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”Science allows failure – but failure in a sophisticated way”
– Dr Hoe Lee during a walk in Kings Park, Perth, WA, Australia, February 2009
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ABSTRACT
Despite recent research advances, there are still several common medical conditions whose underlying
mechanisms are poorly understood. In conditions with few or diffuse physical findings, it can be difficult to
diagnose and determine the state of the condition and its effects on working ability or performance, and
the health care practitioners have to rely on the patient’s self‐reports. Identification of objective
measurements that are sensitive enough to aid in diagnosis or determination of the state of these
conditions would thus be valuable. Psychophysiological measurements are generally non‐invasive and
have the potential to serve as such diagnostic or prognostic tools. In this thesis, psychophysiological
reactions to different stressors were recorded in two selected medical conditions; namely motion sickness
and chronic trapezius myalgia (musculoskeletal pain). These subjective conditions are unpleasant,
unwanted and apparently serve no survival purpose. It is therefore important to elucidate any physical
findings associated with them to, eventually, find new means to prevent the development of these
conditions or to ameliorate symptoms.
The overall aim of the thesis was to explore the development of psychophysiological responses to
stressors in relation to performance and subjective reports in healthy individuals and in women with
chronic trapezius myalgia. More in detail, the purpose was to identify psychophysiological responses that
could provide information about the mechanisms behind, or serve as candidates for characterization of
motion sickness and chronic trapezius myalgia, respectively.
Responses to motion sickness, triggered by optokinetic stimulation, were studied in healthy individuals,
whereas responses to repetitive low‐force work and psychosocial stress were studied in women with
chronic trapezius myalgia and in pain‐free controls. In both medical conditions, the psychophysiological
responses were accompanied by subjective reports. The effects of motion sickness on two different
aspects of memory performance were tested during exposure to optokinetic stimulation. In the studies of
chronic trapezius myalgia, psychophysiological responses were also related to health status, i.e., being a
patient or a pain‐free control and measurements of pain intensity, psychological symptoms, sleep‐related
problems and quality of life.
The psychophysiological responses to optokinetic stimulation were inconclusive. Moderate levels of
motion sickness did not affect memory performance, whereas decreased short term memory
performance was seen in subjects reporting high levels of motion sickness. The autonomic responses and
stress hormone secretion in response to low‐force repetitive work and psychosocial stress in the chronic
trapezius myalgia group were similar to those of the pain‐free controls. However, muscle activity in the
trapezius muscle was generally higher in the chronic trapezius myalgia group. There were indications of
negative psychological states being related to a slower response and lower circadian variations of stress
hormone secretion.
With the present methods, it was possible to measure general stress responses but none of the
measurements showed sufficient specificity to serve as predictors or indicators of motion sickness and
chronic musculoskeletal pain, respectively. Summarizing, I cannot objectively measure how you feel; I still
have to rely on your description of your condition.
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SAMMANFATTNING PÅ SVENSKA
Många av de vanliga besvär man möts av inom sjukvården idag, t.ex. kronisk trötthet,
utmattningsdepression och muskuloskeletala smärttillstånd är i högsta grad subjektiva och saknar ofta
objektiva undersökningsfynd. De nämnda patientgrupperna kan ha svårt att få sina besvär diagnosticerade
och upplever ibland skepsis från både sjukvården och sin omgivning. Bristande kunskaper om
mekanismerna bakom dessa tillstånd kan även förklara svårigheterna att utforma effektiv behandling och
intervention. Den här avhandlingen fokuserar på två sådana subjektiva tillstånd, rörelsesjuka och kronisk
muskelsmärta, där den drabbade individens upplevelser är avgörande för att diagnosticera tillståndet och
bedöma dess konsekvenser. Rörelsesjuka och kronisk muskelsmärta är obehagliga tillstånd som kan leda
till försämrad arbets‐ och prestationsförmåga, och som dessutom inte verkar ha något överlevnadsvärde.
Det är därför viktigt att klarlägga eventuella objektiva fynd kopplade till de här tillstånden för att hitta nya
vägar att förebygga eller behandla dem. Psykofysiologiska mått är i allmänhet icke‐invasiva och skulle
kunna användas som sådana objektiva undersökningsfynd om de visar sig vara tillräckligt specifika för att
karakterisera individer med rörelsesjuka respektive kronisk muskelsmärta.
Syftet med avhandlingen var att undersöka utvecklingen av olika psykofysiologiska stressresponser och
relatera dessa till prestationsförmåga och subjektiva upplevelser hos friska individer och kvinnor med
kronisk nack/skuldersmärta (trapeziusmyalgi). Målsättningen var att hitta psykofysiologiska mått som kan
ge information om de bakomliggande mekanismerna eller som kan användas för att predicera eller
diagnosticera rörelsesjuka och kronisk trapeziusmyalgi.
Rörelsesjukans psykofysiologiska effekter och dess påverkan på prestationsförmåga studerades hos friska
individer som exponerades för en optokinetisk trumma. Eftersom bibehållen kognitiv prestationsförmåga
är avgörande i många av de yrkesgrupper som riskerar att utsättas för rörelsesjuka under arbetet
undersöktes detta med hjälp av två olika minnestester. Psykofysiologiska responser vid repetitivt arbete
och psykosocial stress jämfördes mellan kvinnor med kronisk trapeziusmyalgi och smärtfria kontroller för
att hitta eventuella dysfunktioner i de kroniska smärtpatienternas autonoma reaktioner,
stresshormonutsöndring eller muskelaktivitet. Här undersöktes även korrelationer mellan psykofysiologin
och olika självskattade psykologiska aspekter, smärtintensitet och sömnproblem.
Optokinetisk stimulering resulterade i svårtolkade och, i vissa fall, inkonsekventa psykofysiologiska
responser. Prestationsförmåga kopplat till korttidsminne försämrades mot slutet av den optokinetiska
stimuleringen hos dem som rapporterade hög grad av rörelsesjuka. Vid lägre nivåer av rörelsesjuka
verkade dock prestationsförmågan vara intakt. Hos kvinnorna med kronisk trapeziusmyalgi var de
psykofysiologiska responser som är kopplade till autonoma nervsystemets aktivitet och utsöndringen av
stresshormon (kortisol) jämförbara med de hos smärtfria kontroller. Muskelaktiviteten i trapeziusmuskeln
var dock generellt högre hos patientgruppen. Negativa psykologiska faktorer var korrelerade med lägre
dygnsvariation och långsammare stressinducerad utsöndring av kortisol.
Ingen av de psykofysiologiska variablerna visade tillräckligt tydliga kopplingar till rörelsesjuka eller kronisk
trapeziusmyalgi för att kunna användas för prediktion eller karakterisering av dessa tillstånd.
Sammanfattningsvis kan jag, på basis av de valda metoderna, konstatera att det är svårt att hitta objektiva
indikatorer kopplade till rörelsesjuka och kronisk trapeziusmyalgi.
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1 INTRODUCTION
Despite the progress made in many fields of medical research the recent years, there are still several
common medical conditions whose underlying mechanisms are not yet known. In conditions where there
are very few or diffuse physical findings and the health care practitioners have to rely on the patient’s self‐
reports, there is a risk of scepticism towards the condition. Many common disorders, such as chronic
fatigue syndrome, musculoskeletal pain conditions and somatoform disorders struggle with these
problems (50). However, failure to detect physical findings does not mean that such factors are absent.
The previous lack of understanding of the aetiology and pathophysiology has been a limiting factor for the
acknowledgement of chronic pain conditions such as fibromyalgia syndrome. Many patients suffering
from these conditions report great difficulties to get their symptoms acknowledged and treated, which is a
likely explanation for the large number of visits to various health care providers that these patients make.
In the case of fibromyalgia, the recognition of this syndrome and proper setting of the diagnosis has been
shown to significantly reduce health care costs (86).
In other conditions it is not an issue of setting a diagnosis but rather the question of determining the state
of the condition and its effects on working ability or performance that is of importance. In certain
occupations, an individual’s ability to perform could be severely affected by any concurrent medical
conditions. An acute illness or deterioration of a chronic condition could be devastating in high
performance occupations, if not detected by the afflicted person or someone in the surroundings. In more
everyday‐settings, performance might be negatively affected by fatigue or motion sickness which is
potentially dangerous if you are, for instance, driving a car.
Identification of objective measurements that are sensitive enough to aid in diagnosis and/or
determination of the state of these conditions would be valuable. Psychophysiological measurements are
generally non‐invasive and have the potential to serve as diagnostic or prognostic tools.
Psychophysiological measurements that correlate well with subjective reports and that are sensitive to
change could also serve as useful outcome measurements in studies of treatment interventions. In this
thesis, psychophysiological reactions to different stressors were recorded, along with subjective ratings, in
two selected medical conditions; namely motion sickness and chronic musculoskeletal pain.

1.1 SELECTED MEDICAL CONDITIONS
Motion sickness and pain are subjective sensations and cannot be directly observed unless the extreme
effects of the conditions are present, e.g., vomiting in the case of motion sickness (24, 140). There are no
strict diagnostic criteria for motion sickness or for several common musculoskeletal pain conditions,
making it necessary to rely on subjective reports from the individual experiencing the condition.
Pain perception in humans is a highly complex system that integrates noxious stimuli from the tissue with
the physical, emotional, and mental status of the individual. There is a sensory/discriminatory component
for which the intensity of an acute noxious stimulus is essentially proportional to the perceived pain (102),
but the experience of pain is also influenced by emotional and cognitive aspects (157). Furthermore, apart
from the pain intensity, different qualities of pain, e.g., stabbing, throbbing, dull, or burning, affects the
individual’s perception of the severity of pain (87). Similarly, two individuals can give the same motion
sickness rating but have experienced very different symptoms. In some individuals, motion sickness is
dominated by gastrointestinal symptoms such as nausea, while in others the syndrome is characterized by
more central symptoms such as headache and dizziness (140). Hence, the experience of pain and motion
sickness, respectively, is influenced both by the intensity and by the quality of symptoms. Another
common denominator is that both these conditions are always on the negative side of the hedonic scale,
ranging from pleasure to displeasure (Figure 1).
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According to the International Association for the
Study of Pain, pain is defined as "an unpleasant
sensory and emotional experience associated with
actual or potential tissue damage, or described in
terms of such damage". Although no similar
definition has been agreed upon for the sensation
of motion sickness, I believe that we all would agree
that it is, indeed, an unpleasant experience. Benson
(10) has defined motion sickness as ”a state of
perceived illness following exposure to real or
illusory motion”, also emphasizing the importance
of the subjective experience of illness.
All three dimensions in Figure 1 contribute to the
severity of motion sickness and pain and can vary
independently of each other. As an example, during
travel in rough seas, most people experience the
Figure 1.The three dimensions of pain and motion sickness.
worst quality of motion sickness symptoms (nausea
and vomiting) of high intensity. However, an
experienced seafarer who knows that adaptation occurs and that motion sickness will subside shortly may
perceive less displeasure and thereby a lower total severity of motion sickness than someone who is
motion sick for the first time. A parallel can be drawn to delayed onset muscle pain that arises after
intense exercise. This pain intensity can be quite high, but knowing that the pain is temporary and
associated with something positive (increased fitness) lowers the displeasure and decreases the total pain
severity. On the other hand, someone who experiences recurring episodes of, e.g., work‐related
musculoskeletal pain could perceive a dull pain of low intensity as a sign of an upcoming pain episode,
possibly increasing the perceived displeasure, which exacerbates pain severity.
Both pain and motion sickness are, hence, contextually dependent. In the case of motion sickness,
previous experiences and expectations are highly influential on the incidence and severity of symptoms
(180). Environmental factors, such as unpleasant odours, ambient temperature, and the sight of others
being motion sick, as well as any concurrent activities or tasks are also important for the development of
motion sickness (139). Reason and Brand (160) stated explicitly that not only may motion sickness affect
task performance, but also the other way round, that performing a task may affect motion sickness. For
example, reading a book while travelling by bus or train may hasten the development of motion sickness,
while in other situations, concentrating on performing a task may actually prevent it (11). Similarly, the
phenomenon of stress‐induced analgesia allows the individual to suppress intense pain sensations in
stressful or life‐threatening situations to enable flight, rescue or other behaviours essential for survival
(29, 134). Pain intensity and pain behaviours are also known to depend on the person’s social
environment and the behaviours of significant others (7, 34). Beecher (8) was one of the first to describe
how emotions and different contexts can affect pain. He observed that soldiers with serious wounds
complained of pain much less than did his postoperative patients at the hospital. Beecher hypothesized
that the soldiers who survived combat saw the hospital as relatively safe and comfortable. The regular
patients, however, associated the hospital with extended illness and negative outcomes and saw it as less
safe than their home environment, thereby exacerbating pain and negative emotion.
Sensations such as nausea, pain and fatigue should not always be prevented since they are protective
mechanisms against dangers (180). However, there are situations when these sensations are mostly
adverse and may have serious detrimental effects. To begin with, motion sickness is not really a sickness,
but rather a psychophysiological response of healthy individuals to real or apparent motion stimulation of
2

significant intensity and/or duration (181). Why nausea and vomiting should be linked to a motion
induced conflict between sensory inputs is unclear (53) and whether or not motion sickness has any
physiological significance remains a mystery (208). Furthermore, acute pain acts as an alarm function to
prevent further damage and prevent healing of injured tissue. Chronic pain, however, is often no longer
associated with the extent of tissue damage and has lost its function as a sign of an underlying disease
process (58). Pain that persists beyond the expected period of healing or chronic musculoskeletal pain
without indications of tissue damage clearly is maladaptive.
Detailed descriptions of which motion characteristics are most likely to cause motion sickness can be
found in the literature (11, 13, 27, 69) and several well documented risk factors for development of
chronic musculoskeletal pain have been presented (4, 117, 125, 159). Notwithstanding the progress made
in these areas, it is still largely unclear why some individuals develop these conditions and others do not,
despite being exposed to the same environment.
Motion sickness and chronic musculoskeletal pain are unpleasant, unwanted and apparently serve no
purpose. It is therefore important to elucidate any physical findings associated with these complex
conditions to, eventually, find new means to prevent the development of these conditions or to
ameliorate symptoms. There is currently limited knowledge of the associations between
psychophysiological stress responses, subjective stress reactions, performance and health status in
conditions of motion sickness and chronic musculoskeletal pain.

1.1.1 MOTION SICKNESS
Symptoms of motion sickness are triggered by real or apparent motion stimuli of which the individual has
insufficient sensory experience (11, 140, 150). Various forms of the malady are usually named after the
environment or vehicle that induces symptoms (11), with sea‐, car‐ and airsickness being the most
commonly experienced examples (150). Motion sickness is characterized primarily by nausea, vomiting,
pallor and cold sweating. Other symptoms are reported, but in general these occur more variably. Current
research favours sensory conflict theories as the primary cause of motion sickness (176). According to
these theories, motion sickness can occur when sensory inputs regarding body position in space are
contradictory or are inconsistent with those predicted from experience (160, 208). Sensory conflict
theories have great generality since almost all situations involving body motion potentially involve some
form of sensory “conflict” (114). However, they do not account for the neurophysiologic mechanisms
underlying motion sickness, which are still not completely known (172).
Motion sickness has been reported to affect performance of a wide variety of tasks (10, 165), and
methods whereby the detrimental effects of motion sickness might be minimized are highly desirable.
Negative effects of motion sickness have been found regarding psychomotor performance (141) and
performance of visual search tasks (70) and cognitive tasks (154), whereas over learned skills (47) often
were managed despite being under the influence of motion sickness. However, there are studies reporting
no effects on cognitive performance, e.g., memory performance (21), although the level of motion
sickness was low in this study. Being able to perform under the influence of motion sickness is essential in
operational and working environments where people are being exposed to real or apparent motion, e.g.,
on board ships and aircrafts or in simulators. Since cognitive performance in terms of memory capacity is
often a part of the tasks performed, the effects on memory need to be further investigated.
Most of the existing treatments of motion sickness are rather impractical when unrestricted activity and
optimal levels of performance are required (100). Anti‐motion sickness medications may be highly
addictive and have many adverse side effects, including drowsiness, dry mouth, dizziness and impaired
cognitive and psychomotor function (176). Other approaches for reducing symptoms often involve lying
down as an attempt to minimize motion cue conflict. These types of countermeasures are not suitable for
certain occupational groups, e.g., aircrews on duty, and new means of prevention or treatment of motion
3

sickness are, hence, needed. Identifying objectively measured predictors of motion sickness is tempting,
since they could ultimately provide the possibility of early detection of developing motion sickness, and
thus indicate when countermeasures are needed. In complex working environments, early detection
would be valuable, especially if motion sickness is found to cause deterioration of multiple cognitive
abilities. At present, there are no adequate predictors of susceptibility and severity of motion sickness
(114).

1.1.2 MUSCULOSKELETAL PAIN
Musculoskeletal pain is prevalent in many countries, presenting a considerable economic strain on society
(25, 167). Chronic musculoskeletal pain conditions, e.g., chronic myalgia, are complex and multifactorial
conditions whose pathophysiological mechanisms are not fully elucidated. A number of hypotheses on the
physiological mechanisms behind the genesis of chronic musculoskeletal pain, some of them seemingly
contradictory concerning, e.g., involvement of different muscle fibre types, have been presented (60, 88
pp. 1‐4) A wide range of work‐related physical and psychological factors affect the risk of developing
chronic myalgia, but the aetiology of musculoskeletal pain in the population as a whole is multifactorial
and not necessarily work related (159). Pain usually arises in one location, is intermittent and episodic in
the beginning and becomes more persistent and sometimes also widespread with time, and often the pain
intensity is increased by work. In this thesis, the focus is on chronic trapezius myalgia, i.e., muscle pain in
the neck/shoulder area at the anatomical location of the trapezius muscle, and other pain conditions will
only be briefly touched upon. The diagnostic criteria of myalgia in the neck and shoulder area are
relatively vague and several more or less specific and partly overlapping diagnoses exist in clinical practice
and epidemiological research (117). Pain in the neck and shoulder area is common in the general
population, with 12‐month prevalence estimates of 30% to 50% (80), and women are even more affected
than men. Lundberg (122) has reported that, for white collar workers, the prevalence of neck/shoulder
pain is more than twice as high for female workers.
Neck/shoulder pain is frequent in jobs characterized by static load and repetitive tasks, despite moderate
or low physical load (122). There is a growing body of evidence for high quantitative demands, lack of
support from colleagues, low job control and low influence being related to the development of neck pain
(4). Moreover, mental and social stress, both in and outside the workplace, is thought to increase the risk
of developing a musculoskeletal disorder in the neck/shoulder region (17, 125, 193). Passatore and Roatta
(153) suggest that stress may facilitate the development of chronic pain states, irrespective of their origin,
but relatively little solid evidence exist on the mechanisms linking stress and musculoskeletal pain. It is still
unknown whether mental stress directly influences the peripheral nociception and metabolism of the
muscles or acts mainly via central mechanisms.
Chronic pain is associated with an array of co‐morbidity, including sleep‐related problems, depressive
disorders, anxiety, personality disorders, and substance abuse (7, 50, 133). Certain psychiatric disorders
appear to precede chronic pain (anxiety disorders), whereas others develop after the onset of pain (major
depression), although the precise nature of the causal relationship between chronic pain and
psychopathology remains unresolved (50). There seems to be a higher prevalence of anxiety and
depressive symptoms in chronic pain patients as compared with clinical samples of populations with other
chronic medical conditions (5, 7). Moreover, Börsbo et al. (32) reported that psychological factors
(depressive symptoms, catastrophizing, anxiety) were, in fact, more influential than pain intensity and
duration on perceived disability and quality of life in patients with chronic pain. Banks and Kerns (7)
suggested that it is the way one thinks about pain or behaves in response to pain that causes depression
and a diathesis‐stress framework has been proposed where pre‐existing characteristics of the individual
that are activated by the stress of chronic pain eventually result in diagnosable psychopathology (50).
However, the relationship between pain and psychological factors works both ways; some factors are
associated with increased pain, psychological distress, and physical disability, such as pain catastrophizing,
4

pain‐related anxiety/fear, and helplessness. Likewise, another category includes factors that are
associated with decreased pain, psychological distress, and physical disability, such as self‐efficacy, pain
coping strategies, readiness to change, and acceptance (99).
In conclusion, although several studies have been published on the topic, mainly focusing on widespread
pain, the mechanisms behind initiation and maintenance of chronic musculoskeletal pain still remain
unclear (23, 163, 177, 199, 207). A better understanding of the underlying pathology and
pathomechanisms involved would be valuable to improve diagnosis and therapy, and for implementation
of mechanism‐based approaches for treatment and prevention.

