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ABBREVIATIONS

APS - American Pain Society

DST — Dynamical System Theory

hPCA — hierarchical Principal Component Analysis
IASP - International Association for the Study of Pain
NDST - Nonlinear Dynamical System Theory

PC — Principal Component

PE — Perceived Exertion

PES — Perceived Exertion Shifts

RPE - Rating of Perceived Exertion

TRT — Task Related Thoughts

TRT-E - External Task Related Thoughts

TRT-I — Internal Task Related Thoughts

TUT- Task Unrelated Thoughts
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SUMMARY

This present document includes a doctoral thesis prepared at the University of Barcelona. This thesis
was developed as a compendium of publications resulting from the accomplishments of the 3-year pre-
doctoral studies. It consists of seven chapters. Chapter 1 includes two sections: a general one which delineates
the history and most relevant scientific queries related to pain induced by exercise (sections 1.1, 1.2, 1.3) and
a second one which focuses on a nonlinear dynamic approach to pain and attention under the framework of
the psychobiological model of exercise-induced fatigue (section 1.4). The Chapters 2, 3, 4 and 5 include four
research examples related to the topic. Chapter 6 discusses main research findings. Finally Chapter 7 provides
conclusions and future lines of the research on the development of a Nonlinear psychobiological model of

exercise-induced fatigue from a standpoint of the NDST.

Exercising above certain intensity and duration elicits feelings of discomfort and pain. As pain is related
to exercise tolerance and task disengagement previous studies have focused on pain intensity measurements
but have not payed attention on its locations dynanzics. Pain location dynamics provide a possibility to explore
how fatigue spreads throughout the body, to identify pain distribution and its individual patterns as well as
to search the temporal organization of subjective experiences (qualia), which remain largely understudied up
until now. The psychobiological model of exercise induced fatigue has highlighted the presence of nonlinear
features studying the dynamics of thoughts and perceived exertion in the course of constant and incremental
exercises performed until exhaustion. In order to understand better the psychobiological mechanisms of
exercise-induced fatigue and design adequate interventions to increase the exercise tolerance, this thesis
proposes considering the study of pain dynamics and attention in alternative settings with the following
objectives in mind: a) to delineate the pain and discomfort location dynamics during constant cycling and
running performed until exhaustion, b) to detect individual pain patterns during these tasks, c) to examine

the potential presence of nested metastable pain-attention dynamics during incremental cycling performed



until exhaustion, d) to compare the effects of indoor and outdoor environments on attention focus and

cycling endurance.

For the purpose of this thesis, all patticipants were tested while cycling and/or running at constant or
incremental power until exhaustion. Pain and discomfort locations were self-monitored and reported every
15s using a 50-item pain body map. Self-caught measurements and self-selected key words were used together

with an experimenter-classified method to monitor the attention focus in indoor and outdoor conditions.

Present results revealed that: a) the number of body locations with perceived pain increased throughout
the effort expenditure, b) three consistent pain dynamic patterns were identified during constant cycling and
running (i.e., adders, adders/jumpers and jumpers), ¢) pain-attention dynamics during incremental exercise
was metastable and temporarily nested, d) outdoor environment compared to indoor, improved endurance

and increased the use of external thoughts.

In conclusion, the thesis highlights the metastable dynamics of the body-mind-environment interaction
during constant and incremental exercises performed until exhaustion and reinforces the presence of the
nonlinear features pointed by the psychobiological model of exercise induced fatigue. The pain-attention
temporal nestedness and the proposed taxonomy based on attention-driven mechanisms may be a fruitful
avenue to pursue for future investigation. Moreover, the dynamic approach may help practitioners to design
adequate interventions to increase exercise endurance and tolerance within different settings and can be used

for studying alternative clinical/medical pain presentations.
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RESUM

L'exercici intens i durador provoca sensacié de malestar i dolor. Com el dolor esta relacionat amb la
tolerancia a I'esforg, els estudis previs han centrat I'atencié en mesurar la intensitat de dolor sense considerar
la seva evoluci6 espai temporal. La dinamica de localitzaci6 del dolor possibilita estudiar com la fatiga s’estén
en el cos, els patrons individuals de distribucié d’aquest dolor, i 'organitzacié temporal de les experiencies
subjectives (“qualia”), inexplorada fins ara. El model psicobiologic de la fatiga induida per I'exercici destaca
la presencia de no linealitat en la dinamica dels pensaments i de la percepcié de l'esfor¢ durant exercicis
realitzats fins l'esgotament. Aquesta tesi vol explorar el dolor i 'atencié en diferents entorns amb els seglients
objectius: a) delimitar la dinamica de localitzaci6 del dolor durant I’exercici, b) detectar patrons individuals
d’aquest dolor, ¢) examinar la potencial presencia d’una dinamica metastable niada de la relacié dolor-atencio,

d) comparar els efectes d’ambients oberts i tancats en el focus d'atenci6 i la resistencia.

Tots els participants van realitzar proves de pedaleig o carrera a intensitat constant o incremental fins
l'esgotament. La localitzacié del dolor va ser auto-monitoritzada i informada cada 15s a través d’un mapa del
cos de 50-elements. Mesures “self-caught” i paraules clau auto-seleccionades es van utilitzar per monitoritzar

els pensaments en entorns oberts i tancats.

