika traningsprogram
utvarderades. De tre traningsprogrammen var; 1) nack-specifik traning; 2)
nack-specifik traning med tilligg av beteendemedicinska metoder och 3)
allman fysisk traning via fysisk aktivitet pa recept. Matningar utfordes av
uthallighet i nackmuskler, nacksmarta fore och efter test av uthallighet,
rorelserddsla och nojdhet med traningsprogrammet. Resultaten av
traningen jamfordes mellan de tre olika grupperna efter 3 och 6 manader
(delarbete I). Studie B var en experimentell fall-kontroll studie dar
deltagarna rekryterades fran den randomiserade studien. Manga personer
med WAD far mer nacksmarta nar de arbetar med armarna i axelh6jd. For
att undersoka vad som hander i nackmusklerna nar armarna lyfts, filmades
musklerna med ultraljud vid tio upprepade lyft av armen. Deformationen,
dvs. forlangning och forkortning inne i muskeln och deformations-
hastigheten (hur fort forlangningen och forkortning sker) analyserades i
delarbete II-IV. I delarbete II, diar de framre nackmusklerna undersoktes,
ingick 26 personer med WAD och 26 personer utan nackbesvar. De bakre
nackmusklerna undersoktes hos 40 personer med WAD och jamfordes
med 40 personer utan nackbesvar i delarbete III. Totalt 46 personer, 23
med WAD och 23 utan nackbesvar ingick i utvecklandet av en modell for
hur de fraimre musklerna samarbetar i delarbete IV.

Resultat: Delarbete I: Deltagarna i de bada nack-specifika traningsgrup-
perna (grupp 1 och 2) fick battre uthallighet i nackmusklerna, hade mindre
smarta efter uthallighetstest och var mer nojda med traningen jamfort med
gruppen som fick fysisk aktivitet pa recept, grupp 3. Det var ingen skillnad
mellan grupperna i rorelseradsla.

Delarbete II: Det fanns ett samspel mellan de djupa och ytliga framre
musklerna avseende deformation och deformationshastighet hos personer
utan nackbesvar. Var deformationen hog i den ytliga muskeln var den hog
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aven i den djupa och vice versa, lag deformation i bade ytlig och djup
muskulatur. Det samspelet var mycket svagare eller saknades helt hos
personer med WAD. Resultatet var detsamma for deformationshastighet.
Delarbete III: Deformationshastigheten var hogre i den djupa bakre
nackmuskel, som sitter narmast halsryggraden, hos personer med WAD
vid forsta och tionde armlyftet (endast kvinnor) i jamforelse med personer
utan nackbesvar. Kvinnor med WAD hade ocksa ett svagare samspel
mellan de tva djupaste bakre nackmusklerna i jamforelse med personer
utan nackbesvar.

Delarbete IV: Samspelet mellan de fraimre nackmusklerna ar forandrat och
tva olika modeller har utvecklats, en for personer med WAD och en for
personer utan nackbesviar. Modellerna ger mojlighet att upptacka
forandrad nackmuskelfunktion efter whiplashskada.

Slutsats: Nack-specifik traning och nack-specifik traning med tillagg av
beteendemedicinska metoder kan forbattra uthalligheten i nackmusklerna.
Minskad smairta efter testet tyder ocksa pa battre belastningstalighet av
nacken i dessa tva grupper. Forandringen i samarbetet mellan muskler
tyder pa att en forsamrad formaga att halla halsryggrad stabil nar armarna
lyfts hos personer med WAD. Resultaten av studien ar lovande da det kan
leda till battre majligheter att diagnostisera forandringar i nackmusklerna
efter whiplashskada.
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