1.2 STRESS RESPONSES
Hans Selye (170) introduced the concept of stress as the nonspecific response of an organism to any
noxious or aversive event. He is reputed to having later stated that his choice of the word ‘stress’ was a
consequence of English being his second language, and that in fact the word ‘strain’ would have been a
better characterization of the challenges leading to destabilization of homeostasis, which he saw as being
central to understanding health and disease (130). The widespread use of the term stress in popular
culture has made this word a very ambiguous term to describe the ways in which the body copes with
psychosocial, environmental, and physical challenges (128). Furthermore, Lazarus and Folkman (119) have
argued that stress responses can only be understood by considering the interaction between an individual
and its environment, emphasizing the importance of appraisal and coping. The word stress can be used to
describe the exposure (i.e., the stressor), the experience of the stressor, the physiological response to the
stressor and the experience of the physiological response. Consequently, “stress, in addition to being
itself, and the result of itself, is also the cause of itself” as stated by Selye. In this thesis, stress will be
considered as a stimulus‐response relationship, where the power of the stressor (i.e., the environmental
cause of stress) and individual characteristics (e.g., health status, previous experiences) determines the
stress response.
Both physical and psychological stressors can activate central and peripheral responses designed to
preserve homeostasis (40). The physiological response to stress is unspecific in the sense that many types
of stimuli, including fear, painful stimuli, hypothermia and exercise, will evoke the same response. The
ideal stress response is characterized by a rapid activation and efficient termination afterwards, which
provides protection against stress related diseases (49, 129). A stress response that is excessive, prolonged
or inadequate impairs adaptation and is considered a risk factor for stress‐related diseases (49).
Two systems are primarily involved in the stress response; the sympathetic‐adrenal‐medullary (SAM)
system and the hypothalamic‐pituitary‐adrenal (HPA) axis (44). The first rapid stress response of the SAM
system is mediated via the catecholamines adrenaline and noradrenaline. The second somewhat slower
stress response consists of activation of the HPA axis and leads to the release of glucocorticoids (cortisol in
humans) from the adrenal cortex. Glucocorticoids and catecholamines have both protective and damaging
effects on the body. In the short run, they are essential for adaptation, maintenance of homeostasis, and
survival. Yet, over longer time intervals, they exact a cost that can accelerate disease processes (128).
Under normal conditions, the stress response is necessary for adaptation to changes in the physical or
social environment, a process called ‘allostasis’ or stability through change (179). However, there are a
number of circumstances in which allostatic systems may either be overstimulated or not perform
normally, and this condition has been termed ‘allostatic load’ or the price of adaptation (129). According
to McEwen (128, 129) the four conditions that lead to allostatic load are: 1) Repeated exposure to
multiple novel stressors; 2) Lack of adaptation (failure to habituate to repeated stressors of the same
kind); 3) Prolonged response due to delayed shut down; and 4) inadequate response that leads to
compensatory hyperactivity of other mediators.

5

Stress has long been considered to play a role in illness development and is often mentioned as an
etiological factor in psychiatric disorders, as well as inflammatory diseases, musculoskeletal disorders,
asthma, and heart disease (135). Medical science has been struggling for decades to understand the
relationship between stress and disease but the neurobiological mechanisms that link chronic stress or
certain stressful events to disease development are not well understood (128, 135). In order to learn more
about the mechanisms involved in the relationship between stress exposure and development of various
health problems, it is important to study possible alterations of the psychophysiological stress responses
in different patient groups and at varying severity.

1.2.1 SYMPATHETIC‐ADRENAL‐MEDULLARY SYSTEM
When the SAM system is activated in response to stress, the sympathetic branch of the autonomic
nervous system (ANS) produces a massive and coordinated output to all end organs simultaneously. The
hypothalamus and the sympathetic nervous system (SNS) stimulate the release of noradrenaline from
widely distributed synapses and adrenaline from the adrenal medulla (49). These hormones lead to
increased arousal of the SNS and reduced activity in the parasympathetic nervous system (PNS). This type
of sympathetic output is used to prepare the body for life‐threatening situations; the so‐called fight‐or‐
flight response (Figure 2). More specifically, there are a wide range of activations to meet the challenge of
the stressful situation, as well as inhibition of processes that are not essential (37). Alertness, heart rate,
cardiac contractility, blood pressure and ventilation of the lungs increase. Blood vessels that supply the
kidneys, skin and gastrointestinal tract constrict, which decreases blood flow through these tissues,
whereas blood vessels supplying skeletal muscles dilate (26, 37).
Historically, the fight‐or‐flight response was necessary for reallocation of resources in response to life
threatening situations. In modern society, the SAM system is more often challenged by threats of a social
or mental rather than physical nature (122). This implicates that the SAM stress response is not
accompanied by the physical challenge or discharge it is intended for and the fight‐or‐flight behaviour is
suppressed. It has been claimed that if SAM activation is excessive, is persistent over a period of time or is
repeated too often, it may result in a sequence of responses that culminate in illness (44).

1.2.2 HYPOTHALAMIC‐PITUITARY‐ADRENAL AXIS
The HPA axis is the endocrine core of the stress system and plays a major role in the regulation of
responses to stress. Stress stimulates the hypothalamus to release corticotrophin releasing hormone
(CRH), which stimulates the anterior pituitary to release adrenocorticotrophic hormone (ACTH), which in
turn stimulates the adrenal cortex to synthesize cortisol (49, 51). The HPA axis is an example of a negative
feedback system in which the end product (cortisol) inhibits the production of the initiating substance
(CRH)(135). Within the HPA axis, feedback can occur at several levels (Figure 2).
The highest cortisol production occurs in the second half of the night with peak cortisol levels in the early
morning hours. Thereafter, cortisol levels steadily decline throughout the day and the lowest
concentrations of cortisol are found at midnight (191). In addition to this circadian variation, there is a
brisk increase of cortisol levels within 20–30 min after awakening in the morning. This cortisol awakening
response (CAR) appears to be a distinct phenomenon superimposing the circadian rhythm of cortisol
(201).
Corticosteroids reach every organ in the body and coordinates functions for coping with stress, recovery
and adaptation. They stimulate energy metabolism and prevent overshooting of primary stress, immune
and inflammatory reactions (49). More in detail, cortisol plays a critical role in metabolism by mobilizing
energy resources and increasing blood glucose levels. Cortisol is also an important regulator of immune
system functioning and exerts anti‐inflammatory actions (51).
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A dysfunctional HPA axis is frequently associated with a wide variety of medical and psychiatric conditions
(40, 136). A spectrum of conditions may be associated with hyperactivity of the HPA axis including
melancholic depression, anorexia nervosa, obsessive–compulsive disorder, panic anxiety, poorly
controlled diabetes mellitus, and hyperthyroidism (135, 191). Another group of states is characterized by
hypoactivation of the HPA axis, rather than sustained activation. Disorders such as chronic fatigue
syndrome, atypical depression, fibromyalgia syndrome and rheumatoid arthritis fall in this category (188,
191).

Figure 2. The stress response consists of activation of the sympathetic‐adrenal‐medullary (SAM) system and the hypothalamic‐
pituitary‐adrenal (HPA) axis.

1.3 PSYCHOPHYSIOLOGY
According to the definition by Andreassi (3), psychophysiology is “the study of relationships between
psychological manipulations and resulting physiological responses, measured in the living organism, to
promote understanding of the relation between mental and bodily processes” (p. 1). There are, however,
several definitions of psychophysiology and many of the early definitions focused on the kind of
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recordings usually done (85). Thus, psychophysiology is both a conceptual system and a measurement
methodology. Psychophysiology is positioned at the intersection of psychological and medical science. It
enables us to better understand the relations and interactions between physiology and behaviour. The
word ‘behaviour’ is used broadly to describe a variety of human activities including learning, problem
solving, sensing, perceiving, attending, and emotional responses (3). In the field of psychophysiology,
conclusions are drawn about how psychological events affect bodily processes, based on measurements
of physiological responses (33). A basic assumption in psychophysiology is that behavioural, cognitive,
emotional, and social events are all mirrored in physiological processes (85). In the present thesis, the
term psychophysiology refers to the measurement of physiological manifestations of the individual’s
response to a stressor after integration of the intensity and quality of the stressor and appraisal of the
situation.
For the experimentalist, recordings of physiological parameters may reveal effects of mental states not
observable in overt behaviour or in subjective reports (85). Psychophysiological methodology emphasizes
non‐invasive assessment of physiological functioning. The measured variables could be blood flow or
electrical activity in the brain, various autonomic responses, or secretion of different hormones (6). The
most common psychophysiological measurements concern nervous system activity, both on central and
peripheral levels (3)(Table 1).

Table 1. Example of psychophysiological variables that measure activity in different parts of the nervous system.

Central nervous system
Brain activity (EEG)
Event‐related potentials

Peripheral nervous system
Somatic system
Autonomic system
Muscle activity (EMG)
Eye movements

Heart rate (SNS, PNS)
Blood pressure (SNS, PNS)
Skin conductance (SNS only)
Pupil response (SNS, PNS)

Abbreviations: EEG = electroencephalogram, EMG = electromyogram, SNS = sympathetic nervous system, PNS = parasympathetic
nervous system.

Measurements of psychophysiological responses may be used as stress indicators, but are also of interest
as a possible link between psychosocial stress and various physical health outcomes (178).
Psychophysiological correlates of abnormal behaviour may be used as diagnostic criteria or as criteria for
evaluating treatment outcomes (85).

1.3.1 PSYCHOPHYSIOLOGICAL ASPECTS OF MOTION SICKNESS
Both vestibular and visual stimulation induce the psychophysiological responses associated with motion
sickness (79). Money et al. (137) proposed that motion sickness responses are related to one of the two
categories: 1) stomach emptying or 2) stress response. In this thesis, stomach emptying is treated as a
separate event since it may trigger physiological responses that are different from those observed during
the development of motion sickness up to the point of imminent vomiting. Muth (140) argues that
inclusion of vomiting as part of the motion sickness syndrome may create ambiguity since autonomic
nervous system and gastrointestinal changes during vomiting are very different from those occurring
during the general motion sickness syndrome. Moreover, from a prediction perspective, it is already too
late for preventive countermeasures when the development of motion sickness has reached vomiting and
it is obvious that performance will be affected at this stage.
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The stress response associated with motion sickness includes psychic, endocrine, and autonomic changes
(114). In terms of gastrointestinal and other peripheral changes, the motion sickness response is
characteristic of a general autonomic nervous system response (140). The extensive autonomic
symptomatology, and the reported benefit of medications that manipulate autonomic receptors imply
that research of the ANS might contribute to the diagnosis and prediction of motion sickness (172). During
the development of motion sickness, there is a general sympathetic nervous system activation and
parasympathetic nervous system withdrawal (46, 83), resulting in a decrease or cessation of gastric motor
activity (180). However, the literature is not clear on the precise autonomic nervous system changes that
predict and occur during motion sickness (114, 140). Motion sickness also activates the HPA axis to a
similar extent as psychosocial stress (164, 181), which further strengthens the view of motion sickness as a
stress response.
Several studies have tried to characterize motion sickness based on different psychophysiological
responses (46, 83, 103, 182). There have also been attempts to identify predictors of motion sickness (64,
74, 132, 175). However, no single parameter has yet been found to be of high enough sensitivity and
specificity for the prediction of individual motion sickness susceptibility (172) and there is still no
consensus of which psychophysiological measurements provide the most comprehensive information. The
identification of reliable objective psychophysiological parameters are important for the diagnosis of
motion sickness, quantification of motion sickness severity, follow‐up of the habituation process, and
examination of the efficacy of treatments.

1.3.2 PSYCHOPHYSIOLOGICAL ASPECTS OF MUSCULOSKELETAL PAIN
Similarly to the stress response, pain as a reflex sensory response is accompanied by a fast autonomic and
delayed neuroendocrine response mediated by the SAM system and HPA axis, respectively (15). Several
organ systems, in addition to the pain system, are affected by acute or chronic pain, including the
immunological and endocrine systems, the HPA axis, the sympathetic nervous system and motor function
(35, 138).
It has been suggested that psychosocial stress and psychophysiological mechanisms play an important role
in the development and maintenance of chronic pain states (57, 59, 108). The most important link may be
elevated muscle activity, concomitant with a hyperactivity of the sympathetic nervous system and possibly
with involvement of the HPA axis (88 pp. 5‐46). However, the ways by which psychosocial stress may be
linked to musculoskeletal symptoms are probably different for acute and chronic conditions. Flor and Turk
(59) argue that temporary changes in levels of psychophysiological variables related to stress might be
more relevant for the pain induction than chronic levels of hyperactivity.
Several models of the pathophysiology of chronic pain pay attention to the autonomic involvement in the
pathogenesis (88 pp. 291‐300, 93, 153). Excessive sympatho‐adrenal outflow may be involved in producing
musculoskeletal pain (153) and increased or decreased reactivity in response to stimuli has also been
implicated in the genesis of muscle pain (95). There is evidence that the autonomic state of patients with
fibromyalgia, i.e., persistent generalized pain and hyperalgesia, is characterized by increased sympathetic
and decreased parasympathetic tone at baseline (43), with concurrent sympathetic hyporeactivity to
various stressors (126). However, pain is a powerful stressor, and the presence of pain per se may enhance
sympathetic outflow (36, 153). Dysfunctions of the HPA axis are also frequently suggested to play an
important role in the onset of chronic musculoskeletal pain (127, 162).
Summarizing, much effort has been devoted to studying the importance of stress and psychosocial factors
in the development of chronic pain but the pathways by which this occurs are still unclear (88 p. 5).
Knowledge of the underlying pathophysiological mechanisms is essential for advances in these research
fields. Psychophysiological responses provide a potential mechanism for causally linking stress to chronic
musculoskeletal pain (148).
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1.4 THESIS RATIONALE
The rationale behind this thesis was to focus on a number of psychophysiological responses to a limited
selection of stressors and not to elaborate on all possible psychophysiological responses. Responses to
optokinetic stimuli were studied in healthy individuals, whereas responses to repetitive low‐force work
and psychosocial stress were studied in women with chronic trapezius myalgia and in pain‐free controls.
The focus of the present thesis is on finding objective measurements that can provide comprehensive
information of the individual’s status. The first step is to identify those psychophysiological variables
showing consistent differences between individuals confirmed to have the condition, i.e., motion sickness
or chronic trapezius myalgia, and symptom‐free controls. Thereafter, if suitable psychophysiological
measurements are identified, the causal relationships can be investigated to elucidate if these variables
start diverting before the condition is manifest and thereby can be used as prognostic markers.
Chronic trapezius myalgia is known to be a severe and debilitating condition, causing considerable sick‐
leave in Sweden and other European countries (117, 167). Any progress made, with respect to activated
mechanisms, that could eventually improve treatment or prevention of this condition is therefore
valuable. On the other hand, the underlying question regarding motion sickness is: Does it really matter if I
am motion sick? To elucidate the effects of motion sickness on performance, two different aspects of
memory performance were tested during exposure to optokinetic stimuli. Performance deficits, in terms
of memory impairments, could have significance for certain occupational groups that are frequently
exposed to motion sickness triggering environments.
Laboratory stress tests offer the possibility of provoking a wide range of psychophysiological responses for
subsequent elucidation of alterations or dysfunctions in the stress responses. Thus, although responses to
laboratory stressors are not of clinical importance in themselves, they reflect the way that individuals
respond to stressors in general and the accumulation of disturbed stress responses in daily life may have
pathophysiological significance (38).
Since motion sickness and pain are subjective conditions, as mentioned above, the psychophysiological
responses were accompanied by subjective reports in order to relate objective measurements with the
individual’s perception of the situation. In the study of chronic trapezius myalgia, psychophysiological
responses were also related to health status, i.e., being a patient or a pain‐free control and measurements
of pain intensity, psychological symptoms, sleep‐related problems and quality of life.
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2 AIM
The overall aim of the thesis was to explore the development of psychophysiological responses to
stressors in relation to performance and subjective reports in healthy individuals and in women with
chronic trapezius myalgia. More in detail, the purpose was to identify psychophysiological responses that
could provide information about the mechanisms behind, or serve as candidates for characterization of
motion sickness and chronic trapezius myalgia, respectively. The long‐term goals are to develop useful
strategies for clinical and experimental medical research and to optimize study designs accordingly.
Furthermore, the physiological responses could possibly be used to prospectively identify persons at risk.
If it is possible to identify pre‐disposing psychophysiological characteristics, precautionary actions can be
taken to prevent the individual from developing the condition. Four papers are included in the thesis. The
specific aims of each paper are as follows:
I.

The aim of Paper I was to investigate how motion sickness, triggered by an optokinetic drum,
affects short term memory performance and to explore autonomic responses to perceived
motion sickness.

II.

The aim of Paper II was, firstly, to investigate the effects of motion sickness on encoding and
retrieval of words. The second aim was to explore the temporal development of different
psychophysiological responses during exposure to an optokinetic drum and to investigate the
relationship between psychophysiological responses and self‐rated motion sickness scores.