El resultats obtinguts van mostrar que a) el nombre de llocs dolorosos augmenta amb I'acumulacié
d'esfor¢, b) la dinamica de localitzacions del dolor permet identificar tres tipus de patrons individuals
consistents durant el pedaleig i la carrera continus (“adders”, “adder/jumpers” i “jumpers”, ¢) la dinamica de
la relacié dolor-atencié durant l'exercici incremental es metastable i temporalment niada, i d) en entorns
oberts, respecte als tancats, millora la resisténcia 1 augmenta 1'as de pensaments externs. En conclusio, la tesi
destaca la dinamica d'interaccié metastable entre cos, ment i ambient durant ’exercici constant i incremental
realitzat fins l'esgotament. Els resultats poden ajudar a dissenyar intervencions dirigides a augmentar la
resisténcia i a regular I'exercici en diferents entorns. També poden ser utilitzats per estudiar altres tipus de

dolor clinicament rellevants.
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CHAPTER ONE
INTRODUCTION

This introduction is divided into two main sections: a general one that delineates the history and most
relevant scientific queries related to pain induced by exercise (sections 1.1, 1.2, 1.3) and a second one that
focuses on the nonlinear dynamic approach to pain that justifies this thesis and relates the conducted research

(section 1.4).

1.1.PAIN

“Study the past if yon would define the future”
— Confucius—

A brief overview of history. The concept ‘pain’ was mentioned for the first time in an ancient
traditional Chinese medicine book more than 3,000 years ago (Pfaff, 2013). In Greek mythology pain
suffering is seen as a revenge of goddess Poine to punish the mortals. Later on, Latin word ‘poena’ preceded
the English word ‘pain’. In ancient times philosophers were trying to comprehend the nature of pain and the
Greek philosopher Aristotle (382-322 B.C.), for instance, postulated that the Jeart was the seat of all
sensations (i.e., hearing, vision, smell, taste, and pain), emotions, and even mental functions. Much later, the
French philosopher Rene” Descartes (1596—1650) suggested that brain plays a major role in the experience
of pain and marked a major milestone in the study of pain. Descartes was the first one who described a
detailed somatosensory pathway in humans and argued that noxious stimulus would activate the brain and a
signal of pain would then be processed in a single line-labelled way. For most part of the 19" century pain
research and conceptualization remained within the framework of “specificity theory”. In the 20" century,
the notion of nociception (1906) was proposed by Sir Charles Scott Sherrington (1857-1952) and the

emphasis of the pain experience was placed upon the tissue injury. To date, scientific fields that study and
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describe pain are not yet complete, even though recent investigations have removed many ancient mysteries
and inaccuracy surrounding the nature of pain. Consequently, the following sections outline the scientific

achievements to understand pain and this thesis includes a purely exploratory design.

Pain definitions. There are many different definitions to pain. One of the most agreed upon definition
refers to the one of International Association for the Study of Pain (IASP) and the American Pain Society
(APS). IASP and APS define pain as an unpleasant sensory and emotional experience associated with an
actual or potential tissue damage, or described in terms of such damage (Linblom, Mersky, & Mumford,
1986). Another previous definition coined by McCaffery, has also described pain as “whatever the
experiencing person says it is, whenever the experiencing person says it is” (McCaffery, 1968). This definition
is important in that it highlights the subjective feature of reporting pain which is unique to human-beings. In
1994 and 2008, even though the taxonomy of pain underwent changes, the definition of pain remained the
same (Loeser & Treede, 2008). Nevertheless, these universally accepted ways to define pain still did not
satisfy some, hence, a newer definition of the term was warranted. In 2016, a more polished definition defined
pain as a “distressing exiperience associated with actual or potential tissue damage with sensory, cognitive, emotional, and social
components” (Williams & Craig, 2016). This new definition describes the essential subjectivity of pain
experience differentiating it from physiological processes while keeping in mind the biological mechanisms
that govern the pain experience itself. As such, this definition indeed embeds the fundamental notion of

sensory input modulation through a broad range of biological and psychosocial factors.

From pain matrixes to pain connectome. The complexity of the pain system however was not
adequately accounted by any of the existing pain theories including the: 1) specificity theory, 2) intensity
theory, 3) pattern theory and, 4) gate-control theory (Pfaff, 2013). Nevertheless, brain imaging studies in both
human and animal subjects helped endorse theoretical notions of neuromatrix (Casey & Bushnell, 2000,
Price, 1999). It is known that noxious stimuli caused by tissue or nerve damage and processed by an
extensively distributed, hierarchically interconnected neural network was termed “pain matrix” by Melzack

(Casey & Bushnell, 2000; Melzack, 2005). In Melzack’s words, “the neuromatrix for the physical self
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generates the neuro signature pattern for pain” (Melzack & Wall, 1967). The peripheral and central neurons
comprised neuromatrix, which have been shown to be involved in the dynamical response and adaptation to
noxious stimulus that caused acute and chronic pain states (Khalsa, 2004). The regions included in the
neuromatrix system were named as: the primary and secondary somatosensory cortices, insula, anterior
cingulate cortex, prefrontal cortex, amygdala, and several nuclei of the thalamus (Raja, Hoot, & Dougherty,

2011).

Recently, however, the notion of “pain matrix” was criticized, and the brain was characterized as a
“dynome” (Kopell, Gritton, Whittington, & Kramer, 2014). This new characterization put the emphasis on
the role of a dynamic communication within and between networks in the shaping of the behavior and
cognition. Because pain is generated by neural processing in the brain, in fact select neural architectures (i.e.,
arrangements of pools or clusters of neurons) and circuits (i.e., connections between these clusters) are
necessary for the appropriate perception of the nociceptive stimuli (Key, 2016). Additionally, the dynamic
pain connectome (i.e., full description of anatomical connections in the brain) states that it is about time to
consider pain as an intrinsically dynamic experience and process encoded by the “pain connectome” - a
spatiotemporal signature of brain network communication that represents the integration of cognitive,

affective and sensorimotor aspects of pain (Kucyi & Davis, 2015).