III.

The aim of Paper III was to assess whether women with chronic trapezius myalgia show different
physiological reactions, compared with pain‐free controls, during experimental repetitive low‐
force work and a standardized psychosocial stress test.

IV.

The aim of Paper IV was to investigate differences in HPA axis function between women with
chronic trapezius myalgia and pain‐free female controls. In addition, the interactions between
HPA axis reactions to psychosocial stress and aspects of pain, health and psychological symptoms
were assessed.

2.1 HYPOTHESES
Although the nature of the studies included in this thesis was mainly explorative, the hypotheses in the
four papers were:
I.

Short term memory performance would be negatively affected by motion sickness triggered by
an optokinetic drum. The psychophysiological responses were expected to show signs of
sympathetic activation and parasympathetic withdrawal, consistent with a stress response.

II.

Motion sickness would have a negative impact on encoding and retrieval performance. The
psychophysiological responses were expected to conform to the findings in Paper I.

III.

Women with chronic trapezius myalgia would show higher trapezius muscle activity and
increased sympathetic tone at baseline and in response to repetitive work tasks and psychosocial
stress, compared with pain‐free control subjects.

IV.

The chronic trapezius myalgia patients would show alterations in HPA axis activity in terms of
different salivary cortisol secretion patterns in daily life and in response to psychosocial stress,
compared with pain‐free controls. Negative psychological states were expected to be correlated
with a flatter circadian cortisol profile and a blunted cortisol response to psychosocial stress.
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3 METHODS
The thesis comprises four papers that were based on three experimental studies. Papers I and II were
based on two studies where an optokinetic drum was utilized to trigger motion sickness. Papers III and IV
were based on a study that investigated chronic pain patients’ and pain‐free control subjects’ reactions to
low‐force repetitive work and psychosocial stress. Table 2 presents an overview of study populations,
experimental stimuli and measured variables in the four papers.

Table 2. Overview of study populations, experiments and measured variables.

Study
population

Stressor

Measurements
Psychophysiological

Subjective

Additional/covariates

Paper I

38 healthy
individuals

Optokinetic
drum

Heart rate
Skin conductance
Blood volume pulse
Pupil size

Motion sickness

Short term memory
performance

Paper II

40 healthy
individuals*

Optokinetic
drum

Heart rate
Skin conductance
Blood volume pulse
Respiration rate
Skin temperature
Heart rate
variability

Motion sickness

Encoding & retrieval
performance

Paper III

18 women with
chronic
trapezius
myalgia

Low‐force
repetitive work

Heart rate
Skin conductance
Respiration rate
Blood pressure
Muscle activity

Pain intensity
Stress
Energy

Salivary cortisol

Pain intensity
Stress
Energy
Experiences during
psychosocial stress

Psychosocial
stress

30 age‐matched
pain‐free
controls
Paper IV

Same as
Paper III

Same as
Paper III

Habitual pain
Depression
Anxiety
Anxiety sensitivity
Catastrophizing
Self‐efficacy
Quality of life
Sleeping problems

* In addition, 20 control subjects completed the performance test without exposure to the optokinetic drum.

Paper I introduced the psychophysiological measurements and methodology. The development of
psychophysiological responses over time was followed at selected time points. Performance in terms of
short term memory was tested throughout the optokinetic drum exposure. In Paper II, the effects of
motion sickness on memory performance was further explored using an encoding and retrieval test. Based
on the results from Paper I, heart rate regulation during optokinetic stimulation was further explored
through measurements of heart rate variability. Skin temperature and respiration rate were also
introduced and investigated as possible correlates of motion sickness severity. Both the temporal
development of psychophysiological measurements and the development against motion sickness ratings
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were examined in this paper. Although Paper I and Paper II had their focus on different aspects of
performance, the main focus of this thesis is on the psychophysiological responses recorded in the two
studies. Paper III brought the psychophysiological measurements into the context of chronic trapezius
myalgia. Because of the nature of the procedures, especially the low‐force repetitive work, measurements
of blood volume pulse and skin temperature were not applicable in this study. Instead, blood pressure and
muscle activity were included. The psychophysiological responses were followed over the entire
experiment to investigate possible differences between chronic trapezius myalgia patients and pain‐free
controls in the development of these variables over time. To further elucidate the possible differences in
their responses to psychosocial stress, Paper IV focused on stress hormone secretion through the
measurements of salivary cortisol. The interactions between the stress response and different background
variables, such as circadian cortisol profiles, psychological factors and habitual pain intensity were also
investigated. The experimental study behind Paper III and Paper IV was primarily designed as a
microdialysis study (for details regarding microdialysis methodology, see (116)). Therefore, the
experimental procedure and sample sizes were optimized for microdialysis purposes.

3.1 SUBJECTS
3.1.1 PAPER I
Thirty‐eight subjects participated in the study; 17 male (mean age 26.8, range 20‐43) and 21 female (mean
age 23.6, range 20‐31). The subjects were recruited through e‐mail advertisement to students at the local
University. All subjects were healthy according to self‐reports. Individuals with vestibular or hearing
dysfunctions, impaired vision or who were on medication that could confound the psychophysiological
measurements or contribute to nausea were excluded.

3.1.2 PAPER II
Forty subjects (20 male and 20 female, mean age 25 years, range: 19‐51) were recruited for the
optokinetic drum experiment. According to self‐reports before the experiment, all subjects were healthy
and no one had previously been exposed to an optokinetic drum. Exclusion criteria were the same as for
Paper I. In addition, a control group of 20 volunteers (8 male and 12 female, mean age 26 years, range: 21‐
47) carried out the performance task without being exposed to the optokinetic drum. The subjects were
recruited amongst employees at Linköping University Hospital and through e‐mail advertisement to all the
medical students at Linköping University.

3.1.3 PAPERS III‐IV
3.1.3.1 S UBJECTS WITH CHRONIC TRAPEZIUS MYALGIA
Eighteen women with chronic trapezius myalgia (denoted MYA) were recruited using the medical reports
of former female outward patients from the multidisciplinary Pain and Rehabilitation Centre at Linköping
University Hospital (Table 3). Letters with information and an invitation to participate in the study were
sent to patients with one of the following diagnoses (international classification of diseases number): neck
myalgia (M 79.1), or cervicalgia (M 54.2), or cervico‐brachial syndrome (M 53.1) and no other diagnosis.
Those who volunteered to participate were contacted by telephone and eligible subjects were invited to
be examined by a standardized clinical neck and shoulder examination (147) and to complete the Nordic
Questionnaire (112), which was used to survey their present pain. The clinical examination includes
questions on pain, tiredness and stiffness on the day of examination, as well as physical tests including;
range of motion and tightness of muscles, pain threshold and sensitivity, muscle strength and palpation of
tender points. Diagnosis of trapezius myalgia includes: neck pain at the examination day, tightness of the
trapezius muscle, i.e., a feeling of stiffness in the descending region of the trapezius muscle reported by
the subject at examination of lateral flexion of the head, and palpable tender parts in the trapezius
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muscle. Range of motion of the cervical columna is to be normal or slightly decreased. The examiner was a
physician specialized in occupational medicine.
Eligible subjects were those women who reported pain in the descending region of the trapezius muscle
during the last seven days and reported neck and shoulder pain more than 90 days over the last 12
months. Moreover, subjects should not report pain during the last seven days from more than three body
regions according to the Nordic Questionnaire. The pain distribution was confirmed by a pain drawing.

Table 3. Characteristics of 18 subjects with chronic
trapezius myalgia (MYA) and 30 pain‐free controls (CON).

MYA

CON

Mean (SD) Mean (SD) p-value
Age

40 (6)

40 (6)

Height (cm)

168 (5)

168 (5)

>.3
>.3

Weight (kg)

75 (11)

67 (9)

.014

2
BMI (kg/m )

26 (4)

24 (3)

.012

The following exclusion criteria were used: 1)
signs of tendinitis or joint affections in the
shoulders, 2) prior neck trauma, 3) rheumatoid
arthritis or other systemic diseases, 4)
neurological diseases, 5) metabolic diseases, 6)
fibromyalgia syndrome (determined by tender
point examination and pain drawing according to
the ACR criteria of 1990) (205). 7) menopause or
use of contraceptives containing oestrogen to
avoid modulation of cortisol responses to
psychosocial stress tests by the menstrual cycle
phase (104), and 8) current use of any medication
which might influence HPA axis function. The
exclusion criteria were assessed by interview at
the first telephone contact and by examination.

3.1.3.2 P AIN ‐ FREE CONTROLS
Thirty age‐matched women with no neck/shoulder pain (denoted CON) comprised the control group
(Table 3). The control subjects were recruited via advertisements in daily newspapers. They were
investigated using brief versions of the clinical examination. Exclusion criterion, in addition to the above
mentioned, was the presence of pain in the neck/shoulder region for more than 2‐3 days during the last
12 months.

3.2 ETHICS
For Papers I and II, written consent was obtained from all subjects after the experimental procedures had
been fully explained. The study designs and procedures conformed to the declaration of Helsinki regarding
ethical principles for medical research involving human subjects.
For Papers III and IV, all MYA and CON subjects signed a consent form that was in accordance with the
declaration of Helsinki after receiving verbal and written information about the study. The study was
granted ethical clearance by the Linköping University Ethics Committee (Dnr M46‐07).

3.3 PROCEDURES
3.3.1 PAPER I
Prior to the experiment, a general information sheet was sent to the subjects through e‐mail. They were
instructed not to eat for 2‐3 hours before start of the experiment. Intake of anti‐motion sickness
medications, anti‐emetic medication, antihistamines or alcoholic beverages was not allowed within 24
hours prior to the experiment. This was checked for on a self‐report basis.
Upon arrival at the laboratory, the subjects were given thorough information about the experimental
procedure by the test leader. The short term memory (STM) test and the Borg CR10 scale for ratings of
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motion sickness were explained. Thereafter, equipment for psychophysiological measurements was fitted
to the subject. The subjects then entered the optokinetic drum and sat down in a chair, finding a relaxed
position. A practice set of the STM test was given at this point to ensure that the test was correctly
understood by the subjects. The subject sat in the drum with eyes open for approximately five minutes
before the motion sickness triggering exposure began as the drum started to rotate. Data acquisition
began during this acclimatization period. The last minute before start of drum rotation was used as
baseline data for the analyses. Throughout the exposure period, the subject was asked to rate the degree
of motion sickness every minute on the Borg CR10 scale. The subject was also given two sets of sentences
from the STM test every minute, starting at the last three minutes of the acclimatization period. This
procedure continued throughout the optokinetic drum exposure. The optokinetic stimuli lasted for a
maximum of 25 minutes and the subject could terminate whenever he/she wanted to, but was asked to
try to continue for as long as possible. When the exposure period ended, the drum was put to an
immediate halt and the subject could come out of the drum at will. The procedure of getting out of the
drum and having the measurement equipment removed took approximately 5 minutes.
Because test lengths varied across individuals, only selected minutes of the test were used for data
analyses. Analyses were performed on data collected during the minute before start of drum rotation
(baseline), first minute of drum rotation (start), the middle minute of each subject’s exposure (middle) and
the last minute of the test (stop), which was either after 25 min or when the subject chose to terminate.
Differences from baseline were used for the statistical tests and these were calculated at the three time
points during drum rotation (start, middle, and stop).

3.3.2 PAPER II
The subjects were given instructions on how to prepare for the experiment as explained above for Paper I.
Upon arrival at the laboratory, the experimental procedure was explained and the subject was given
instructions of the continuous recognition task (CRT) and of the Borg scale. The CRT consists of three
consecutive phases. It starts with encoding of familiar words before drum exposure, followed by encoding
and retrieval of words during drum rotation and, finally, a retrieval phase after drum exposure. The
purpose of using the CRT was to investigate the ability to encode and recognize words presented during
motion sickness. An initial questionnaire was completed before the experiment with questions regarding
susceptibility to, and previous experiences of, motion sickness. Thereafter, equipment for
psychophysiological measurements was fitted to the subject.
The experiment began with the first phase of the CRT. Thereafter, the subject entered the optokinetic
drum and followed the procedure for optokinetic drum exposure described above. When the subject first
scored 2 or more on the Borg CR10 scale (corresponding to weak sensations of motion sickness) phase
two of the CRT began and lasted for eight minutes. After phase two of the CRT, the drum exposure
continued for a maximum of 25 min for collection of psychophysiological data. After drum exposure, the
last phase of the CRT was completed. Each subject also completed a questionnaire regarding their
experience of the optokinetic drum exposure and the CRT.
As in Paper I, four time points; baseline and the first, middle and last minute of each subject’s drum
exposure were selected for analysis of the development of psychophysiological variables over time.

3.3.3 PAPERS III‐IV
The subjects who met the inclusion criteria after the clinical examination returned for a second visit at the
laboratory. They were familiarized with the laboratory equipment and received material for saliva
collection at home. The subjects also received a background questionnaire to be completed at home and
brought back at the next visit. After receiving thorough information on how to carry out the salivary
cortisol measurements at home, the subjects were scheduled for a third visit and informed how to
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prepare for the experiment. They were instructed not to use any medications two days before the
experimental day, except paracetamol preparations if needed, and to refrain from intake of caffeine and
nicotine 12 hours prior to the study. Subjects were also instructed not to perform any strenuous exercise
of the neck/shoulders on the day preceding the experiment.

Figure 3. Experimental protocol. The continuous recordings were electromyogram, electrocardiogram, skin conductance and
respiration. Subjective ratings comprised pain intensity ratings and the stress‐energy questionnaire.

The third visit comprised the experimental session (Figure 3). On the experimental day, the subjects had
breakfast at home and reported to the laboratory in the morning. During the stay in the laboratory, the
subjects were not allowed to drink or eat anything except the water and meal provided by the
experimenter at specific points in time (Figure 3). Firstly, a physician met the subject and it was checked
that she had understood the experimental part of the study and still wanted to participate, that no
important changes had occurred in her medical status and that the instructions with respect to
pharmacological treatment, exercise, food intake and caffeine/nicotine had been followed.
Two custom‐made microdialysis catheters were inserted into the trapezius muscle at a standardized
anatomical point on the most painful side for the MYA group and on the dominant side for the CON group,
as described by Larsson et al. (116). Results from microdialysis and details regarding the microdialysis
method are not included in this thesis and will be presented elsewhere. Thereafter, the subjects rested for
120 min to allow the tissue to recover from possible changes in the interstitial environment caused by the
minimal trauma of catheter insertion (166). Equipments for blood pressure measurements and continuous
psychophysiological recordings were fitted to the subject. During this resting phase, the subject was given
a standardized meal (20g protein content), which was served 80 min into the resting phase.
The experiment was carried out in 20‐min periods, starting with a baseline period – still at rest. During
baseline, the subjects were seated in a comfortable chair and were told to avoid movements activating
the neck/shoulder muscles. The baseline period was followed by five consecutive 20‐min periods of
repetitive low‐force work using three work stations described below. Each of the low‐force repetitive
work tasks was performed the entire 20‐min period before switching to the next work station. The
purpose was to exacerbate pain in the MYA group, especially in their most painful trapezius muscle, by
performing repetitive exercises predominantly with their most painful side.
During the work period, the three work stations were alternated in 20‐min intervals starting with
Simulated Assembly, that was performed only once, followed by the Fine Finger Dexterity and peg‐board
exercises that both were performed twice. Following these exercises, the subjects performed the Trier
Social Stress Test (TSST). Lastly, four 20‐min recovery periods at rest finalized the experiment.
Electrocardiogram, skin conductance, respiration, and surface electromyogram signals were continuously
recorded, starting at the baseline period. For the statistical analyses, 5‐min segments were collected from
each 20‐min period and heart rate and respiration rate were calculated from each segment. Default 5‐min
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segment was minute 10‐14 within the 20‐min period, which was chosen in order to minimize disturbances
from movement and other measurements made in the beginning and at the end of each 20‐min period.
Blood pressure measurements were made every 20 min during baseline and work periods, increasing to
every 10 min during TSST and recovery.

3.4 EXPERIMENTAL STRESSORS
Here, the term stressor is used in a wide sense describing any internal or external factor that makes
demands on an individual and tends to disrupt homeostasis. Standardized stressors such as public
speaking, mental arithmetic, or cold pressor tests, provide a controlled way in which to examine the effect
of stress on psychophysiological variables. Within minutes, these controlled stressors lead to increased
concentrations of circulating catecholamines, corticotropin, and cortisol, and increases in heart rate, blood
pressure, sympathetic nerve outflow, haemostatic factors, and blood viscosity, and impair endothelial
function (26, 51, 109, 123).
Laboratory stressors offer the advantage of standardization across test sessions and elicit reliable
responses in a multitude of psychological, physical and metabolic challenges to the HPA axis and SAM
system (143). It is important to remember, however, that laboratory conditions are controlled
approximations of daily stressors and one should be cautious about generalizing the pattern of responses
seen in artificial settings to real‐life situation.

3.4.1 OPTOKINETIC DRUM (PAPERS I‐II)
In order to induce motion sickness and its associated psychophysiological responses, a rotating
optokinetic drum was used. The drum was 104 cm high and 120 cm in diameter, and the interior was
covered with alternating 7.5 cm black and 7 cm white vertical stripes. During the exposure time, the drum
rotated at a velocity of 10 rpm or 60°/s (84). The only light source in the room except for a computer
screen was a 25 w halogen lamp placed above the drum. The subjects wore a black peaked cap to prevent
them from direct visual stimuli from above and the floor was covered with a black cloth to minimize input
from the peripheral vision. The subject sat in a chair that was adjusted so that the subject’s head would be
approximately in the centre of the drum.
Optokinetic drums have been reported to provoke motion sickness in 50% of healthy adults (180), with
equal severity of perceived motion sickness among men and women (152). However, the provocative
power of the optokinetic drum depends on several factors such as rotation velocity, irregularities in the
drum surface, drum tilt, and head movements (20, 27). Under any kind of constant rotation (either self‐
motion or vection) with the head not fixed, (pseudo) Coriolis and Purkinje phenomena, i.e., disorienting
and nauseating feelings associated with head tilt during constant velocity rotation, may be present and
the onset of motion sickness will be faster (20). Bles (16) claims that pure optokinetic stimulation, with the
head completely fixed, only induces a sensation of self‐rotation and is not accompanied with motion
sickness symptoms. Therefore, the subjects’ heads were not fixed in the present thesis. The subjects were,
however, asked not to move during the experiment and instructed to keep their heads still and eye gaze
straight forward to avoid a very fast development of motion sickness due to (pseudo) Coriolis effects.

3.4.2 WORK STATIONS (PAPERS III‐IV)
Two standardized work stations (Valpar Component Work Stations, VCWS; Valpar, Tucson, USA) and one
peg‐board exercise were utilized. The work pace for each station was determined by pilot trials and set to
meet the requirements in the VCWS protocols.
The VCWS08, Simulated Assembly, is a repetitive assembly work requiring manipulation and bilateral use
of the upper extremities. The work sample exercise is characteristic for conveyor belt‐assembly jobs, in
which the product moves towards and away from the workers on an assembly line. The subject was
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positioned in front of the work sample and, as the assembly wheel turned at a constant speed, she made
as many three‐part assembly operations as possible within the 20 min time limit. First, the subject placed
a pin in a hole on the assembly wheel. Next, she placed a spacer on the pin and finally a cap on top of the
spacer. Correct assemblies were automatically counted and recycled back into part bins at the front of the
work sample. The subjects were instructed to keep a rate of 13 assemblies per minute, which was checked
by the experimenter.
The VCWS204, Fine Finger Dexterity work sample, simulates sedentary work and, in this study, two
exercises were performed. In the first exercise, the subject used her hand on the dominant/most painful
side to turn five grooved metal rods (finger screws) into a bar and then turn the five screws all the way out
of the bar again, as quickly as she could. In the second exercise, wiring, the subject threaded a nylon wire
through 20 metal pins that first needed to be lifted out of holes and held in place by reverse‐tension
tweezers as the wire was threaded. The subjects were instructed to work as fast as they could and to
strive for two or more complete cycles during the work period.
The peg‐board exercise, a repetitive arm movement task that was performed with the dominant/most
painful arm, consisted of moving short wooden sticks (11.8 g) back and forth between standardized
positions 30 cm apart on a pegboard at a frequency of 1 Hz indicated by an electronic metronome (Korg
Inc., Tokyo, Japan); for details see (166).
These work stations were chosen because of their highly standardized protocols. The purpose was to
induce a significant increase in pain intensity in the neck/shoulder area in the MYA group. Sjøgaard et al.
(173) have reported that pain intensity increased from 35 mm to 54 mm after 40 min of performing the
peg‐board exercise in workers with less severe trapezius myalgia and Rosendal et al. (166) reported an
increase from 29 mm to 70 mm after 20 min peg‐board exercise in MYA patients. The VCWS tasks’
effectiveness to induce pain has not been reported. They are, however, widely used for assessment of
work ability and their protocols have been tested for temporal reliability (194). The rationale behind
alternation of different work stations was to ensure that pain intensity increased gradually; enabling the
MYA subjects to complete all five 20‐min work periods.

3.4.3 PSYCHOSOCIAL STRESS (PAPERS III‐IV)
The Trier Social Stress Test (TSST) is a standardized psychosocial stressor which was described by
Kirschbaum et al. (105). The TSST protocol consists of a 10‐min preparatory and information period, a 5‐
min speech and a 5‐min mental arithmetic task. The TSST took place between 1300h and 1530h for all
subjects to minimize confounds from diurnal variation in hormone levels. All experimental sessions were
scheduled day 1‐10 in the menstrual cycle (i.e. the follicular phase) since cortisol reactivity to the TSST
changes over the menstrual cycle (104).
Summarized, the subject was led to the TSST room where she was instructed to stand behind a
microphone in front of a committee, consisting of two men and one woman. The experimenter instructed
the subject to deliver a 5‐min speech as for a job application, for which she had a few minutes to prepare,
and that a second task would follow. After the job interview the subject solved a mental arithmetic task,
where she had to count aloud backwards from 1687 in steps of 13 as quickly and correctly as possible. In
case of miscalculation the subject had to start over from 1687. The mental arithmetic task also lasted
5 min. Before starting, the subject was informed that the whole session would be videotaped and voice
recorded and that the committee was trained in behavioural observation. This incorrect information was
given as an additional stressor and was explained to the subject in a debriefing session after completion of
the TSST.
The TSST is a valid and reliable protocol used to induce moderate psychosocial stress, with associated HPA
axis and autonomic nervous system arousal (105). This stress protocol has been found to induce significant
19

cortisol, ACTH, and cardiovascular responses at the first exposure in 70‐80% of all subjects (168). Various
stress tasks commonly employed in the laboratory have different potencies in their ability to reliably
evoke HPA axis responses (14). Dickerson and Kemeny (51) concluded in a meta‐analysis that the
components of social evaluative threat and uncontrollability of the TSST render it a reliable tool to elicit
robust physiological stress responses.

3.5 MEASUREMENTS
3.5.1 SUBJECTIVE REPORTS
3.5.1.1 M OTION SICKNESS (P APERS I‐II)
The Borg CR 10 scale (19) was used to obtain subjective ratings of
perceived motion sickness once every minute during baseline and
exposure period of the optokinetic drum experiments. The Borg
scale is a verbally level‐anchored ratio scale, also called category
rating (CR) scale. This scale uses verbal anchors to describe selected
levels of the scale, which increases comparability (Figure 4). The
CR10 scale ranges from 0 (nothing at all) to 10 (extremely strong).
Here, the question connected to the Borg CR10 scale was: “(Right
now,) what degree of motion sickness are you experiencing?”. The
Borg scale has previously been found to correlate well, i.e., rho>0.8
(2) with the Malaise score on the symptom diagnostic scale (72).
The subject was instructed to use the verbal anchors when
describing motion sickness, and was told that whenever he/she
could not remember the right verbal anchor, the test leader would
read them out loud until the subject found the one that best
described his/her level of motion sickness.

♦
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Weak
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Nothing at all

Figure 4. Borg CR10 scale

3.5.1.2 P AIN INTENSITY (P APERS III‐IV)
In Papers III and IV, the subjects were asked to rate their pain intensity on a horizontal graphic rating scale,
i.e., a visual analogue scale with numbers (0 – 10) provided along the scale for guidance. The scale was
drawn on a 100‐mm line and anchored with "no pain" and "worst possible pain”. Pain ratings concerned
pain intensity in the trapezius muscle of both the dominant (CON) or most painful (MYA) side (PAINdomp)
and the contralateral side (PAINclat). Pain ratings were obtained at the end of each 20‐min period,
throughout the experiment.

3.5.1.3 S TRESS ‐E NERGY QUESTIONNAIRE (P APERS III‐IV)
Every 20 min throughout the experiment, subjects completed the Stress–Energy Questionnaire (106),
which is an instrument with two scales that measure two critical aspects of mood at work. The Stress
scale represents a dimension ranging from positively evaluated low activation (relaxed) to negatively
evaluated high activation (distressed), whereas the Energy scale deals with the dimension ranging from
negatively evaluated low activation (dull) to positively evaluated high activation (enthusiastic). The
instrument includes 12 adjectives, six in each dimension. Three adjectives within each dimension are
positively loaded and three are negatively loaded. The checklist uses a six‐point response scale (0–5) for
each item, ranging from “not at all” to “extremely”. The following items are included: “rested”, “relaxed”
and “calm” (low stress); “tense”, “stressed” and “pressured” (high stress); “active”, “energetic” and
“focused” (high energy); “dull”, “inefficient” and “passive” (low energy).
Stress and energy scores are calculated as mean ratings of the six items after reversal of the items
standing for low stress and low energy. High values thus indicate a high stress and high energy level,
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respectively. For the Stress scale, the neutral point (neither stressed nor calm) has been calculated to be
2.4, and for the Energy scale the corresponding value is 2.7. The Stress‐Energy questionnaire is a valid
instrument for assessing stress at work (107).

3.5.1.4 TSST QUESTIONNAIRE (P APER IV)
Directly following the TSST, the subjects were asked to rate their experiences during the psychosocial
stress test. Five different statements were connected to separate horizontal 100mm VAS anchored with
“not at all” and “completely agree”. The subjects were asked to rate if the TSST was Stressful, if they were
Satisfied with their own performance, whether it was Important to perform well, if the test was seen as a
Challenge and if it was Threatening.

3.5.1.5 B ACKGROUND QUESTIONNAIRE (P APER IV)
The background questionnaire comprised pain intensity ratings and six instruments concerning different
aspects of pain, health and psychological factors. These instruments were chosen since chronic pain
conditions are frequently associated with catastrophizing thoughts (99), poor quality of life (31, 192),
anxiety and depressive symptoms (5, 7), and sleep‐related problems (133), as mentioned above. More
comprehensive descriptions of the instruments and details regarding their validity and reliability can be
found in (30) and/or in the references given below.
Habitual pain intensity ratings of the neck and shoulder regions. For the ratings of pain intensity,
horizontal VAS were used; the scales were 100 mm long with defined end points (“no pain” and “worst
possible pain”). The questions regarding pain intensity concerned the previous 30 days.
Anxiety Sensitivity Index (ASI) is a 16‐item self‐reported questionnaire (161). Each item asks about the
amount of fear the participant experiences in regard to bodily sensations commonly associated with
anxiety. The ratings on the 16 items are summed for a total ranging from 0 to 64.
Hospital Anxiety and Depression Scale (HADS) is a self‐rating scale in which the severity of anxiety and
depression is rated on a 4‐point scale (78, 210). Seven questions are related to anxiety and seven to
depression, both dimensions have a score range of 0–21. A score of 7 or less indicates a non‐case, a score
of 8–10 a doubtful case, and 11 or more a definite case.
The Pain Catastrophizing Scale (PCS) is a 13‐item self‐report measure designed to assess catastrophic
thoughts or feelings accompanying the experience of pain (151, 184). Respondents are asked to reflect on
past painful experiences and to indicate the degree to which each of the 13 thoughts or feelings are
experienced when in pain. A total score ranging from 0 to 52 was added up.
Quality of Life Scale (QOL) is composed of 16 items that together describe the quality of life concept (28).
The subjects estimated their satisfaction with their current situation. A higher total score, ranging from 16
to 112, shows higher satisfaction.
General Self‐Efficacy Scale (GSES) is a 10‐item psychometric scale that is designed to assess optimistic
self‐beliefs to cope with a variety of difficult demands in life (124, 169). Scoring is done by adding the
responses, yielding a total score between 10 and 40.
Karolinska Sleep Questionnaire (KSQ) was used to assess sleep disturbances and fatigue over the past six
months (98). KSQ comprises 15 items rated on a five‐point scale and three indices were calculated from 12
of the items: “Awakening problems”, “Daytime sleepiness, and “Sleep disturbances”.

3.5.2 PSYCHOPHYSIOLOGICAL MEASUREMENTS
Measurements of electrocardiogram (ECG), skin conductance, blood volume pulse, respiration, and skin
temperature were carried out with the same 8‐channel recording system (14 bit resolution) and sensors in
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all studies (ProComp Infiniti, Thought Technology, Montreal, Canada). Skin conductance, blood volume
pulse, respiration, and skin temperature were sampled at 32 Hz, whereas ECG was sampled at 256 Hz. The
systems for wireless transmission, presentation and storage of data were, however, different. In paper I
and II, the MobileMe system (Biosentient, Houston, USA) was used, whereas Paper III used Tele‐Infiniti
Bluetooth transmission and BioGraph Infiniti software (Thought Technology, Montreal, Canada).

3.5.2.1 H EART RATE (P APERS I‐III)
An electrocardiogram (ECG) was recorded with a standard lead II placement. The negative electrode was
placed on the right clavicle, the ground electrode on the left clavicle and the positive electrode was placed
on the lower left side of the chest. The electrodes used were disposable pre‐gelled Ag/AgCl electrodes.
Channel input range was 0‐12 mVRMS with a bandwidth of 0.05 Hz‐1 kHz and accuracy ±3µVRMS.
Heart rate (HR, beats/min) was calculated via R‐peak detection. ECG data were band pass filtered with a
2nd order digital Butterworth filter cutting off frequencies below 1 Hz and above 40 Hz. The approximate
derivative of the filtered data was calculated as the difference between successive data points. R‐peaks
were then detected from the differentiated signal using individual thresholds.
Changes in heart rate depend on parasympathetic nervous system activity via the vagus nerve and
sympathetic nervous system activity. The vagus nerve inhibits the pacemaker activity of the sinoatrial
node and slows the firing rate from its spontaneous discharge at 120 beats/min to approximately 70‐80
beats/min (3). The SNS acts to increase cardiac output in certain emotional states or at extreme levels of
exercise, although HR increases are most often due to decreased vagus nerve inhibition.
HR has been reported to increase during exposure to motion sickness triggering stimuli, especially among
those reporting nausea (46, 79, 83). However, it has been suggested that the temporal development of HR
or mean HR over the entire exposure period does not necessarily reflect the progressive changes in
sickness (81, 83), thus emphasizing the need to analyze the relationship between HR and motion sickness
ratings. Increased baseline HR has been found in patients with neck/shoulder pain (66) and low back pain
(96). Studies of chronic pain patients’ responses to stressors have reported great variation, including
decreased, normal, and increased HR reactivity (94, 144, 190).

3.5.2.2 H EART RATE VARIABILITY (P APER II)
Heart rate variability (HRV) parameters were calculated from each 1 min segment of the recorded R‐peak
intervals of the ECG using Kubios HRV Analysis Software (The Biomedical Signal Analysis Group,
Department of Applied Physics, University of Kuopio, Finland) (146). Firstly, the raw R‐R interval data were
visually inspected for noise or ectopic beats and artefacts were edited using linear interpolation. One of
the time‐domain HRV measures, root mean square of successive differences (RMSSD) of normal R‐R
intervals, was used in the present study. Prior to HRV analysis in the frequency domain, R‐R data were
resampled at 4 Hz using cubic interpolation. The frequency‐domain variables were calculated using Fast
Fourier Transform and included the power spectra integrated over the low‐frequency (LF, 0.04–0.15 Hz),
and high‐frequency (HF, 0.15–1.0 Hz) bands. Spectral power density was expressed in absolute units (ms2).
The HF band is known to be related to the parasympathetic nervous system efferent activity and is
synchronized with respiratory rhythms. The LF band is related to both the sympathetic nervous system
and parasympathetic nervous system efferent activity (12) but is generally used as an indicator of cardiac
sympathetic activity (189). Finally, the LF/HF ratio was calculated as a measure of the balance between the
sympathetic nervous system and parasympathetic nervous system efferent tones.
Increasing LF power and LF/HF ratio and decreasing RMSSD and HF power have been found in response to
motion sickness stimuli (83, 209) and with increasing motion sickness ratings (81), but contradictory
results have been reported regarding HF power (149).
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3.5.2.3 S KIN CONDUCTANCE (P APERS I‐III)
Skin conductance level (SCL) was measured by two disposable pre‐gelled Ag/AgCl electrodes with 1cm
contact area diameter. In Papers I‐II, the electrodes were placed on the volar surface of the medial
phalanges of the left index and middle fingers. In Paper III, the electrodes were, instead, placed on the
thenar and hypothenar eminences on the non‐dominant/least painful side to allow the use of both hands
during the work periods. Channel range was 0–30.0μS with ±0.2µS accuracy. During SCL recordings, the
potential across the electrodes was held constant at 0.5V.
SCL is a measurement of electrodermal activity (EDA) and one of the most widely used
psychophysiological responses. EDA reflects sympathetic nervous system activity and is thus closely linked
with the psychological concepts of emotion, arousal and attention (33 pp. 200‐223). It is a sensitive
indicator of changes in cognitive and emotional state (85). Most researchers use the volar surfaces of the
fingers for electrodermal recordings. Bouscein (22) recommend the medial or distal phalanges of the index
and middle finger for high sensitivity SCL measurements.
A number of studies have shown that SCL recorded at palmar finger sites is significantly correlated to
severity of motion sickness (83, 195, 196). Higher baseline SCL and larger skin conductance reactions in
response to sound and painful stimulation has been found among patients with chronic low back pain (18,
156).

3.5.2.4 R ESPIRATION (P APER II)
Respiration, measured as chest expansion, was recorded using a strain sensitive sensor strapped around
the chest. Respiration rate (Resp, breaths/min) was computed breath‐to‐breath from the respiration
signal via peak and trough detection.
Respiration is both voluntary and involuntary, as the respiratory system, although mostly controlled by
striated muscles, is also innervated by the autonomic nervous system. Despite its central role in
maintaining the basic life processes of the organism, the respiratory system has attracted only limited
attention in psychophysiology (33 pp. 265‐293). Variations in the pattern of breathing have been
associated with emotional experiences and psychopathology (33 pp. 265‐293) and respiratory dysfunction
is one characteristic symptom of stress and over‐activation (85). Analysis of respiratory patterns may also
yield information about cardiovascular regulation, particularly in conjunction with recordings of heart rate
variability (85).
Respiration rate has been shown to increase during motion sickness exposure and/or with increasing
motion sickness ratings (46, 182, 209), although contradictory results have been reported (65). Altered
respiration has been found in chronic pain patients, even though specifics are still at issue, and various
respiration measurements have been recommended for evaluation of patients with musculoskeletal pain
(97, 113, 200).

3.5.2.5 S KIN TEMPERATURE (P APER II)
Skin temperature (Temp, °C) recordings were derived from a thermistor placed on the little finger of the
left hand. Channel range was 10°C ‐45°C with േ1°C accuracy.
For short‐term changes in temperature, finger temperature is a more suitable measure than the usual
core temperature since finger temperature may be used as an indicator of mental strain (6). When
sympathetic arousal occurs, vasoconstriction in dermis decreases blood flow and temperature, which is
why shell temperature readings can be seen as a measurement of ANS activity. Relaxing increases skin
temperature, whereas stressful environments will cause decreases in skin temperature (6). Skin
temperature has been reported to decrease during motion sickness stimulation (103).
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3.5.2.6 B LOOD VOLUME PULSE (P APERS I‐II)
Blood volume pulse (BVP) measurements were made with a photoplethysmography (PPG) probe placed
on the left ring finger. The PPG signal was displayed as percentage reflected infra‐red light, ranging from
0% to 100% with േ5% accuracy. BVP (arbitrary unit, a.u.) was calculated as the relative amplitude (peak‐
to‐trough difference) of the PPG signal.
BVP measured through the PPG technique reflects changes in blood volume within a tissue segment. Since
vasomotor activity is controlled by the sympathetic nervous system, the BVP measurements can display
changes in sympathetic arousal. An increase in the PPG signal amplitude indicates decreased sympathetic
arousal and greater blood flow to the peripheral vessels (85). BVP has been reported to correlate
negatively with motion sickness (182) and to decrease during exposure among highly susceptible subjects
(46).