Pain pathway: from nociception to perception. The term “nociception” proposed by Sir Charles Scott
Sherrington (1857-1952) is derived from the Latin word “nocere” which means “to injure.” This physiological
term is still used in science to describe the neural processes of encoding and processing noxious stimulus
(Loeser & Treede, 2008). During the nociception process, the neural information related to an actual or
potential tissue damage is detected, transduced, encoded, and transmitted from the site of origin to the higher
brain centers where pain sensation is modulated and perceived. For instance, when a noxious stimulus is
applied to the toes, it may seem like the resultant pain is localized in these appendages, however, the feeling of
pain is actually generated in the brain (Key, 2016). As such, the string of processes resulting in a noxious

stimulus-inducing pain include: #ransduction, transmission, modulation, and perception (Raja et al., 2011). In the
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transduction stage, all the information available to the nervous system about noxious stimulus must be
encoded by the primary afferent neurons (Prescott, Ma, & De Koninck, 2014). However, perception of pain
does not relay on transmission of a pristine, untransformed neural representation of the original stimulus
(Prescott et al., 2014). The representation is modulated through the spinal cord, thalamus, and the cortex. It
undergoes transformations that ultimately produce a neural representation which underlies the induced
perception. Within this framework, transformations depend on local microcircuit and factors, such as the
descending modulation that influences the microcircuit function (Prescott et al., 2014). It is not surprising,
that pain sometimes is referred as a highly subjective sensation with a complex and often non-linear
relationship between nociceptive input and pain perception (Wiech, Ploner, & Tracey, 2008). Therefore, one
can argue that the experience of pain is not exclusively driven by the noxious input but in turn is highly
contingent on modulation (Wiech et al., 2008). Even nociception that is typically the cause of pain is neither
necessary nor sufficient and is very often not even linearly related to the resulting sensation of pain (Tracey,
2010). The subjectivity of a painful experience is not mutually exclusive with its objective quantification, and

remains one of the reliable indicators to consider in the observation of perceived pain.
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1.2.PAIN IN EXERCISE

‘Know your pain and gain’

(Moseley & Butler, 2015)

History and definitions. Exercising above certain intensity levels and durations elicits feelings of
discomfort and pain. To our knowledge, the first attempt to study pain in exercise settings date back to
1930s. Back then, the nature of forearm muscle pain was examined during hand contractions performed
while blood flow to the hand and forearm was occluded (Katz, Lindner, & Landt, 1935). Later, pain intensity
was first recorded in 1966 during an isometric endurance task (Caldwell & Smith, 1966). Scientist used
different terms to determine the pain experienced during exercise. As such previous literature has used the
term naturally occurring pain (Cook, O’Connor, Eubanks, Smith, & Lee, 1997; Cook, O’Connor, Oliver, & Lee,
1998; O’Connor & Cook, 2001). Currently, the term is used interchangeably with: discomfort (Tenenbaum et
al., 1999), transient pain (Morton & Callister, 2014; Morton, Richards, & Callister, 2005), spontaneous pain or
soreness (Cazzola et al., 2009), exertive pain (Razon et al., 2010), exercise- induced pain (Angius, Hopker, Marcora,
& Mauger, 2015), activity induced pain (Larsson et al., 2015), and exercise related pain (Dannecker & Koltyn, 2014).
Given more than 75 years of research on the topic of exercise and pain, it is interesting to note that relatively
few studies tried to broaden the understanding of neurobiological mechanisms and dynamics that underlie
exertive pain. Therefore, a recent topic of inquiry refers to how many exercise professionals and health care
providers regularly and appropriately measure exercise-related pain (both components: induction and

reduction) in their exercise prescriptions and recommendations (Dannecker & Koltyn, 2014).

Theories and mechanisms. To date, scientific theories of pain hardly tackle some of the really
difficult questions about exertive pain. Specifically, even though pain is set to be an integral part of exercise
and sport settings, there is still a gap of knowledge about the dynamics of exertive pain (O’Connor & Cook,
1999). Likewise, although muscle pain experienced during exercise is common, it is in fact seldom

investigated (Cook et al., 1998). As a result, today still, the mechanisms of exercise-induced muscle pain are
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not fully understood. With regards to the mechanism of the exertive pain, the literature is equivocal as to
whether the increased pain response in these conditions is due to heightened peripheral nociceptive sensitivity or
to an increased central processing of the same sensory input (Chen et al., 2008). The peripheral nociceptive
sensitivity during a high intensity exercise is commonly believed to be a consequence of accumulation of a
variety of noxious biochemical elements (e.g., serotonin, H+, potassium, lactate, histamine and
prostaglandins) (O’Connor & Cook, 1999). Later on, it was proposed that pain arising from an intense,
repetitive and rhythmical movement, which is consentient with endurance exercise likely results from a
combination of increased intramuscular pressure, release of noxious metabolites, and deformation of tissue
associated with muscular contractions (Ellingson, Koltyn, Kim, & Cook, 2014). However, further
elaborations on the theory and more comprehensive understanding of the exertive pain mechanism were

warranted.

Peripheral input. Typically, the experience of pain directly relates to tissues including perhaps tissue
inflammation or tissues that are just unfit or underused. Skeletal muscles include type III and IV afferents
also termed A-delta and C fibers that transmit the nociceptive signals. These skeletal muscle nociceptors are
located along the walls of arterioles surrounding the connective tissue. This location of skeletal muscle
nociceptors is ideal for receiving algetic substances released from a damaged or active skeletal muscle
(O’Connor & Cook, 1999). Furthermore, under ischemic conditions which are predominant under pro-
longed muscular contractions occur as a response to a subgroup of C fibers nociceptors. This subgroup can
be activated when naturally occurring muscle pain is perceived for instance during intense exercise (Cook et al.,
1997). However, the role of peripheral nociception for pain is still debated (Leknes, 2011). It is well known,
that the peripheral afferent input ascends via the dorsal columns to project to various cortical and subcortical
brain regions, such as the somatosensory cortex and ventroposterior lateral nucleus of the thalamus (Almeida,
Roizenblatt, & Tufik, 2004), where conscious pain sensation is produced. It is difficult to uncouple afferent
feedback and pain, as both travel through type III and IV afferents, this may be explained by a limited number

of studies focusing solely on changes in pain during exercise. In general, it is important to consider that the
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perception of pain is the end product of peripheral and central inhibitory-facilitator mechanisms from

exercise induced mechanical, thermal, and chemical stress.