3.5.2.7 P UPIL SIZE (P APER I)
Pupil size was recorded by a ViewPoint EyeTracker® (Arrington Research Inc., Scottsdale, AZ, USA). The eye
tracker is video‐based and consists one forward pointing scene camera, recording the visual field, one
infrared (IR) light emitting diode and a CCD array, sensitive to light in the IR spectrum, all mounted on a
lightweight spectacle‐style frame. The IR light is transmitted into the eye and the reflected light is
detected by the CCD array. Pupil size can then be detected from this image since IR light is not reflected
from the pupil and this structure appears as a dark circle in the image.
Dilations and constrictions of the pupil are governed by the autonomic nervous system (3). Neurons of the
PNS innervate circular fibres of the iris, causing pupillary constriction, whereas excitation by SNS neurons
causes the radial fibres to produce dilation. Any sensory occurrence ‐ whether tactile, auditory, gustatory,
olfactory or noxious – evokes a pupillary reflex dilation mediated by the sympathetic nervous system (33
pp. 142‐162). Pupil dilation has been found to vary directly with momentary cognitive load (3). Pupil size
changes during motion sickness have, to the best of my knowledge, not previously been reported.

3.5.2.8 B LOOD PRESSURE (P APER III)
Blood pressure measurements were carried out with the oscillometric method using an automatic
ambulatory blood pressure monitor (90217 ABP monitor; SpaceLabs, Redmond, USA). Measurements
were done in the non‐dominant/least painful arm and appropriately sized cuffs according to arm
circumference were used. Systolic, diastolic and mean arterial blood pressures were recorded in each
measurement. The mean arterial pressure (MAP, mmHg) refers to the average pressure during the cardiac
cycle and reflects the average effective pressure that drives the blood through the circulatory system (3).
In Paper III, blood pressure measurements were made every 20 min during baseline and work periods and
every 10 min from TSST and onwards.
Blood pressure is regulated through the baroreceptor reflex, through renal control of body fluids and by
hormonal control acting through water retention or depletion (85). Heart rate and blood pressure are
inversely related through the baroreceptor reflex but under certain conditions, such as exercise or
unpleasant stimulation, blood pressure and HR may increase together (3). In psychophysiological research,
the nervous control of blood pressure has been most studied. Baroreceptor activity, although conceived of
as a reflex with internal homeostatic control, is also controlled centrally and under psychological influence
(85). Attenuated blood pressure response to a functional test (isometric handgrip) has been found among
patients with neck pain (66).

3.5.2.9 M USCLE ACTIVITY (P APER III)
Surface electromyogram (EMG) signals were recorded from the descendent part of the trapezius muscle
and the deltoid muscle on the dominant/most painful side using surface electrodes positioned according
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to SENIAM recommendations (77). The skin was first dry shaved and then cleaned with an alcohol and
ether solution (4:1). Two recording silver‐chloride electrodes (Ambu, Ballerup, Denmark), with a diameter
of 7 mm, abraded with redux paste, were placed 20 mm apart (centre to centre distance) on the skin. A
reference electrode was attached over the process spinosus at C7 level.
The electric signals were recorded with a digital wireless acquisition system featuring differential high
impedance (>10GΩ) inputs, ‐50mV to +35mV range, 0‐280Hz bandwidth, and <3µVRMS noise. Each channel
was A/D converted with 16 bit resolution at 1,000 samples per second, and the data were stored on a
computer. The EMG recording system was custom made by the Department of Biomedical Engineering
and Informatics, University Hospital, Umeå, Sweden. When the electrodes were applied, the signal quality
was checked visually on the screen of the PC. The recording of EMG data started at the baseline period
and continued throughout the experiment. For the recordings during the experiment, 5‐min segments of
EMG data were collected from the middle of each 20‐min period.
Before the experiment, reference recordings were performed to relate the EMG activity during the
experiment, since individual differences in muscle size, thickness of skin and subcutaneous fat etc. can
influence the signal strength. The reference recordings also provide a possibility to investigate the
subject’s ability to relax the trapezius muscle when instructed to do so. The subject was first instructed to
relax the neck/shoulder muscles completely with her hands passively resting on the thighs while sitting
comfortably. Thereafter, the subject performed two brief (5‐6 sec) static shoulder forward flexions (90
degrees) with a 2 kg dumbbell, resting 1‐2 minutes between the contractions. The reference recordings
ended with another neck/shoulder relaxation. From these recordings, four 5‐sec segments were selected
for analysis, i.e., two relaxation segments and two contraction segments.
EMG data were high pass filtered with 6th order digital Butterworth filters cutting off frequencies below
15 Hz. In order to suppress distinct interference from the power mains, 1 Hz wide 3rd order Butterworth
notch filters centred at 50 and 100 Hz respectively were applied. Root mean square (RMS) amplitude (µV)
was calculated in the time domain for each 5‐min segment from the experiment and 5‐sec segment from
the reference recordings. The variables were denoted EMGtrap for the trapezius muscle and EMGdelt for
the deltoid muscle. Prior to filtering and RMS calculation, the raw data were checked for amplifier output
clipping due to large DC levels appearing if the subjects happened to squeeze the EMG electrodes: data
points being closer than 0.5 mV to maximal positive or negative amplifier input range, and their neighbour
data points, 1 s before and 1 s after, were considered unreliable and were discarded. In total, 5.5% of the
trapezius EMG data and 5.8% of the deltoid EMG data were discarded.
Muscle activation occurs in response to physical demands but is also intimately linked to emotional and
cognitive processes (85, 122). EMG recordings can reveal muscular activity or patterns of activity too small
or fleeting to evoke detectable movements or whose corresponding muscle contractions are counteracted
by contraction of an antagonist (33 pp. 163‐199). Psychophysiologists prefer surface rather than needle or
fine‐wire electrodes for EMG recordings, since surface EMG electrodes detect the summated
motor/muscle action potentials from an indeterminate cluster of motor units rather than a single unit.
They correlate well with the overall level of contraction of muscle groups underlying and near the
electrodes (85). There is increasing evidence of higher trapezius muscle activity in patients with different
types of chronic neck pain compared with asymptomatic controls (55, 89, 185, 187), but contradictory
results have also been reported (116, 198, 204).

3.5.2.10 S ALIVARY CORTISOL (P APER IV)
The daytime circadian rhythm was assessed through cortisol samples collected at home using Salivette
tubes (Sarstedt, Landskrona, Sweden). For assessment of the individual cortisol response to awakening,
saliva samples were collected in the morning, immediately after waking up, and 30 minutes thereafter.
Moreover, subjects collected saliva samples 2 h after lunch and between 10 and 11pm in their natural
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environment. The subjects were free to choose a typical weekday (Monday to Friday) for collection of the
circadian profile approximately 2 weeks before the laboratory trial. Subjects were instructed not to
smoke, drink caffeine, eat or brush their teeth 1h before each sampling and to rest 30 min before each
sampling. This instruction was given verbally as well as through detailed written information
accompanying the sampling tubes. On the experimental day, saliva samples were collected at the end of
the baseline period, after the first work period and at the end of the last work period. During and after
TSST, samples were taken every 10 min, with the exception of the very last 20‐minute recovery period in
which only one sample was taken. Twelve cortisol samples were taken in total during the experimental
day. Samples were stored at ‐20°C until they were assayed. Free cortisol levels in saliva were analyzed by
the Laboratory for Clinical Chemistry, Linköping University Hospital, using a commercially available
enzyme immunoassay kit (Salimetrics, State University, PA, USA). The sensitivity of the measurement was
<.003 µg/dL.
From the four measurements taken in daily life, two variables were constructed and compared between
groups.
1) The difference between the second and first morning samples, which was used as a
measurement of the cortisol awakening response (CAR).
2) The difference between the highest and the lowest measurements taken in daily life (Range).
From the measurements taken during the experiment, two different area under curve (AUC)
measurements were calculated as described by Pruessner et al. (158). The applied formula takes sampling
times into consideration, accounting for different time spans between samples. Two additional variables
were obtained from the experimental day, as described below.
1) Area under the curve with respect to ground (AUCg) from start of the TSST and onwards.
2) Area under curve with respect to increase from pre‐TSST level (AUCi) for the measurements from
TSST and onwards.
3) Peak cortisol in response to TSST.
4) The time point with the highest cortisol value after the start of TSST (peak time point).
Because endocrine stress reactivity can only be validly assessed in those who respond to the stressor (9),
all analyses of cortisol data were first carried out with all subjects and thereafter they were re‐run
including only responders. Subjects were defined as responders if their TSST‐induced salivary cortisol
response reached at least 2.5 nmol/l above the pre‐TSST level (sample 3), an elevation which is thought to
reflect a cortisol secretory episode (168).
Salivary cortisol is one of the most common measurements of stress‐related HPA‐axis responses and is
considered a valid biomarker of psychological stress (76). Salivary samples reflect the unbound,
biologically active ”free” fraction of cortisol and are now accepted as a better source for testing cortisol
effects than blood (26, 44). Salivary cortisol sampling is convenient in that it is not invasive and samples
are stable for several days before processing, both frozen and when exposed to widely varying
temperatures (41).
To my knowledge, there is no previous research on salivary cortisol responses among patients with
chronic trapezius myalgia. There are, however, studies involving other local or regional chronic pain
conditions, reporting normal or attenuated circadian variations in salivary cortisol (61, 62, 75) and normal
or increased response to psychosocial stress (92, 202). Salivary cortisol has also been found to decrease in
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response to a multidisciplinary rehabilitation program in a heterogeneous sample of chronic pain patients
(54).

3.5.3 PERFORMANCE
3.5.3.1 S HORT TERM MEMORY (P APER I)
The verbal short term memory test used was a modified/extended version of the Listening Span Test (48).
Originally, this test was designed to assess the simultaneous processing and short term storage resources
of working memory through judgements of sensibility and storage of sentences with increasing length. In
this study, the test was modified to only include three‐word sentences in order to keep the same difficulty
throughout the optokinetic drum exposure. The sentences in Swedish were read to the subject and after
each sentence the subject stated if it made sense. After a set of three sentences, the subjects were asked
to repeat either the first or last word of each sentence in the order they were read. As an example, a set
of sentences could be; “(The) girl was pretty”, “(The) mouse ran away” and “(The) ball talked fast”. One
set of sentences took approximately 30 seconds to read and be responded to. Performance data were
collected every minute as percentage correctly recalled first or last words. This performance measure was
denoted short term memory (STM) performance since the processing aspect of working memory (i.e., the
judgment of sensibility of each sentence) was not included.

3.5.3.2 E NCODING & RETRIEVAL (P APER II)
The cognitive test used was a modified version of a word recognition test previously used by Levin et al.
(120). It was designed to measure accuracy of encoding and retrieval of words. The test consisted of a
simple continuous recognition task (CRT) based upon four to eight letters common Swedish nouns. The
goal was to examine the encoding process by means of words being transferred to and stored in memory,
as well as the retrieval process, which was studied through measurements of the ability to recognize a
word as having been presented already. A word shown for the first time was referred to as “new” and a
repeated word was always regarded as “old”, irrespective of phase. The subjects were instructed to
memorize all words seen or heard throughout the test as any of the words could recur as an “old” word.
The test procedure started with the first encoding phase, where the subject was instructed to memorize
48 words (list A1 and A2) presented on a computer screen (Figure 5). Each word was shown for three
seconds. The second phase took place inside the optokinetic drum. In the second phase, 96 words were
presented to the subject and he/she responded “new” or “old” to each of these words. Since the subjects
were required to look at the stripes while inside the optokinetic drum for the drum to have the desired
effect, the second phase of the test had to be conducted with pre‐recorded words instead of words shown
on a computer screen. Most of these words were gathered from a website connected to the Language
Council of Sweden (121), the words not found here were recorded by the test leader using a Sony ECM‐T7
tie microphone.
The wordlist in phase two comprised 48 new words (list B1 and B2), 24 old words that were in the
encoding wordlist (list A1) and 24 repetitions of words from the 48 new words in this phase (list B1), which
were now considered as “old”. Hence, the words in the B1 list were both encoded and retrieved during
motion sickness. The recognition success for the A1 list was expected to reveal the ability to retrieve
words during motion sickness.
Lastly, a list of 96 words was presented, in which 48 were previously presented in the first or second phase
(list A2 and B2) and 48 were new (list C). The subject gave the same new/old responses to these words as
they did in the second phase. The third phase was expected to reveal the subject’s ability to encode words
during motion sickness. List A2 was a no‐motion sickness condition, since neither the encoding, nor the
retrieval of these words was done during drum exposure.
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Figure 5. The CRT protocol with the number of words in each phase and for each word list (list A1 to C). Phase two was conducted
during exposure to the optokinetic drum and, hence, under the influence of motion sickness (MS). The gray boxes indicate where
retrievals were measured.

For the analyses of performance data, retrieval was defined as a correct response to an “old” item and
retrieval rate was the conditional probability of a correct response. False alarm was defined as an
incorrect answer to a “new” word. Accordingly, false alarm rate was the conditional probability of
responding “old” to a novel item.

3.6 DATA ANALYSIS
All statistical analyses were conducted in SPSS version 15.0 for Windows (SPSS Inc. Chicago, IL, USA) and
SIMCA‐P version 11.0 (Umetrics INC, Umeå, Sweden). The two‐tailed limit for statistical significance was
set at α=0.05. Kolmogorov‐Smirnov tests were performed to identify variables not normally distributed.
An overview of the statistical analyses can be found in Table 4.
Independent samples t‐tests were used as a simple approach to compare the two groups (MYA and CON)
in Paper III and Paper IV. Possible differences between MYA and CON in Stress and Energy ratings, HR, SCL,
Resp and MAP were tested at baseline and TSST, as well as for mean values of the entire experiment. In
Paper IV, the salivary cortisol variables CAR, Range, AUCg, AUCi, peak after TSST, and peak time point were
tested.
For variables not normally distributed, tests for possible differences between groups were instead
conducted with the Mann‐Whitney U‐test. The performance measurements in Paper II were compared
between the exposure group and the control group using Mann‐Whitney U‐tests. In Paper III, possible
differences between groups (MYA and CON) in EMG reference recordings, EMGtrap, EMGdelt and pain
ratings were tested at baseline and TSST, as well as in mean values of the entire experiment. Results from
the background questionnaire and TSST questionnaire were compared between MYA and CON in Paper IV.
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In Paper II, Friedman’s test was used to assess differences in successful retrievals between the A1, A2, B1
and B2 word lists and the number of false alarms was compared between phase two and phase three with
Wilcoxon’s signed ranks test.
Spearman rank correlations were calculated in Paper I between motion sickness ratings at start, middle,
and stop and the corresponding measurements of the difference from baseline in STM performance, HR,
SCL, BVP, and pupil size (analyses not presented in the article). In Paper II, correlations were calculated
between mean motion sickness scores from phase two and retrieval and between mean motion sickness
scores from phase two and false alarm to investigate the possible influence of motion sickness on
performance. Spearman rank correlations were also calculated between pain intensity, stress ratings and
all physiological variables for each 20 min period in Paper III.

3.6.1 REPEATED MEASURES ANALYSES
Repeated‐measures analyses of variance were applied to analyze the temporal development of
psychophysiological variables in Paper II and the circadian cortisol profiles and salivary cortisol profiles in
response to the TSST in Paper IV. Corrections according to the Greenhouse‐Geisser procedure were
performed whenever sphericity was violated. Effect sizes were calculated for significant results by partial
eta squared (η2), expressing the amount of variance explained in the dependent variable by the respective
effect. Bonferroni corrected post hoc tests were performed when significant main effects were found. In
Paper II, four time points; baseline and the first, middle and last minute of each subject’s optokinetic drum
exposure were selected for this analysis. Main effects were tested for the within‐subjects factor time
(baseline, start, middle and stop) and between‐subjects factor terminate (yes or no) along with the
interaction effect time × terminate. In the analyses of circadian profiles in Paper IV, sample (sample 1 to 4
taken in daily life) was applied as the within‐subjects factor and group (MYA or CON) was applied as the
between‐subject factor. The salivary cortisol profiles in response to the TSST were analyzed with time
(sample 4 to 12 from the experiment) as the within‐subject factor and group (MYA or CON) as the
between‐subject factor. The dependent variable was the difference in salivary cortisol from pre‐TSST level
(sample 3). To test for effects of background characteristics on cortisol response patterns, questionnaire
scores from the different scales in the background questionnaire were applied as covariates one by one in
separate repeated measures analyses. Possible impacts of age, weight, BMI, circadian cortisol
measurements, TSST questionnaire scores as well as pain, stress and energy level during TSST on cortisol
responses were also tested.
Mixed model linear regression was used to examine: 1) the development of psychophysiological
responses and performance in Paper I, 2) the association between motion sickness and
psychophysiological responses in Paper II, and 3) the psychophysiological responses and subjective reports
over the entire experiment in Paper III. This is a longitudinal linear regression analysis that controls for
multiple testing of the same subject by modelling the covariance between the repeated measurements of
each individual as a clustered random effect. The intra‐subject variance is then used to calculate the
standard error of the regression coefficient. The mixed model procedure deals with missing values by
assuming them to be missing at random, without removing the individual from the dataset. When
applicable, possible interaction effects between the independent variables were also assessed and
included in the model if the interaction effect was significant. Bonferroni corrected post hoc tests were
performed when significant main effects were found. The time dependence within in each subject was
modelled as autoregressive with a single time lag (AR [1]). Similar results were obtained when the time
dependence was modelled as autoregressive moving average with single time lags (ARMA [1, 1]); these
results are therefore not presented.
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Table 4. Overview of the statistical analyses.