Central processing. The conscious experience of a sensory event is derived from a complex
convolution of afferent information arising from peripheral sensory transducers with cognitive information
about the present context, past history, and future implications of the stimulus (Coghill, McHaffie, & Yen,
2003). On one hand, it would be advised not to forget that the brain makes the final decision as to whether
or not the peripheral input should be consciously perceived as pain. On the other hand, understanding the
spinal cord and the brain processes behind the pain experience can provide with a significant control of the
experience. To that end, it is known that from the spinal cord, nociceptive information is transmitted to the
brain by the projection neurons that constitute three major pathways: the spinothalamic, spinoreticular, and
pinomesencephalic tracts (O’Connor & Cook, 1999). As such, acute or transient pain activates a large set of
brain regions, including thalamus, primary and secondary somatosensory areas, insula, anterior cingulate
cortex, and periaqueductal gray matter, areas with variable activation of striatum (dorsal and ventral),
amygdala, and medial and dorsolateral prefrontal cortex. The nociceptive areas via top-down, bottom-up
projections can be modified. For instance, the modulation of vegetative reactions and internal feelings via
anterior insular networks; the attentional modulation of sensory gain by top-down and bottom-up
transactions; and the access of nociceptive information to declarative consciousness (Garcia-Larrea &

Peyron, 2013).

Exertive pain dimensions: intensity, location. The biggest attempts in the study of pain during
exercise was made by Cook and O’Connor (Cook et al., 1997, 1998; O’Connor & Cook, 1999). Given that
the cycle ergometer testing has been consistently documented to induce naturally occurring muscle pain it is
not surprising that majority of investigations are performed while cycling. At the beginning of the
investigations of naturally occurring pain, the scientist wanted to observe changes in pain intensity defined as
the intensity of hurt that the subjects feel in their legs while cycling (Cook et al., 1998). These attempts have

revealed that pain increases as a function of exercise intensity (Cook et al., 1998). Jameson and Ring (2000)
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also observed elevated muscle and knee pain ratings across elevated cycling work rates, but the highest pain
ratings occurred during the slowest pedaling cadence providing somewhat counter logical results. These past
research concerning pain induced by muscle contractions were limited to experiments in which pain was
measured by asking the subjects to self-report their perceived muscle pain. With regards to the self-report
approach, the method is commonly pointed as a limitation of these studies, many additional studies have
suggested the objectivity of subjective data. Consequently, it is important to understand that even if the
investigations of pain within exercise settings started with the evaluation of pain intensity, other dimensions
of pain can also be captured for instance its location or unpleasantness. The location of pain can be measured
since exercise can be painful in diverse muscle groups. As such, it was found that subjects free of injury and
pathology consistently report experiencing quadriceps muscle pain during moderate- and high-intensity cycle
ergometry (Motl, Gliottoni, & Scott, 2007; O’Connor & Cook, 2001). Investigations of exercise-related pain
should not focus solely on muscles because as described previously, Jameson and Ring (2000) detected not
only muscle, but also knee pain during cycling. Likewise, Brown et al’s (Brown, Miller, Posthumus,
Schwellnus, & Collins, 2011) survey of 1,285 female marathon runners found that 54% of women recalled
breast pain during moderate physical activity and 64% recalled breast pain during vigorous activity
(Dannecker & Koltyn, 2014). Even if the observed number of muscles (locations) was very narrow, the

primary aim in these studies was to understand the topology of pain and its intensity during exercise task.

Exertive pain threshold. An algetic response is promoted for the assessment of pain thresholds. This
is generally done through thermal, pressure, and electrical stimuli application (Ellingson, Shields, Stegner, &
Cook, 2012; Janal, Glusman, Kuhl, & Clark, 1994; Naugle, Naugle, Fillingim, & Riley, 2013; Ruble et al.,
2005). The prevailing practice to use thermal, pressure, and electrical stimuli in exercise settings may have
misrepresented the importance of exertive pain. Specifically, because the pathway between nociception to
pain perception is an extremely complex one, using thermal pressure may not adequately stimulate exertive
pain (Astokorki & Mauger, 2016). It has been previously suggested that the tolerance of exertive pain is an

important prerequisite for endurance performance (Mauger, 2013). In recent investigations, the tolerance of
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exercise-induced pain explained a significantly larger variance in cycling task termination, than pain threshold
and tolerance did through algometry and cold pressure tests (Astokorki & Mauger, 2016). These traditional
pain measures explain some of the variance in endurance performance (compared to the tolerance of exertive
pain). This also suggests that the importance of high pain tolerance to endurance performance may have
been previously underestimated. The latter is also important because the traditional measures of pain
tolerance and threshold (such as algometry and the cold pressure test) are often used to inform about the
tolerance of the pain arising from an intense exercise. In turn, avoiding the use of thermal, pressure, and
electrical stimuli induced pain in the assessment of exertive pain phenomenon remains a key

recommendation for future research (Astokorki & Mauger, 2016).
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1.3.PAIN MODULATION

“If you are distressed by anything external, the pain is not due to the thing itself, but to your estimate of it; and this you have the power to revoke
at any moment.”

— Marcus Aurelins —

Modulation of perception in pain experience. To underpin variations in pain perception it is
important to understand the modulation of pain. Recent work in cognitive science and neuroscience is
leading us to a better understanding of modulation of the pain perception. However, the study of pain within
physical exercise is a daunting task owing to the difficulty of dissenting out the pain modulation from the
pain perception. It is generally agreed upon that the experience of pain occurs at the convergence of
biological, psychological and sociological, as well as sensory, cognitive, emotional, and social components
(Williams & Craig, 2016). Hence, there is a need to take a closer look at brain to help us understand how

these modulators contribute to the experience of pain.

Pain modulatory system. The descending pain modulatory system exerts influences on nociceptive
input from the spinal cord. This network of cortical, subcortical, and brainstem structures includes prefrontal
cortex, anterior cingulate cortex, insula, amygdala, hypothalamus, periaqueductal grey, rostral ventromedial
medulla, and dorsolateral pons (Tracey & Mantyh, 2007). The coordinated activity of brain network
modulates nociceptive signals via descending projections to the spinal dorsal horn. By virtue of these
descending connections, the central nervous system can selectively control signal transmission from specific
parts of the body (Garland, 2013). The network is dynamic and it treats cortical function as arising from the
coordination dynamics within and between cortical regions (Bressler & Kelso, 2016). This is also why pain
is highly subjective and at the same time subject to influences and interactions of ongoing synchronous neural
activity and organized patterns of spontaneous brain networks. By means of metastable coordination
dynamics, relative coordination gives cognition the capacity for rapid and fluid change, without the

coordinated network ever needing to relax into a stable state (Bressler & Kelso, 2010).
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Sensory modulation. The nervous system is highly adaptable and accommodates most demands.
When impulses from inflamed, scarred, weak or acidic tissues arrive at the synapse in the dorsal horn, or
when neurons from the brain release excitatory chemicals, the neuron in the spinal cord adapts to meet the
demand. In the short term, the neuron can increase sensitivity to the incoming excitatory chemicals (Butler
& Moseley, 2013). The sensitivity to the incoming excitatory chemicals can be modulated by age and gender.
Gender differences in experimental pain sensitivity have been widely investigated in experimental pressure
pain threshold (Chesterton, Barlas, Foster, Baxter, & Wright, 2003; Naugle et al., 2013), as well as thermal
pain threshold (Fillingim, Maixner, Kincaid, & Silva, 1998; Naugle et al., 2013). Results indicate that females
exhibit greater sensitivity to noxious stimuli than males. However, in the case of naturally occurring pain, the
threshold showed a high variability (Cook et al., 1998). Pain threshold for females occurred at an absolute
power output that ranged from 25 to 232 watts from 66 to 322 watts for males (Cook et al., 1998). These
results confirmed higher sensitivity to pain in females within exercise settings. The pain sensitivity was shown
to be dependent on age and ranged from increased to decreased sensitivity to no change (Schludermann &
Zubek, 1962; Yezierski, 2012). Pain sensitivity have also been suggested to result from age-related anatomical,
physiological, and biochemical changes as well as compensatory changes in homeostatic mechanisms and
intrinsic plasticity of somatosensory pathways involved in the processing and perception of pain. Thus, other
factors that may contribute to the impact of age on pain sensitivity include dysregulation of the hypothalamic-

pituitary-adrenal axis and changes in autonomic function that occur with advancing age (Yezierski, 2012).

Cognitive modulation. Attention, expectation, and beliefs also contribute to the cognitive
modulation of pain. Historical theoties of pain are based primarily on nociceptive processes and do not or
not sufficiently account for the interactions and dynamics between cognitive-attentional processes (Moayedi
& Davis, 2012). In the last few decades, interest in the nature of painful experience has drawn extensively on
the cognitive science methodologies (Sullivan, 2008), especially with the realms of attentional modulation

(Eccleston & Crombez, 1999).
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Alttention. Pain attracts attention and it can rarely be ignored. In functional coupling between key brains
regions during pain processing attentional resources allocated toward pain increase. Attentional
modulation through descending modulatory system is extensively examined (Wiech et al., 2008).
Furthermore, attention modulates perception and cognition by allocating processing resources to
relevant external and internal events. This unique attention-demanding quality orients humans away
from other environmental stimuli, ongoing thoughts and emotions. Attention and pain also mutually
influence one another (Brooks, Nurmikko, Bimson, Singh, & Roberts, 2002; Dunckley et al., 2007;
Seminowicz & Davis, 2007) even though, attention is believed to support defensive behavior by
prioritizing threat-relevant information (Legrain et al., 2009). On the other hand, pain responses are
influenced by spontaneous trial-by trial fluctuations in pre-stimulus activity. Neural communication
across the whole brain-wide network ‘connectome’ -including pain-attention related circuits- is
intrinsically dynamic and spontaneously fluctuates on multiple time-scales (Deco, Jirsa, & Mclntosh,
2013; Kucyi & Davis, 2015). The high prevalence of such fluctuations, their intrinsic nature, and their
importance to subjective experience, such as pain, are exemplified by evidence from studies of
spontaneous brain dynamics, the impact of pre-existing brain state on subsequent perception.
Previously, it was thought that these fluctuations could be linked to attentional shifts that subjects are
aware of or intrinsic dynamics of neural activity that are below the level of consciousness (Viane,
Crombez, Eccleston, Devulder, & De Corte, 2004). But later on, it was shown that the individual’s
attentional state may wax and wane spontaneously, even in the presence of unchanging nociceptive
input and regardless of on-going task demands (Peters & Crombez, 2007). Attentional fluctuations
away from non-painful modalities and their neural mechanisms can be described as “perception
deconpling” or “disengagement of attention” from perception. Spontaneous attentional fluctuations towards
and away from pain and the individual differences in regards to this behavior are represented in brain
network structure and dynamics. The link among spontaneous fluctuations, brain networks dynamics
and the neural processing of pain may be essential in the perception of pain. Furthermore, focusing

attention to specific location increases the chance that changes are detected and perceived (Van Hulle,
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Van Damme, Spence, Crombez, & Gallace, 2013). One might, for example, expect that in a situation
in which a person is performing a potential pain-inducing movement, the subject scans his/her body
and perceives the occurring changes.