Statistical test

Paper I

Paper II

Independent
samples t‐test

Mann‐Whitney
U‐test

Difference between
groups (exposure and
control) in performance
measurements

Friedman’s test

Difference in retrievals of
the A1, A2, B1 and B2
word lists

Wilcoxon’s
signed ranks test

Difference between false
alarms in phase two and
phase three

Spearman rank
correlations

Between motion sickness
and difference from
baseline in STM
performance, HR, SCL,
BVP, and pupil size at
start, middle, and stop.
(not shown in article)

Repeated
measures
(M)ANOVA

Mixed model
regression

Between mean motion
sickness during phase two
and performance
measurements

Paper III

Paper IV

Difference between
groups (MYA and CON) in
Stress, Energy, HR, SCL,
Resp, and MAP at
baseline, TSST, and
overall mean

Difference between
groups (MYA and CON)
in CAR, Range, AUCg,
AUCi, peak after TSST,
and peak time point

Difference between
groups (MYA and CON) in
EMG reference
recordings and in
PAINdomp, PAINclat,
EMGtrap, and EMGdelt
at baseline, TSST, and
overall mean

Background
questionnaire and TSST
questionnaire

Between pain intensity,
stress ratings and all
physiological variables at
all time points

Within subjects: time
(baseline, start, middle,
and stop)
Between subjects:
terminate (yes or no)
Interaction: time ×
terminate
Dependent: all
psychophysiological
variables
Independent: time (start,
middle, stop) and
terminate (yes or no)
Interaction: time ×
terminate
Random: subject (1 to
38)
Dependent: STM
performance, HR, SCL,
BVP, and pupil size

Independent: motion
sickness (Borg score 0 to
10)
Random: subject (1 to 40)
Dependent: each
subject’s mean of each
psychophysiological
variable for each Borg
scale rating

Principal
component
analysis

Within subjects: sample
(sample 1 to 4 taken in
daily life) or time
(sample 4 to 12 from the
experiment)
Between subjects:
group (MYA or CON)
Interaction: sample ×
group or time × group
Dependent: cortisol
Independent: time (20‐
min sampling period 1 to
11) and group (MYA or
CON)
Interaction: time × group
Random: subject (1 to
48)
Dependent: pain
intensity, stress, energy,
EMG, HR, Resp, MAP,
and SCL
Interactions between
HPA axis reactivity,
background data, and
subjective reports after
TSST
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In Paper I, the psychophysiological variables and performance data were analyzed with the fixed factors
time (start, middle, and stop) and terminate (yes or no) and subject as a random factor. Baseline values
were used as covariates in all analyses to control for differences between subjects in baseline
characteristics. In Paper II, the relationships between subjective ratings of motion sickness and
psychophysiological measurements were investigated by calculating each subject’s mean of each variable
for each Borg scale rating. Since all subjects did not rate at all levels of the Borg scale, the mixed model
regression was suitable. The fixed factor was motion sickness (Borg score 0 to 10) whereas subject (1 to
40) was applied as a random factor. In Paper III, mixed model regression was carried out with pain
intensity, stress, energy, EMG, HR, Resp, MAP and SCL as the dependent variable, respectively. Subject (1
to 48) was applied as a random factor and the fixed categorical independent variables were group (MYA
and CON) and time (20‐min sampling period 1 to 11). Weight was applied as a covariate in the mixed
model analyses to control for the difference in mean weight between the MYA and CON groups (Table 3).
For the analyses of EMG data, all four reference recordings for EMGtrap and EMGdelt respectively were
applied as additional covariates. Since EMG data were not normally distributed, EMGtrap and EMGdelt
were ln‐transformed before analysis.

3.6.2 MULTIVARIATE CORRELATIONS
Principal component analysis (PCA), using Simca‐P, was adopted as a multivariate correlation analysis in
Paper IV. PCA is mathematic way to reduce complexity of multivariate datasets to facilitate visualization of
inherent patterns in the data. Each principal component (PC) is a linear combination of variables whereby
each successive PC explains the maximum amount of variance possible, not accounted for by the previous
PCs and each PC is orthogonal to the other PCs. The purpose of this multivariate correlation analysis was
to examine the interactions between HPA axis reactivity and background data. The two area under curve
measurements (AUCg and AUCi) made for salivary cortisol data from the start of TSST and onwards, peak
cortisol after TSST and peak time point were included as a measurement of HPA axis response to the
psychosocial stress test. Furthermore, cortisol awakening response and range over the day were entered
in the model. Background data consisted of the 11 variables obtained from the background questionnaire.
The subjective ratings made directly after TSST (pain, stress, energy and TSST questionnaire) were also
included. The PCs obtained from the analysis are the Eigenvectors of the covariance matrix for these
variables. However, since the variables were centred and scaled to unit variance, by dividing each variable
by its standard deviation, the analysis became equivalent to analyzing the correlation matrix instead of the
covariance matrix (1). A cross‐validation method was used to test the significance of the principal
components.
Variables with high loadings (either positive or negative sign) upon the same component are inter‐
correlated. Absolute loadings ≥.20 and non‐zero 95% confidence intervals were the criteria for a variable
to be of significant importance. The fraction of sum of squares of all the variables explained by a principal
component (R2) was used to describe the goodness of fit. Outliers were identified using the two powerful
methods available in SIMCA‐P+: 1) score plots in combination with Hotelling´s T2 (identifies strong
outliers); and 2) distance to model in X‐space (identifies moderate outliers).
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4 RESULTS
The main results from each paper will be presented below. Detailed results and complete statistics have
been presented in the four papers.

4.1 PAPER I
In total, 22 of the 38 participants endured the entire 25 minute exposure time, while the other 16 (8 male
and 8 female) chose to terminate due to motion sickness. Mean exposure time for those who terminated
was 14.6 min (range 4 to 24 min).

4.1.1 SUBJECTIVE REPORTS
Motion sickness ratings increased during the optokinetic exposure, although the ratings levelled out
towards the end of the test for those who endured the entire exposure (Figure 6a). In the mixed models
analysis, there was a significant time effect showing a steady increase in motion sickness from start of
exposure and onwards. All time points had significantly increased ratings compared with baseline and
compared with the previous one (Figure 6b). Those who chose to terminate the exposure generally had
higher motion sickness ratings as indicated by a significant effect of terminate. The interaction effect was
also significant, i.e., there was a steeper increase in motion sickness ratings in the terminate group. The
estimated mean difference between groups was 2.0 points (95% CI 1.4 to 2.5).

Figure 6. To the left are mean (95% CI) motion sickness ratings (Borg scores) each minute during drum rotation. The variance
increases with time in the terminate group as the number of subjects drops. The graph to the right shows mean (SEM) motion
sickness at the selected time points. Differences between time points, irrespective of group belonging, are indicated with asterisks
(* p < .05). Data presented here are differences from baseline and the horizontal line hence indicates baseline level.
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4.1.2 PSYCHOPHYSIOLOGY
4.1.2.1 T EMPORAL DEVELOPMENT
There were significant main effects of time on all psychophysiological variables, i.e., they all changed one
direction or another during drum exposure (Figure 7). HR increased above baseline values as the drum
started to rotate. Thereafter, HR decreased significantly from start to middle and from start to stop. SCL
increased at start, compared with baseline, then decreased towards the middle of the test and finally
increased significantly from middle to stop. BVP dropped below baseline at start, and then increased
significantly from start to middle and from start to stop, although there was a slight decrease from middle
to stop. Pupil size was slightly larger at start compared with baseline, but it lowered significantly at the
following time points, with each time point being significantly lower than the previous time point.

Figure 7. Mean (SEM) of differences from baseline for HR, SCL, BVP, and pupil size at the selected time points. Differences
between time points, irrespective of group belonging, are indicated with asterisks (* p < .05). Baseline level is indicated by the
horizontal line.
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4.1.2.2 E FFECTS OF TERMINATE VS . ENDURE
None of the psychophysiological variables showed a significant main effect of terminate, which indicates
that there was no overall difference between those who terminated and those who endured the
exposure. However, the time × terminate interaction was significant for HR, indicating that the
development of HR during drum exposure differed between groups. HR decreased towards the end of the
test for those who endured the 25 min exposure while it increased towards the end in the terminate
group (Figure 7a).
The group division was based on exposure tolerance, whereas others have classified participants
according to perceived motion sickness. Re‐running the analyses with a group division based on a median
split of motion sickness scores at stop revealed significantly higher SCL in the group scoring ≥5 on the Borg
scale at stop.

4.1.3 PERFORMANCE
A significant effect of terminate was seen in STM performance with significantly lower overall
performance among those who terminated the drum exposure due to motion sickness. There was also a
significant time × terminate interaction effect. The largest difference between the groups in number of
correctly recalled words was seen at the last minute of the test, in which the terminate group had
decreased STM performance and the endure group had increased STM performance, as shown in Figure
8a. The estimated mean difference between groups was ‐11 % (95% CI ‐19 to ‐3).
As for the psychophysiological variables, the analysis was re‐run with group division according to motion
sickness scores at stop, yielding results similar to those reported above (Figure 8b).

4.1.4 INTERACTIONS
Motion sickness and HR were moderately correlated at stop (ρ=.34, p=.04) indicating that subjects
experiencing higher levels of motion sickness tended to have higher heart rates during the last minute of
exposure. Performance was negatively correlated to motion sickness at stop (ρ=‐.46, p=.004), further
strengthening the finding of a negative effect of motion sickness on STM performance.

Figure 8. Mean (SEM) of difference from baseline in STM performance measured as percentage of correctly recalled words. Group
division was made according to: a) rotation tolerance (terminate or endure) or b) perceived motion sickness (Borg score ≥5 or <5
at stop). Baseline level is indicated by the horizontal line. MS denotes motion sickness ratings.
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4.2 PAPER II
Fourteen participants (6 male, 8 female) terminated the drum exposure and 26 (14 male, 12 female) sat
through the entire 25‐minute exposure period. The median exposure time for those who terminated was
16 minutes (range 5 to 22 minutes).
The repeated measures MANOVA showed significant multivariate effects of time, terminate, and time ×
terminate, allowing further univariate repeated measures analyses.

4.2.1 SUBJECTIVE REPORTS
The univariate test showed that the time effect was significant for motion sickness ratings. Motion
sickness increased significantly from each time point to the next (Figure 9a). Furthermore, the participants
who chose to terminate had significantly higher motion sickness ratings, with an estimated mean
difference (95% CI) between the terminate group and the endure group of 1.5 points (.8 – 2.1). The
interaction effect time × terminate was also significant, showing a steeper increase in motion sickness
ratings during the exposure in the terminate group.
The motion sickness ratings from phase two of the CRT increased from 2.5 points (SD .9) in the beginning
to 4.0 points (SD 1.9) at the end of the phase. The mean Borg rating for phase two was 3.3 points (SD 1.1),
corresponding to moderate motion sickness. After phase three of the CRT and just before leaving, the
mean Borg score had decreased to 0.8 points (SD 0.8), confirming that the subjects were not affected by
motion sickness to a large extent during phase three.

4.2.2 PSYCHOPHYSIOLOGY
4.2.2.1 T EMPORAL DEVELOPMENT
Results from the repeated measures ANOVAs showed that the time effects were significant for BVP, Resp,
Temp, lnRMSSD and lnHF. BVP exhibited a small but not significant decrease at the start of drum exposure
and was then significantly higher than start at middle and stop (Figure 9d). Resp increased slightly at start
and then decreased to a significantly lower level at stop compared with start (Figure 9e). Temp decreased
significantly from baseline to start and then increased to significantly higher levels at middle and stop
compared with baseline and start (Figure 9f). The time domain measurement of heart rate variability,
RMSSD, decreased significantly to the middle of the exposure compared with baseline and start (Figure
10a). HF power showed a similar development over time but the only significant difference was between
baseline and middle (Figure 10b).

4.2.2.2 E FFECTS OF TERMINATE VS . ENDURE
The participants who chose to terminate had significantly higher SCL, BVP and Temp. The estimated mean
differences (95% CI) between the terminate group and the endure group were; SCL = 4.7 µS (.2 – 9.3), BVP
= .6 a.u. (.01 – 1.1) and Temp = 2.4 °C (.2 – 4.5). There were no significant time × terminate interaction
effects.
As for Paper I, the analyses were also re‐run with group division according to a median split of motion
sickness scores at stop. This analysis yielded similar results; the difference being non‐significant main
group effects of BVP and Temp.
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Figure 9. Mean (SEM) motion sickness ratings, BVP, Resp, Temp, lnRMSSD, and lnHR for the selected time points. Differences
between time points, irrespective of group belonging, are indicated with asterisks. * p < .05, ** p < .01, *** p ≤ .001.
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Figure 10. Mean (SEM) of the HRV measurements RMSSD and HF power for the selected time points. Differences between time
points, irrespective of group belonging, are indicated with asterisks. * p < .05, ** p < .01, *** p ≤ .001.

4.2.3 PERFORMANCE
Five participants (two male and three female) never reached 2 on the Borg scale and were, hence,
excluded from analyses of performance data. Three subjects terminated the drum exposure while
performing phase two of the CRT. They continued to perform the task after the drum stopped rotating
and since they continued to rate motion sickness above Borg 2, their performance data were included in
the analyses. In total, 35 subjects from the exposure group and 20 controls were included in the analyses.
There was no significant difference in success of retrieval between the four word lists. Hence, the ability to
encode and retrieve words was the same, regardless of whether the encoding, the retrieval, or both were
carried out under the influence of motion sickness. The performance data differed significantly between
exposure group and controls in word list A2, where the exposure group actually performed better. Further
scrutinizing the data showed that this was due to a significantly lower performance of word list A2
compared with A1, B1 and B2 in the control group.
The number of false alarms was significantly higher in phase three than in phase two. A difference
between the number of false alarms indicates a change in the participants’ attention to “new” words
between phase two and three. There were no significant differences in false alarms between the exposure
group and the controls. The control group also reported a higher number of false alarms in phase three
compared with phase two.

4.2.4 INTERACTIONS
Analyses of the relationships between psychophysiology and motion sickness ratings showed that HR, BVP
and Temp increased with increasing motion sickness, whereas Resp decreased with increasing motion
sickness.
There were no significant correlations between level of motion sickness during phase two of the CRT test
and encoding and retrieval performance.
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4.3 PAPER III
4.3.1 SUBJECTIVE REPORTS
The simple group comparisons (Table 5) showed that the MYA group, as expected, reported significantly
higher pain ratings than the controls both in the dominant/ most painful side (PAINdomp) and the
contralateral side (PAINclat) at baseline, TSST and over the entire experiment. They also reported higher
overall stress ratings and higher stress during baseline than the controls, whereas energy ratings only
differed between groups during TSST, where MYA rated significantly lower Energy levels.
In the mixed model analyses, group, time and interaction effects were significant for pain ratings of both
sides. Pain intensity was, as expected, significantly higher in MYA than CON at all time points. In the MYA
group, PAINdomp continuously increased during the low‐force work, peaking at the end of the work
period, followed by a slight reduction during TSST and a slow decrease during recovery (Figure 11), never
returning to baseline levels. The pain level at the end of the work period was significantly higher than
baseline, the first work period, and the three last recovery periods. Looking only at the CON group, none
of the time points showed pain ratings significantly higher than baseline level. PAINclat increased
significantly from baseline to the third work period, further increased during the remaining work periods
and then decreased very slowly towards the end of the experiment in the MYA group. PAINclat was never
significantly above zero in the CON group. For the most painful side, mean pain ratings increased from 44
mm at baseline to 77 mm at the end of work and for the contralateral side the corresponding increase was
from 18 mm to 38 mm.

Table 5. Tests for differences between the chronic pain group (MYA) and controls (CON) in their subjective ratings, muscle activity
and autonomic variables. Mean values (SD) are given for Stress, Energy, HR, SCL, Resp, and MAP whereas medians (interquartile
distance) are given for the non‐normally distributed variables PAINdomp, PAINclat, EMGtrap and EMGdelt.
Baseline

Overall mean

TSST

Measure

CON

MYA

p-value

CON

MYA

p-value

CON

MYA

p-value

PAINdomp
(mm)

4 (10)

50 (39)

<.001

7 (10)

68 (38)

<.001

3 (10)

72 (45)

.001

PAINclat
(mm)

0 (0)

20 (25)

<.001

0 (0)

30 (36)

<.001

0 (0)

30(49)

<.001

Stress
(S-E score)

.7 (.5)

1.5 (.8)

<.001

1.5 (.5)

2.2 (.5)

<.001

3.6 (1)

3.7 (.9)

>.3

Energy
(S-E score)

1.9 (.9)

1.9 (.6)

>.3

2.6 (.5)

2.5 (.4)

>.3

3.4 (.6)

2.9 (.8)

.015

EMGtrap
(µV)

10.4 (17)

25.9 (35)

.013

37.6 (42)

56.3 (58)

.055

17.1(41)

23.2 (28)

>.3

EMGdelt
(µV)

8.8 (15)

11.8 (27)

.103

32.5 (22)

44.7 (42)

>.3

10.1 (9)

10.8 (31)

>.3

HR
(beats/min)

66.3 (8.3) 72.7 (8.0)

.013

77.9 (8.1) 80.5 (10.9)

>.3

94.6 (16)

93.2 (23)

>.3

SCL
(µS)

5.0 (4.2)

5.9 (5.6)

>.3

10.5 (4.5)

11.4 (2.9)

>.3

14.1 (5)

16.6 (5)

.123

Resp
16.3 (2.2) 16.7 (1.8)
(breaths/min)

>.3

17.5 (1.9)

17.5 (1.5)

>.3

15.6 (2)

15.1 (2)

>.3

MAP
(mmHg)

>.3

93.5 (6.7) 93.3 (10.4)

>.3

88.3 (7.7) 86.8 (9.4)

108.6 (12) 106.9 (16)

>.3

Abbreviations: domp = dominant/most painful trapezius; clat = contralateral trapezius; EMGtrap = trapezius muscle activity; EMGdelt
= deltoid muscle activity; HR = heart rate; SCL = skin conductance level; Resp = respiration rate; MAP = mean arterial pressure.
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Figure 11. Subjective ratings (mean ±SEM) during baseline (BL), work, TSST and recovery periods. The neutral points for Stress and
Energy are indicated by the horizontal dashed lines.

The group, time, and interaction effects were all statistically significant for Stress ratings. The MYA group
had higher stress ratings than controls at baseline, work periods 3, 4 and 5, and during recovery. For both
groups taken together, stress ratings were significantly higher during the work periods and TSST,
compared with baseline and recovery periods (Figure 11). Stress ratings at TSST were significantly higher
than all other time points for both groups. Moreover, stress increased in MYA during the work period,
whereas CON became more relaxed towards the end of work. CON were below the neutral point (S‐E
score 2.4, neither stressed nor relaxed) during the entire work period. MYA, however, started near the
neutral point and ended above it. Stress ratings increased to almost identical levels in MYA and CON
during the stress test, indicating that the TSST was perceived as equally stressful by both groups.
Differences emerged again during recovery where MYA were more stressed, although both groups were
below the neutral point and reported stress ratings similar to their respective baseline levels.
Energy ratings did not differ between the two groups but the main effect of time was significant. Energy
ratings were significantly higher during work and TSST compared with baseline and recovery (Figure 11).
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4.3.2 PSYCHOPHYSIOLOGY
There were no significant differences between MYA and CON groups in the reference measurements of
EMGtrap (Figure 12a). Likewise, the reference relaxation measurements of EMGdelt were not significantly
different between MYA and CON groups (Figure 12b). However, the reference contraction measurements
showed that MYA had significantly lower EMGdelt than CON when holding a dumbbell at 90 degrees
forward flexion. Simple group comparisons (Table 5) showed higher EMGtrap and HR in MYA at baseline.

4.3.2.1 T EMPORAL DEVELOPMENT
The mixed model analyses revealed significant time effects of all psychophysiological variables, indicating
that all variables showed some sort of temporal development over the course of the experiment. For both
groups, trapezius muscle activity increased during the repetitive work and was significantly elevated
compared with baseline, TSST and the last recovery period (Figure 12c). The muscle activity then
decreased when the subjects performed the TSST. During recovery, EMGtrap first increased to levels
similar to the first work period and then decreased over time, ending at levels similar to baseline at the
last recovery period. Similarly, deltoid muscle activity was higher during work compared with baseline and
TSST (Figure 12d). EMGdelt was higher than baseline level at the start of recovery and did not return to
baseline level until the last recovery period.

Figure 12. EMG measured as mean RMS (±SEM) for the reference recordings and for each 20‐min period throughout the
experiment. The reference contractions (Flex) were 90 degrees forward flexions of the arm holding a 2 kg dumbbell. BL denotes
baseline.
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HR was significantly higher during work and TSST compared with baseline and recovery (Figure 13a). It was
also significantly higher during TSST compared with the other time points. HR returned to baseline level
within the first 20 min of recovery for both groups. Skin conductance levels were higher during work and
TSST compared with baseline and the second half of recovery (Figure 13b). In addition, SCL was higher
during TSST than all other time points and SCL was significantly elevated, compared with baseline, during
the first recovery period. The respiration rates during work were significantly elevated compared with
baseline, TSST and recovery (Figure 13c). Blood pressure did not rise significantly above baseline or
recovery levels during the repetitive work (Figure 13d). However, this measurement showed significantly
higher values at TSST compared with all other time points.

Figure 13. Physiological measurements (mean ±SEM) during baseline (BL), work, TSST and recovery periods.

4 .3.2.2 E FFECTS OF MYA VS . CON
Baseline trapezius muscle activity (EMGtrap) and baseline HR was significantly higher in MYA than in CON.
The mixed model analyses revealed a significant main effect of group on EMGtrap, indicating generally
larger trapezius muscle activity in MYA than in CON. None of the other psychophysiological variables
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showed significant differences between groups. The interaction effect between group and time was not
significant for any of the psychophysiological variables and were therefore not included in the models.

4.3.3 INTERACTIONS
In MYA, pain ratings in the dominant/most painful side and the contralateral side were correlated during
TSST and recovery (rho = .54 to .74, p< .001 to .025). The pain ratings were not significantly correlated
during baseline and work. As shown in Table 6, stress and pain ratings were positively correlated during
the first three recovery periods and during the third work period. Moreover, EMGtrap was significantly
correlated with pain intensity at the first and third recovery. In addition, stress and EMGtrap were
significantly correlated only at the end of recovery. Possible significant correlations between EMGtrap and
ratings of pain and stress in the CON group were checked for but not found. Furthermore, no significant
correlations were found between autonomic variables and pain intensity or stress in the two groups.

Table 6. Correlations between pain intensity, stress ratings and trapezius muscle activity (EMGtrap) in the MYA group.
Stress and
PAINdomp

p-value

EMGtrap and
PAINdomp

p-value

EMGtrap and
Stress

p-value

Baseline

0.05

>.3

0.25

>.3

0.45

0.061

Work 1

-0.07

>.3

0.32

0.199

-0.21

>.3

Work 2

0.26

>.3

0.10

>.3

-0.26

0.288

Work 3

0.52

0.028

0.14

>.3

-0.13

>.3

Work 4

0.16

>.3

0.24

>.3

0.06

>.3

Work 5

0.35

0.151

0.28

0.289

-0.37

0.157

TSST

0.27

0.275

0.37

0.241

0.48

0.113

Recovery 1

0.63

0.006

0.54

0.048

0.26

>.3

Recovery 2

0.57

0.014

0.53

0.052

0.38

0.184

Recovery 3

0.54

0.020

0.54

0.037

0.41

0.126

Recovery 4

0.10

>.3

0.18

>.3

0.62

0.019
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4.4 PAPER IV
Three of the subjects (two MYA and one CON) did not perform the TSST and were hence removed from
analyses involving measurements from the TSST. In the CON group, eight out of 29 were non‐responders
to the TSST and five out of 16 were non‐responders in the MYA group, according to the definition above.
The distribution of responders and non‐responders was not significantly different in the two groups. A
comparison of the responders’ and non‐responders’ subjective reports after TSST revealed that
responders did not perceive the TSST differently. Furthermore, there were no significant differences in the
circadian cortisol measurements and background questionnaire scores between responders and non‐
responders.

4.4.1 SUBJECTIVE REPORTS
The MYA group scored significantly worse than the controls on most of the self‐rated psychological scales
(Table 7). Neck and shoulder pain intensity ratings confirmed that the patients had experienced pain in the
neck/shoulder region the previous 30 days and that the controls had not. Anxiety, depression and
catastrophizing scores were significantly higher in MYA than CON and quality of life was significantly
lower. MYA also had more sleep‐related problems than CON.
The TSST questionnaire revealed that the CON group saw the TSST as more of a Challenge than the MYA
group (CON: 61.7 (30.7), MYA: 41.8 (32.2), p=.04). There were, however, no differences in the statements
regarding Threat (CON: 43.9 (31.7), MYA: 40.0 (32.0)), Satisfaction (CON: 45.4 (32.3), MYA: 37.9 (35.0)),
Importance (CON: 50.7 (28.4), MYA: 43.9 (28.3)) and Stressfulness (CON: 73.5 (22.2), MYA: 67.9 (25.9)).

Table 7. Background questionnaire.

CON (n=30)
Mean (SD)

MYA (n=18)
Mean (SD)

p-value

VAS neck

0.8 (3.7)

65.9 (13.5)

<.001

VAS shoulder

0.2 (0.8)

63.0 (17.2)

<.001

Anxiety (HADS-A)

2.8 (2.2)

5.3 (3.9)

.007

Depression (HADS-D)

1.3 (1.4)

5.1 (3.6)

<.001

Catastrophizing (PCS)

4.9 (5.9)

16.3 (7.0)

<.001

Self-efficacy (GSES)

31.9 (3.1)

29.6 (4.1)

.093

Anxiety sensitivity (ASI)

10.1 (7.2)

12.0 (8.6)

.387

Quality of life (QOL)

93.3 (10.2)

82.7 (14.6)

.017

Awakening problems (KSQ-Aw)

1.0 (0.7)

2.0 (0.9)

.001

Sleep disturbances (KSQ-Dst)

1.0 (0.8)

2.2 (0.7)

<.001

Daytime sleepiness (KSQ-Si)

0.7 (0.5)

1.3 (0.6)

<.001

4.4.2 PSYCHOPHYSIOLOGY
4.4.2.1 C IRCADIAN PROFILE
MYA and CON were similar in their circadian profile (Figure 14a). The repeated measures analysis revealed
a significant main effect of sample, reflecting the circadian variation in salivary cortisol concentrations.
There was no significant group effect or interaction effect between sample and group. Moreover, there
were no significant differences in cortisol awakening responses or range over the day between the two
groups.
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Figure 14. Mean salivary cortisol (±SEM) for the circadian profile measured in daily life (CON=30; MYA=18) and for each saliva
sample throughout the experiment (CON=29; MYA=16). The graphs include both responders and non‐responders to the TSST. BL
denotes baseline.

4.4.2.2 T EMPORAL DEVELOPMENT
The TSST induced an increase in salivary cortisol, peaking 20 min after completion of the test, as seen in
Figure 14b. The repeated measures analysis revealed a significant main effect of time, reflecting the TSST‐
induced increase in salivary cortisol.

4.4.2.3 E FFECTS OF MYA VS . CON
There was no significant group effect or interaction effect between time and group. Introducing the
circadian cortisol measurements, age, weight, BMI or subjective ratings of stress, energy and pain as
covariates in the analysis did not affect the results. Furthermore, none of the variables from the
background questionnaire yielded significant effects when applied as covariates in the repeated measures
analysis. Re‐running the repeated measures analysis for the subsample of responders did not reveal any
additional significant main or interaction effects.
None of the area under curve measurements from the experimental day revealed significant differences
between MYA and CON. Peak cortisol after TSST and mean peak time point were also similar in the two
groups. However, re‐running the analyses including only responders revealed a significant difference in
mean peak time point. It took, on average, 9.8 min longer for MYA to reach peak cortisol after TSST.

4.4.3 INTERACTIONS
A PCA of all responders gave three significant principal components (R2 cumulative = 0.48, Table 8). The
first principal component (Eigen value = 5.63) showed a positive correlation between pain intensity and
ratings of anxiety, depression, catastrophizing and sleeping problems. These variables were all negatively
correlated with quality of life and positively correlated with peak time point cortisol after TSST, indicating
that more negative psychological states and higher pain intensity were related to a slower HPA axis
response to the psychosocial stress test. In the second component (Eigen value = 3.54), anxiety sensitivity
and sleeping problems were negatively correlated with circadian cortisol range and with peak time point.
The ratings of the positive (challenge, satisfied and important) and negative (threat, stressful and stress)
aspects of the TSST were interrelated in this component, though, as expected, in opposite directions. The
third component (Eigen value = 2.8) revealed that anxiety sensitivity was also negatively correlated to the
awakening response and to the magnitude of the cortisol response to stress, i.e., area under curve and
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cortisol peak after TSST. In this component, there was a negative correlation between perceived
stressfulness of the TSST and the magnitude of the cortisol response.

Table 8. Outcome of the multivariate correlation analysis (principal component analysis; PCA) in the total study group of
responders (CON=21; MYA=11), and in MYA responders (n=11). Variable loadings upon the principal components (PC) in bold
indicate variables of significant importance for the component.

Variable

Responders
(n = 32)
PC1
PC2
PC3

MYA responders
(n =11)
PC1
PC2 (ns)

VAS neck

0.36

0.06

0.06

0.04

0.18

VAS shoulder

0.32

0.10

0.06

0.25

0.20

0.25
0.33
0.27
-0.12
0.02
-0.27
0.25
0.30
0.23

0.07
0.01
-0.11
0.02
-0.22
0.09
-0.25
0.00
-0.21

0.00
-0.18
-0.17
0.13
-0.25
0.13
-0.01
0.04
-0.20

-0.13
-0.18
-0.33
0.32
-0.28
0.25
-0.24
-0.14
-0.25

0.09
-0.31
-0.03
0.00
0.15
0.14
-0.11
-0.18
-0.12

Habitual pain intensity

Background Questionnaire
Anxiety: HADS-A
Depression: HADS-D
Catastrophizing: PCS
Self-efficacy: GSES
Anxiety sensitivity: ASI
Quality of life: QOL
Awakening problems: KSQ-Aw
Sleep disturbances: KSQ-Dst
Daytime sleepiness: KSQ-Si
Circadian cortisol

0.01

0.19

0.21

0.21

0.05

-0.08

0.21

0.11

0.28

0.05

AUCg

0.11

0.00

0.45

-0.09

0.18

AUCi

0.07

0.18

0.26

0.03

0.18

Peak

0.10

-0.01

0.49

-0.09

0.20

Peak time point

0.21

0.26

-0.03

0.08

-0.34

Challenge

-0.07

-0.36

-0.10

-0.11

0.33

Threat

-0.02

0.29

-0.25

0.29

-0.25

Satisfied

-0.15

-0.34

-0.02

-0.26

0.17

Important

-0.06

-0.23

0.16

-0.02

0.37

Stressful

-0.06

0.33

-0.29

0.25

-0.04

0.32

0.01

0.02

-0.04

0.19

Stress

-0.04

0.35

-0.19

0.12

-0.03

Energy

-0.09

0.08

-0.06

0.09

0.35

0.23

0.14

0.11

0.25

0.18

CAR
Range
Cortisol response to TSST

TSST questionnaire

Pain intensity during TSST
Pain trapezius
Stress-Energy questionnaire after TSST

R2

Abbreviations: VAS = visual analogue scale; HADS = hospital anxiety and depression scale; PCS = pain catastrophizing scale; GSES =
general self‐efficacy scale; ASI = anxiety sensitivity index; QOL = quality of life; KSQ = Karolinska sleep questionnaire, CAR = cortisol
awakening response; AUC = area under curve.
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Secondly, a PCA of responders in the MYA group resulted in one significant component and one non‐
significant component (Table 8). In the first component (Eigen value = 2.76), the circadian cortisol
measurements were positively correlated to self‐efficacy and quality of life and negatively correlated to
catastrophizing, anxiety sensitivity and sleeping problems. The second component (Eigen value = 2.01)
revealed a negative correlation between cortisol peak and HADS‐D and peak time point. That is, high
depression scores were associated with a slow cortisol response and lower cortisol peak after TSST. The
second component was not significant according to the cross validation. However, the Eigen value and
percentage of variance explained by this component (18%) were relatively large.
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5 DISCUSSION
5.1 MAIN RESULTS
Optokinetic drum exposure caused significant changes over time in the psychophysiological variables.
There were positive relationships between subjective motion sickness ratings and heart rate, blood
volume pulse and skin temperature whereas respiration rate was negatively related to perceived motion
sickness in Paper II. Short term memory performance declined towards the end of drum exposure for
those experiencing high levels of motion sickness. There was, however, no significant effect of moderate
levels of motion sickness on the ability to encode or retrieve words.
The autonomic responses to low‐force repetitive work and psychosocial stress in a group of women with
chronic trapezius myalgia were similar to those of pain‐free female controls. However, muscle activity in
the trapezius muscle was generally higher in the chronic trapezius myalgia group. The two groups
exhibited similar circadian cortisol rhythms and comparable salivary cortisol response magnitudes after
the psychosocial stress test. In the subgroup of responders, the salivary cortisol response was significantly
slower for the chronic trapezius myalgia group. More negative psychological states and higher pain
intensity were related to a slower HPA‐axis response to the psychosocial stress test. Furthermore, low
circadian variations in cortisol and smaller cortisol responses to TSST were found among subjects scoring
high on anxiety sensitivity.
These main results from the four papers included in this thesis are discussed below.

5.2 SUBJECTIVE REPORTS
The increased motion sickness ratings in Paper I and Paper II confirmed that the optokinetic drum
successfully induced motion sickness in most subjects. In total, 72 out of 78 subjects reached ratings of
weak motion sickness or higher. A drawback regarding motion sickness ratings was the impossibility to let
the subjects look at the Borg scale during drum exposure. Memorizing the Borg scale could have increased
the cognitive load and possibly favored levels of the scale accompanied with verbal anchors. The
descriptive data did, however, confirm that motion sickness ratings were distributed over the entire scale.
As expected and intended in Papers III and IV, the chronic trapezius myalgia group reported more pain
than controls throughout the experiment. Pain intensity ratings confirmed that the low‐force work had
the desired effect, i.e., it worsened the pain intensity for MYA, whereas pain ratings in the CON group
never rose significantly above their baseline level of 4 mm.

5.3 PSYCHOPHYSIOLOGY
5.3.1 MOTION SICKNESS
During the first minute of optokinetic stimuli, there were significant changes consistent with a stress
response in most psychophysiological variables even though the subjects were not yet experiencing
symptoms of motion sickness. These reactions are due to the startle reflex, a temporary response that
sets in when the body experiences novel stimulation (45). Thereafter, the psychophysiological responses
showed ambiguous results. The temporal developments differed between Papers I and II, and did not
show a consistent pattern of a successive increase in sympathetic activity with concurrent
parasympathetic withdrawal. Based on the literature, HR, SCL, Resp, LF power and LF/HF ratio were
expected to increase during motion sickness triggering stimulation, whereas BVP, Temp, RMSSD and HF
power were expected to decrease (46, 81, 83, 149, 196, 209). In a study of cybersickness during a
navigation task in virtual reality (103), the temporal developments of BVP (PPG amplitude), Temp, Resp
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and HRV were in the opposite direction compared with Paper II, despite using similar measurements and
analyses. These inconsistencies could possibly be due to differences in the participants’ movements during
exposure, i.e., steering and accelerating/braking in the navigation task versus sitting completely still in the
optokinetic drum.
The detected decreased pupil size in both groups showed that pupil size is neither a sensitive, nor a
specific measurement for progression of motion sickness, at least not in an optokinetic drum setting.
Studies using similar STM performance tasks have shown a successive increase in pupil diameter during
listening and reporting, then a decrease to baseline after completion of report (33 pp. 142‐162). The
decrease in mean pupil diameter during drum rotation could possibly reflect a decrease in this cognitively
related phasic response over time, as the subject gets more familiar with the task.