Reappraisal. Pain has a warning character and is therefore commonly perceived as threatening. The
degree of threat was shown to depend upon the belief of the subjects in their own coping resources
(Lazarus & Folkman, 1984) and perceived control over pain (Salomons, Johnstone, Backonja, &
Davidson, 2004). If coping resources are sufficient, pain can be perceived as controllable. To that end,
people who perceive a high degree of control try to initiate action and persist more successfully in the
face of failure. For instance, positive thoughts, beliefs and even dispositional optimism affect pain
processing to provide further means by which these effects are amplified, reduced, habituated or
sustained over time (Petrovic, Petersson, Ghatan, Stone-Elander, & Ingvar, 2000).

Expectations. Negative and positive expectations are powerful modulating factors that influence pain
perception (Tracey, 2010). Expectations enable an organism to prepare for the upcoming sensory
input, so it is vital to study expected and perceived features of pain. Ploghaus et al. (2003) were the
first to identify brain activation consistent with the violation of expectations. The aim of this approach
was to provide insights into ‘how’ the brain learns about pain over time by considering the history of
successful (L.e., confirmed) and unsuccessful (i.e., violated) learning trials. Furthermore, expectations
from multiple sources were shown to influence pain physiology independent of reinforcement (Koban
& Wager, 20106). Finally, it is worth to understand that our brain prioritizes somatosensory input at
body locations where pain is expected (Van Hulle et al., 2013). Surprisingly, mediated factors that fall
into the cognitive domain may also account for significant portions of inter-individual differences in
the subjective experience of pain. For example, expectations about a stimulus and previous experience
have a marked influence on the subjective experience of pain. Thus, it presented some of the reasoning
behind the phenomenon of placebo, nocebo and reappraisal effects work in humans in pain perception

(Tracey, 2010).
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Emotional modulations. It is generally agreed upon that emotional states modulate the experience
of pain. For instance, fear was shown to be one of the most important emotion in the modulation of pain
and is connected with pain catastrophizing (Moseley & Butler, 2015). Moderate levels of fear seem to increase
attention to salient events such as pain, thereby augmenting its perceived intensity (Meagher, Arnau, &
Rhudy, 2001). Moreover, high levels of fear may become more salient than pain. Salience is defined by the
extension to which a stimulus contrasts in one or more perceptual features with surrounding competing
stimuli (Yantis, 2008). Also salient are novel stimuli, consisting of events that were never presented before

(i.e., new stimuli) or infrequently occurring events (i.e., deviant stimuli).

Social modulation. To date, the modulation of pain by social factors has received far less experimental
and neuroscientific attention. There is evidence pointing to associations between pain and the social context
in which it occurs. For instance, positive verbal and non-verbal interactions or positive interpersonally
relevant primed interactions are known to reduce pain, while negative, mixed valence, or ambiguous
interactions increase it (Krahé, Springer, Weinman, & Fotopoulou, 2013). Additionally, experience of pain
depends on one’s cultural background (Atkins, Uskul, & Cooper, 2016), upbringing (Van Dijk, Vervoort,
Van Wijck, Kalkman, & Schuurmans, 2016) and personal values (Branstetter-Rost, Cushing, & Douleh,
2009). Intuitively however it is thought that humans share similarly functioning nervous systems and

relatively similar pain reactions hence have a high like hood to feel comparably vis-a-vis of pain.
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1.4 INTERRELATION BETWEEN THE RESEARCH ARTICLES

The illiterate of the 21+ century will not be those who cannot read & write, but those who cannot learn, unlearn, and relearn.

(Alvin Toffler, American writer and futnrist)

1.4.1.  Psychobiological Model

Nonlinear psychobiological model of exercise-induced fatigue. Within the present thesis exertive
pain has been studied under the framework of the Nonlinear psychobiological model of exercise-induced
fatigue (Balagué, Hristovski et al. 2014). In contrast to other models like the Central governor model (Noakes,
St Clair Gibson, & Lambert, 2005) and the Psychobiological model of endurance (Marcora & Staiano, 2010),
the Nonlinear psychobiological model assigns a different role to the conscious intention to the task
disengagement or exhaustion point. While Marcora’s model states that the performer has the conscious
intention to disengage from the task and the Central governor model sustains this notion while stating that
the moment at which exercise terminates is determined by central nervous system (CNS), the Nonlinear
psychobiological model points towards the spontaneous disengagement from the task as a consequence of
the destabilized intention to continue. The spontaneous nature of the task disengagement has been
corroborated by experimental evidence to confirm two generic predictions of NDST models, the so called
critical phenomena (Kelso, 1997): a) the enhancement of fluctuations as the system approaches the critical
point (Hristovski & Balagué, 2010) and, b) the critical slowing down, as measured by increased correlation
in the kinematic time series (Scheffer et al., 2009; Vazquez, Hristovski, & Balagué, 2016) as well as the
metastability or flickering behavior (Balagué, Aragonés, Hristovski, Garcfa, & Tenenbaum, 2014; Balagué,
Hristovski, Aragonés, & Tenenbaum, 2012; Garcia, Balagué, Razon, Hristovski, & Tenenbaum, 2015;
Scheffer et al., 2009). No extant model is able neither to predict these effects nor offer an ad hoc explanation

for this type of behavior.
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Nonlinear dynamic integration of brain, periphery and environment. Psychobiological behavior
during endurance exercise could be conceptualized as the result of a self-organized process that emerges
from the interaction between three main components: brain, periphery and environment (Balagué, Hristovski,
Vazquez, & Slapsinskaite, 2014; Hristovski & Balagué, 2010). Under fatiguing exertion the coupling among
aforementioned components of the movement system is likely to be nonlinear. In previous studies the
nonlinearity has revealed itself in the evolution of different variables that transited between stable and
unstable states. It is important to consider that for a system where a first order phase transition occurs the
two phases (stability, instability) can coexist. While one phase (phase 1) can be a stable state the second phase
(phase 2) can be metastable or they can swap places, i.e., the first phase can be metastable while the second
phase is stable. Thus, it is conceived that effort accumulation and fatigue lead to phase transitions. Within
this context, metastability offers the capacity of the spontaneous switching. Therefore, the metastable state

can exist for a very long time, but finally the system tends to relax into the stable state.

The critical phenomena have been previously tested while using different kinematic (Hristovski &
Balagué, 2010; Vazquez et al., 2016) and psychological variables such as thoughts (Balagué, Hristovski,
Garcia, et al., 2015; Balagué et al., 2012; Garcia et al., 2015) or perceived exertion (Aragonés et al., 2013,
Balagué et al., 2015) during constant and incremental exercises performed until exhaustion. Two of these
variables i.e., perception and attention focus are closely related with pain sensation. Firstly, perceived exertion
dynamics in all subjects showed a clear fluctuating dynamics during the moderate and heavy intensity
exercises that changed towards a non-fluctuating dynamics when approaching the volitional exhaustion point
(Aragonés et al., 2013). It was emphasized that the fluctuation dynamics of perceived exertion helped to
recognize the stability or instability of the performed task and was useful to detect the critical volumes of
exercise or effort phases. Secondly, attention focus dynamics revealed that the intentionally imposed task
unrelated thought (TUT) was stable at the beginning of the test, switched spontaneously to task related
thought (TRT) with accumulated effort, competing with TUT and showing metastability, until a final stable

TRT state. This observed phenomena pointed towards a nonlinear dynamic self-regulation of attention focus
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during accumulated effort (Balagué, Hristovski, Garcia, et al., 2015; Balagué et al., 2012; Garcia et al., 2015).
In what follows, we summarize that critical phenomena arise when a system is close to its so-called critical
points or so called the points of phase transition and could be observed through different psychological or

kinematic variables.

Drawing from the very concept of self-organization all cited work within this thesis place a special
emphasis upon mind-body and performer-environment interactions. Particularly, the mediating effects of
the interaction between the performer and the environment are expounded within the research article IV
(see Chapter 5). These integrative and dynamical characteristic may indeed shed further light on the question
why other accounts based on separate local sites, failed to elucidate physiological limitations in the occurrence

of fatigue and task disengagement within endurance settings (Balagué, Hristovski, et al., 2014).

1.4.2. Common Aspects of Research Articles

The interrelation among the four research articles of this thesis may be better understood on the basis

of four shared common aspects derived from the NDST approach summarized in Table 1.

1. Dynanzic integration (i.c., coupling, decoupling) among brain-periphery-environment components are
key features to understand short-term integration between continuously interplaying components
ot to understand long-term coordinated behavior of the system. For instance, in order to illustrate
how environmental cues lead towards different kind of interaction laboratory settings could be
presented. Laboratory per se limits the access to external information, priming internal information
and constraining the interaction among components, especially in comparison to the field. The
changed type of interaction is somehow one of the reasons why ecological validity of systems
behavior is biased under laboratory conditions. Both environmental cues and accumulated effort

can modify the interactions (i.e., strengthening or weakening) among systems’ components and in
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return may influence coordinated behavior during endurance of exercise. This type of mediating
effect of body-periphery-environment components interactions are essential to detect while
prescribing endurance activities or studying behavior of the system.

Collective variables also referred as “order parameters” or “coordinative variables” capture best the
dynamic products of these interactions (Bressler & Kelso, 2001). The collective variables also help
to recognize the formation of and govern complex systems dynamics and allow to delineate the
qualitative changes within the system (Haken, 1983). Specifically, taken together, collective variables
can capture the linear, proportional or monostable solution and nonlinear, non-proportional
regime of the coordinated behavior of the system’s component processes. In these four research
articles we used two different psychobiological collective variables (i.e., pain locations and
thoughts). In addition, research articles depict #acroscopic etfects of collective variables. Since the
macroscopic effects are the result of the interaction between the actions of a vast number of
component processes, collective variables capture the dynamic products of undergoing interactions
on microscopic and mesoscopic levels. To that end, the proposed integration perspective
previously helped the scientists to bridge this gap while using different types of psychobiological
collective variables such as the volition states, thought processes and perceived exertion during
exercise (Aragonés et al., 2013; Balagué, Aragonés, et al., 2014; Balagué et al., 2012; Hristovski &
Balagué, 2010).

Control parameters. In order to study the dynamic of different collective variables (i.e., thoughts and
pain locations) three research articles of this thesis manipulated normalized (dimensionless) time
on task (TT) or time to exhaustion as the main control parameter and one research article manipulated
workload. It is important to consider that contro/ parameters generate the changes of state (i.e.,
stability and instability) within the system. For instance, if control parameters change and attain
some critical value, the system is forced to leave the initial state and spontaneously form a new
state. When the collective variable becomes unstable, the system starts seeking new task solutions

(underpinned by interactions, new couplings between subsystems on microscopic and mesoscopic
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levels), ones that involve discovering new psychobiological synergies and reconfiguring the
available degrees of freedom during endurance performance (Balagué, Hristovski, et al., 2014).