5.3.2 MUSCULOSKELETAL PAIN
The significant increases in salivary cortisol, HR, MAP and SCL in connection with the stress test and the
subsequent reduction during recovery demonstrate that stress was successfully induced. Unexpectedly,
the two groups exhibited very similar psychophysiological responses to low‐force repetitive work and
psychosocial stress, which does not support the suggestion of dysfunctional SAM system and HPA axis in
chronic trapezius myalgia.
Regarding the measurements of ANS activity, no clear indications of altered reactivity to work or stress
could be found. The elevated baseline HR found in this study should probably not be interpreted as a sign
of increased sympathetic tone since none of the other measures gave similar indications and HR can be
influenced by other factors, e.g., physical fitness. In previous studies involving similar autonomic
measurements, abnormal cardiovascular responses to stress and functional tests have been found in
patients with neck/shoulder pain (66), whiplash pain (95) and fibromyalgia (144, 190). The results are,
however, inconsistent reporting both increased and decreased HR and blood pressure reactivity in chronic
pain patients compared with controls. Higher SCL in response to stress and during recovery from stress,
which indicates enhanced sympathetic response, has previously been found in fibromyalgia (190). Higher
baseline skin conductance (96) and enhanced electrodermal activity in response to pain (156) and sound
stimulation (18) has also been found in patients with chronic low back pain. Several of the previous
studies involving multiple outcome measures have reported inconsistencies within the study, i.e., some of
the results have indicated increased sympathetic activity, some have shown normal response patterns,
while others have indicated decreased sympathetic activity. Taken together, there are still uncertainties
regarding the autonomic state of patients with chronic pain. Any potential associations between
autonomic dysfunction and the spreading of pain are also unclear.
Muscle activity was higher in the MYA group’s painful trapezius muscle than in the CON group’s non‐
painful trapezius muscle at baseline, which was an uninstructed rest, but not at the reference relaxation
measurement where the subjects were given specific instructions on how to relax the trapezius muscle.
Similarly, inability to fully relax the trapezius muscle has been reported in patients with chronic neck pain
of musculoskeletal origin upon completion of a unilateral arm task (55, 142) and in workers with neck pain
after repetitive and stressful computer work (89). Speculatively, the higher trapezius EMG in MYA during
uninstructed rest, but not when instructed to fully relax, can be an indication that voluntary effort and
attention are required in order to relax the muscle. In daily regular activities, when other aspects need
attention, the EMG activity will be higher, contributing to a vicious circle of the muscle. These results need
to be confirmed in other studies but opens up for myofeedback interventions using surface EMG.
In agreement with other studies, the MYA group’s muscle activity of the trapezius was higher throughout
the experiment (55, 90, 187). There are, however, some studies reporting no differences in muscle activity
(116, 118, 198, 204). Various explanations for the higher muscle activity in subjects with chronic pain have
emerged, some of them pointing towards a dysfunction in the pattern of motor unit recruitment and de‐
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recruitment and suggesting a less refined or less efficient motor control strategy in myalgic muscles (115,
145, 185). Co‐ordination patterns with sustained low‐level activity and less spontaneous short periods of
low muscle activity (gaps), leading to a vicious circle of pain and hyperactivity, have been put forward as a
risk factor for myalgia (186, 197, 211). The direction of the causal relationship between pain and EMG
activity is not obvious (115) and in fact cannot be determined using the present study design, since it is
unknown whether the increased muscle activity was present before pain onset.
The normal salivary cortisol response magnitude after TSST in MYA confirms previous findings in chronic
pelvic pain and fibromyalgia by Wingenfeld et al. (202), although the fibromyalgia group exhibited
increased plasma cortisol in their study. Jones et al. (92) investigated salivary cortisol responses to TSST in
patients with temporomandibular disorder and found two subgroups, one exhibiting hypersecretion of
cortisol and one normal subgroup. Based on these results, neither generalized nor local pain conditions
seem to be associated with a blunted response to the TSST. The studies are, however, small and larger
studies, including patients with different pain conditions are needed to confirm these findings.
Furthermore, the results concerning a slower cortisol response in MYA must be confirmed in future
studies and should be interpreted with caution. It may be speculated that this slower reaction is the first
sign of an altered HPA axis function in chronic pain and one explanation could be a fatigued HPA axis that
constitutes the preliminary stage of a more marked dysfunction, which eventually results in dampened
cortisol secretion in response to stress. However, a slower cortisol response is not necessarily caused by a
dysfunction of the HPA axis, but could be due to psychological factors, as discussed below.
Despite the MYA group’s considerable increase in pain intensity during the repetitive work, there was no
concurrent increase in salivary cortisol concentration. This could indicate that the chronic pain patients do
not react to pain as an acute stressor, at least not to acute accentuation of their habitual pain. It seems
that the sensation of pain is considered a normal condition; since it arises on a daily basis. Hence, the HPA
axis has habituated to pain in the neck/shoulder region and no longer reacts with the appropriate stress
response. Future studies should investigate whether the lack of HPA axis responses to pain applies to all
kinds of painful stimulation or if it is specific to the habitual pain associated with the chronic pain
condition. The lack of response in salivary cortisol concentration during work in MYA might indicate that
psychological factors are more important than the chronic pain per se for determining cortisol responses.
Inconsistencies in the results from previous studies of psychophysiological reactivity in patients with
chronic musculoskeletal pain may be due to the heterogeneity within and between the different groups of
chronic pain patients. They represent a diversity of causes, intensities, and spreading of pain and could,
thus, correspond to a variety of pathophysiologies, since most of the pain‐related diagnoses are mainly
based on the localization of pain rather than the underlying mechanisms. Moreover, in patients with
generalized pain conditions, e.g., fibromyalgia, more prominent and consistent findings of ANS and HPA
axis dysfunctions have been reported (23, 42, 63). Speculatively, these dysfunctions are characteristic of
widespread pain conditions and do not emerge until generalized pain and hyperalgesia has developed.
Another possibility is that there are subgroups among patients with chronic trapezius myalgia that do have
ANS and/or HPA axis dysfunctions and that these individuals are pre‐disposed for development of
generalized pain. Further studies are needed on this topic, since the current sample size was too small for
subgroup analyses.

5.4 PERFORMANCE
The results indicate that STM performance was negatively affected by motion sickness, since subjects who
terminated the exposure due to motion sickness and/or scored high levels of motion sickness performed
significantly worse at the end of exposure. Furthermore, since most subjects reported motion sickness to
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some extent, it appears that moderate levels of motion sickness do not necessarily affect STM
performance.
Encoding and retrieval of words was, however, not affected by motion sickness, which could be attributed
to the fact that symptoms were too mild in this experiment, possibly in combination with a lack of task
sensitivity. Thus, sustained ability to encode, despite moderate levels of motion sickness, seems to be
feasible. How encoding and retrieval are affected by higher levels of motion sickness remains to be
examined.

5.5 INTERACTIONS
5.5.1 MOTION SICKNESS
The detrimental effects of motion sickness on STM performance was further strengthened by the fact that
motion sickness ratings and STM performance were negatively correlated at the end of drum exposure.
No connection between motion sickness and encoding and retrieval performance could, however, be
found since motion sickness ratings were not correlated with performance of the CRT test.
Both the lack of correlation between psychophysiological variables and perceived motion sickness in Paper
I and the relationships found between motion sickness and psychophysiological variables found in Paper II
were somewhat unexpected. Regarding measurements related to cardiovascular regulation, HR, Resp, LF
power, and LF/HF ratio have been found to increase and BVP and HF power are reported to decrease with
increasing motion sickness ratings (79, 81, 182). In this thesis, only HR showed a development consistent
with these findings, whereas BVP and Resp showed contradictory results. These results differ from those
obtained by Hu et al. (83) where there was no significant relation between HR and severity of symptoms.
Particularly surprising was the decrease in respiration rate with increasing motion sickness in Paper II,
which contradicts previous research where slow breathing has been shown to ameliorate motion sickness
(69, 91). However, Gianaros et al. (65) also found decreased respiration rate during optokinetic
stimulation, but the decrease was not related to motion sickness severity.
Several studies have found positive relationships between perceived motion sickness and various skin
conductance measurements (68, 195, 196). Although SCL was generally higher among subjects who
terminated and/or rated motion sickness ≥5 in this thesis, the correlation analysis and regression against
motion sickness scores indicated that the higher SCL level was not specifically related to motion sickness.
It could be a reflection of higher general arousal, possibly due to expectations.
The psychophysiological responses seem to be more complex than simply sympathetic activation and
parasympathetic withdrawal. The non‐invasive measurements, including HRV, that reflect gross end‐organ
outputs do not seem to be specific enough to use as predictors of motion sickness. Inter‐individual
differences in these responses are large and even the intra‐individual stability across multiple tests has
been questioned (71). More sophisticated methods that are able to separate the motion sickness
responses from general arousal or stress responses are needed for prediction of motion sickness with
sufficient reliability. Furthermore, susceptibility to motion sickness is contextually dependent (114) and
possible differences in psychophysiological responses depending on the stimulus have to be taken into
consideration.

5.5.2 MUSCULOSKELETAL PAIN
Although muscle activity was generally higher in MYA, there were no strong relationships between pain
intensity and EMGtrap; significant correlations emerged only during the recovery period. The lack of
correlation between muscle activity and pain development during repetitive work indicates that muscle
activity per se does not seem to be the cause for increased pain intensity. Similar results have been
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reported by Nilsen et al. (145). Speculatively, both pain and increased muscle activity could be symptoms
of an underlying condition, as discussed below, and there is no direct causal relationship between the two.
The multivariate correlation analysis indicated that a slower HPA axis reaction was related to co‐morbidity
aspects (i.e., depressive symptoms, anxiety and catastrophizing) and a negative relationship between
circadian cortisol measurements and the scores of catastrophizing, anxiety sensitivity and sleeping
problems was found in MYA. There is some evidence in the literature of CAR being negatively related with
fatigue, burnout and exhaustion and positively related with job stress, general life stress and positive
psychological states in the general population (39, 174), although the reported correlations have generally
been low. Previous research has shown associations between depressive symptoms, fatigue, maladaptive
coping strategies and a blunted cortisol awakening response in patients with chronic low back pain (183).
These results correspond to those of Gur et al (73), who found hypocortisolism in fibromyalgia patients
with depressive mood.
Although the MYA group scored significantly worse than the controls on several of the background
questionnaires, they were still below the limits of what is considered possible cases of anxiety disorder or
depression. The findings in previous studies of HPA axis dysregulation in chronic pain conditions (61, 62,
131, 203) may reflect nonspecific response patterns characteristic of confounding co‐morbidities, e.g.,
anxiety or depression, rather than the pain per se. Melancholic depression is associated with hyperactivity
of the HPA axis (37, 67), implicating that cortisol levels might be elevated in a subgroup of chronic pain
patients due to depression. However, the so‐called atypical depression often found in chronic pain
populations has been associated with attenuated cortisol secretion (52, 67). Thus, if hypocortisolism is
found in chronic pain conditions, this could also be attributed to depressive symptoms. Since co‐morbidity
is prevalent in chronic pain it appears important to understand this complex interplay and to take the
most important factors into consideration when analyzing cortisol responses in patients with chronic pain.
Furthermore, Bonnet and Naveteur (18) found different electrodermal responses in depressed versus non‐
depressed patients with chronic low back pain, further emphasizing the importance to take psychological
factors into consideration in psychophysiological research.

5.6 SYNOPSIS
Musculoskeletal pain and motion sickness continue to show similarities in the difficulty to objectively
measure and characterize the conditions. According to the definition of pain, it is inherently a subjective
experience and perhaps we should not seek to objectively measure pain. Using similar terminology, the
corresponding definition of motion sickness could be formulated as an unpleasant sensory and emotional
experience associated with actual or apparent motion. Is it realistic to expect such subjective sensations to
be highly correlated with any crude measurement of total SAM system or HPA axis output? In the present
thesis, the psychophysiological responses were rather inconsistent between studies and contrasted to
previous research. The various stressors had the desired effect in terms of general psychophysiological
stress responses but the psychophysiological measurements did not show specific patterns in those
afflicted by motion sickness or chronic pain compared with their respective control groups. These results
also point towards large inter‐individual differences in all three dimensions of motion sickness and pain
(Figure 1), i.e., the intensity, quality and displeasure of symptoms. Admittedly, this thesis only includes
measurements concerning the last steps of the SAM system and HPA axis, respectively (Figure 2). Focusing
on other steps of the stress response or on the feedback control would have been an alternative, but this
would require entirely different outcome measures, losing the non‐invasive measurement approach
adopted here.
As previously mentioned, motion sickness and pain are contextually dependent and, again, the question of
why some individuals develop motion sickness or chronic musculoskeletal pain while others do not when
exposed to the same stimuli arises. Psychological factors, including expectations, coping strategies, anxiety
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and depressive mood, seem to be of great importance for the development and perceived severity of the
condition. The intensity and quality of symptoms can, to some extent, be treated by, e.g., medications,
biofeedback training and physiotherapy, but other strategies are needed to specifically target the
perceived displeasure.
Furthermore, the lack of clear correlations between subjective reports and psychophysiological findings,
indicate that the intensity of a specific perceived symptom is not necessarily proportional to the extent of
physiological manifestations. In the case of chronic musculoskeletal pain, this could favour a view of
chronic pain as one symptom among others of an underlying pathology where the same
pathomechanisms could give rise to different symptoms. In some individuals, the condition presents
primarily with musculoskeletal symptoms, while others may experience bowel dysfunctions or chronic
fatigue. Researchers and clinicians could benefit from regarding pain not as a disease per se but as a
symptom of a disease and focus on prevention and treatment of the underlying causes. These underlying
mechanisms are still largely unclear and further investigations of general SAM system or HPA axis
alterations do not seem justified based on the present thesis.

5.7 METHODOLOGICAL CONSIDERATIONS
With the study design in Paper I, it cannot be ascertained that the performance decrement and
termination of the trial were, in fact, due to motion sickness and not due to, e.g., lack of motivation, stress
or fatigue. One way to avoid this issue would have been to test the subjects’ STM performance, and
perhaps also their motivation, ability to cope with stress etc., before the drum exposure. A drawback of
both motion sickness studies is the use of modified performance tests, making the validity and reliability
of these tests unclear. Moreover, analyzing the data through grouping by trial segment (start, middle,
stop) introduces potential confounds between exposure time effects and motion sickness effects. For
example, participants in the endure group may experience learning or fatigue/boredom effects that the
participants in the terminate group would not experience given their shorter exposure period. Since the
endure‐group increased their performance towards the end of the test, the fatigue/boredom suggestion is
not supported. It does, however, raise the question of learning effects. Introducing each subject’s stop
time as a covariate in the analyses, to control for differences in exposure time, still yielded significant time
× terminate effect, confirming the significant difference in STM performance at stop. Furthermore, the
negative correlation between motion sickness scores and STM performance at stop further increases the
probability of motion sickness being the cause of the performance deficit.
Possible differences between men and women in their psychophysiological responses to stressors is given
no special attention in this thesis and no significant sex differences did, in fact, emerge when scrutinizing
the results of Papers I and II. Inclusion of only female subjects in Papers III and IV was based on the higher
prevalence of chronic trapezius myalgia in women than men, limiting the availability of eligible male
subjects. Previous studies have concluded that healthy men and women are similar in their autonomic
responses to psychosocial stress tests (101, 171) but there are distinct differences in their salivary cortisol
responses (111). Regarding responses to work, Persson et al (155) found no differences between men and
women performing identical work tasks as regards cortisol, adrenaline, noradrenaline, heart‐rate
activation, perceived stress, pain and physical exertion.
The fixed order of experimental procedures in Papers III and IV was chosen for the purpose of gradually
increasing the MYA subjects’ pain intensity, preferably peaking just before the psychosocial stress test.
The idea was to ensure that the MYA subjects were in pain when performing the TSST. In addition, it was
possible to follow any changes in the interstitial milieu of the trapezius muscle during the gradual increase
in pain intensity through microdialysis, although not reported in this thesis. A possibility would be to
change the sequence of work and TSST in order to separate the psychophysiological responses to
psychosocial stress from the responses to repetitive low‐force work. Since pain is a stressor per se (36),
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the MYA group could be seen as being exposed to two different stressors simultaneously; pain and
psychosocial stress. Some previous studies have reported attenuated responses to stress and functional
tests in chronic pain conditions, especially fibromyalgia syndrome (42). A possible attenuation of the stress
response to the TSST could, thus, be masked in the additional stress due to pain in the MYA group.
However, introducing pain intensity as a covariate in the analyses, thereby controlling for differences in
pain ratings, did not support such a suggestion.
When hyporeactivity to the TSST is expected, as might be typical for individuals with pain conditions,
these individuals could be automatically excluded when a certain cut‐off value for a cortisol response is
defined, as in the case with exclusion of non‐responders to the TSST. However, it is known that some 20‐
30% of the general population are non‐responders to the TSST (105, 110) and the non‐responders’
extremely low or completely lacking cortisol elevation is not considered the same as being hyporeactive
(168). There is, thus, a distinction between a low response and no response. Furthermore, in Paper IV, the
analyses initially included all subjects and were then re‐run for the subgroup of responders.
The complexity of the study design and the painful and stressful procedures in Papers III and IV made it
desirable to keep the sample size as low as possible, for both ethical and economic reasons. Sample size
calculations were performed based on a primary outcome variable not reported in this thesis. It is possible
that the statistical tests may have been underpowered, increasing the risk for statistical type II error and,
thus, the findings need to be considered in this light. However, not even a trend towards altered ANS
activity could be found in the MYA group making it less likely that a larger sample would have given
different results.
Correction of p‐values for multiple comparisons, to avoid type I error, is often performed in situations with
multiple outcome variables. However, to reduce the risk of type II error in the between‐groups tests, given
the explorative approach and relatively small sample sizes in this thesis, correction for multiple
comparisons were restricted to the repeated measures post‐hoc analyses (56). The multivariate
correlation analysis in Paper IV should be viewed mainly as a hypothesis generating method, given the
sample size, rather than a complete model of the interactions between the included variables. More
experimental research is needed to confirm the findings.
A drawback of this thesis is that it has, unfortunately, not been possible to retrieve information about the
number of positive responses to the invitations/advertisements to participate in the studies and/or about
the detailed procedure used for age matching of controls.
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6 CONCLUSIONS
With the present methods, it was possible to measure general stress responses but none of the
measurements showed sufficient specificity to serve as predictors or indicators of motion sickness and
chronic musculoskeletal pain, respectively.
The psychophysiological measurements did not show consistent patterns of sympathetic activation and
parasympathetic withdrawal in response to optokinetic stimulation, as could be expected, and none of the
investigated variables constitute a good candidate for prediction of motion sickness. Subjective reports of
progressing symptoms are the most reliable way of assessing motion sickness. Sustained ability to perform
memory tasks seems feasible for individuals experiencing weak or moderate levels of motion sickness.
STM performance did, however, decline at higher levels of motion sickness.
No distinct alterations of the psychophysiological stress responses connected to the SAM system or the
HPA axis seem to exist in patients with chronic trapezius myalgia. None of the psychophysiological
responses could therefore be recommended as diagnostic tools or for characterization of patients with
this pain condition. There were, however, indications of negative psychological states being related to a
slower HPA axis response to stress and lower circadian variations in cortisol secretion. Moreover, the MYA
group’s increased trapezius muscle activity during resting conditions is suggested as a target for treatment
interventions.
Summarizing, it is difficult to identify physical findings associated with motion sickness and chronic
trapezius myalgia using psychophysiological methodology. I cannot objectively measure how you feel; I
still have to rely on your description of your condition.
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7 FURTHER RESEARCH AND IMPLICATIONS
My findings regarding performance during motion sickness have implications for individuals who
experience motion sickness in their working environment, especially in high demand occupations where
memory performance is crucial. Future studies should further elucidate at what degree of motion sickness
STM performance deficits emerge and also investigate if encoding and retrieval performance is affected at
higher levels of perceived motion sickness than was achieved in the present thesis.
Different contextual factors are often put forward as important determinants of the development of
motion sickness, but the psychological aspects of motion sickness have not been extensively investigated.
Therefore, the impact of expectations, personality factors, coping strategies etc. on the severity of motion
sickness needs to be further investigated.
Since the suggestion of autonomic imbalance in patients with chronic local or regional musculoskeletal
pain could not be confirmed here, this commonly proposed association between ANS and pain needs to
be further investigated. More sophisticated measurements of sympathetic and parasympathetic activity
should be employed, since simple examination of psychophysiological responses to challenges does not
provide a definitive test of the potential role of the autonomic nervous system. Further studies are also
needed to elucidate the possibility of altered HPA axis activity in terms of a slower salivary cortisol
response to stressors. Moreover, instead of further elucidating the roles of the ANS and HPA axis, the next
step could be to look at pain processing in the central nervous system. Brain imaging techniques could be
used to localize areas involved in pain perception in order to investigate possible alterations in the brain
activity in chronic pain conditions. Thus, it would be possible to look at the central mechanisms of pain
and to relate them to psychological factors, such as anxiety and depressive symptoms.
The results regarding EMG support further use of, e.g., myofeedback interventions targeted at relaxing
muscles by making the patient aware of the ongoing muscle activity. Future studies should subsequently
evaluate the effect of such reduced resting muscle activity on pain intensity and also aim at determining
the causal relationship between pain and increased muscle activity. Hitherto, such myofeedback studies
indicate that it is possible to alter EMG patterns in healthy subjects (82) and in chronic myalgia (206).
Although the latter study did not find that the EMG level per se ‐ but rather the ability to relax ‐ was linked
to pain intensity decrease (206).
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