Finally, metastability is a key element that connects all research articles within this thesis. The idea
of metastability, i.e., the existence and evolution of systems through transient and semi-transient
states is an old one dating, at least, from the beginning and mid 20-th century (Eyring, 1935; Nicolis
& Prigogine, 1977). Underpinned by these basic notions, the idea of the spatiotemporal
organization of brain dynamic activity through transient, metastable states emerged more than 20
years ago (Kelso, 1995), but it has been only recently experimentally researched and detected as
such at phenomenological level (Aragonés et al., 2013; Balagué, Hristovski, Garcfa, et al., 2015;
Balagué et al., 2012). Metastable behavior typically arises when there are many weakly stable or
weakly unstable system’s states that switch spontaneously among various cooperative
configurations within their degrees of freedom. We invoke the notion of metastability to refer to
a dynamical state emerging from body-mind-environmental network possessing the properties as
defined in Bovier and den Hollander (2016): at short time-scales, the system appears to be in
equilibrium, but in fact, explores only a limited part of its available states (e.g., one type of attention
focus or attention-pain pattern). At longer timescales, however, it undergoes transitions between
numbers of metastable states (different attention-pain states). At the level of brain metastable
transient dynamics represent a balance between the segregation of focused cognitive processing
and the flexible integration of distributed brain areas (Bressler & Kelso, 2001; Rabinovich, Varona,
Tristan, & Afraimovich, 2014). On the phenomenological level, irreducible to neural processes,
however, metastability is defined as a flexible integration and segregation among attentional and
perceptual degrees of freedom, i.e., the degrees of freedom that form the experiential states of
performers. Therefore, the perception process requires a short-term znfegration between
continuously interplaying components including the environment, the periphery and the brain itself
(Rabinovich, Tristan, & Varona, 2015), and requires a segregation that is becoming autonomous of

some brain regions or degrees of freedom, before they integrate differently. Investigation of this
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very shifting provides a platform for understanding coupling and decoupling dynamics of complex

goal-directed systems.

1.4.3. Rationale of the Research Process

The interest for conducting the study of pain in the framework of the Nonlinear psychobiological

model of exercise-induced fatigue was based on three main aspects:

a) Pain as a subjective experience offers unique possibilities to explore how fatigue spreads on body
locations and helps study the dynamics and individual patterns inherent in this sensation.

b) There is a close interrelation between pain and attention and of both with endurance and task
disengagement.

c) TFurthermore, the location dynamics of pain has not been studied before. Hence, the contribution
towards better understanding of attention driven pain mechanisms as well as the development of

effective strategies for its management.

This thesis started exploring the pain location dynamics during constant exercise in research article I-
Local Pain Dynamics during Constant Exhaustive Exercise. Drawing upon the detection of individual pain
dynamic patterns in this article, research article II- Idiosyncratic Pain Patterns during Exhaustive Exercise
was elaborated. Next, given the recognition of a nested-type of integration of the attention-pain dynamics in
the previous research, in article III- Metastable Pain-Attention Dynamics during Incremental Exercise-
emerged. Finally, the need to investigate the effects of the environment on the dynamics of attention and

endurance gave rise to research article IV- Cycling Outdoors Facilitates External Thoughts and Endurance.
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Obijectives of the thesis:

To delineate the pain and discomfort location dynamics during constant cycling and running

performed until exhaustion.
To detect pain patterns during constant exercise performed until exhaustion.

To examine the potential presence of nested metastable pain-attention dynamics during

incremental cycling performed until exhaustion.

To compare the effects of indoor and outdoor environments on attention focus and cycling

endurance.

Hypotheses of the thesis:

1.

The number of body locations with discomfort and pain will increase while performing constant

cycling and running tasks.

Instead of generalized patterns, idiosyncratic pain patterns will emerge during constant cycling

and running tasks.

Pain-attention patterns during incremental cycling will display hierarchical or nested metastable

dynamics.

The environment type will constraint the attention focus dynamics during constant cycling

exercise.

Task disengagement will be delayed in the outdoor environment compared to the indoor

environment.
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Table 1. General common aspects of the four studies presented in this thesis.

Article Experiment Aim Qf the Exercise Collgctwe Control Parameter Metastables_/wtchlng
Experiment Variable dynamics
Dvnamics of To delineate the Constant power Number and
oY . topological ant p configuration of Time/exhaustion ] .
1 pain topological dvnamics of pain cycling and =i bod time (pain/no pain)
distribution yham p running exercise pain body
and discomfort locations
i Principa
Patterns O.f PAN 16 detect pain Constant power components of Time/exhaustion ] }
2 topological atterns cycling and 2in bod time (pain/no pain)
dynamics P running exercise II) bocy
ocations
To examine the
potential presence Principal
Pain-attention of nested Incremental components of . }
3 dynamics metastable pain- cycling pain body Workload (pain/no pain)
attention locations
dynamics
Environmental To comparethe  Constant power Attention focus
4 influenceon  effectsof indoor  cycling exercise  (task-related/task- Time/exhaustion (task-related/task-
attention focus and outdoor (indoor and unrelated time unrelated thoughts)
dynamics environments outdoor) thoughts)
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Abstract

The purpose of this study was to delineate the topological dynamics of pain and discomfort
during constant exercise performed until volitional exhaustion. Eleven physical education
students were tested while cycling and running at a “hard” intensity level (e.g., correspond-
ing to Borg’s RPE (6—20) = 15). During the tests, participants reported their discomfort and
pain on a body map every 15s. “Time on task” for each participant was divided into five
equal non-overlapping temporal windows within which their ratings were considered for
analysis. The analyses revealed that the number of body locations with perceived pain and
discomfort increased throughout the five temporal windows until reaching the mean (+ SE)
values of 4.2 + 0.7 and 4.1 £ 0.6 in cycling and running, respectively. The dominant loca-
tions included the quadriceps and hamstrings during cycling and quadriceps and chest dur
ing running. In conclusion, pain seemed to spread throughout the body during constant
cycling and running performed up to volitional exhaustion with differences between cycling
and running in the upper body but not in the lower body dynamics.

Introduction

People experience local discomfort and exertive pain during intense endurance exercise [1,2].
Previous studies have focused on the impact of exertive pain on effort perception, and time to
volitional exhaustion [3,4], and investigated the dynamics of its intensity over extended bouts
of exercise [5,6]. Nevertheless, no studies have explored the evolution of exertive pain and its

spatiotemporal topology dynamics during exercise.

Exertive pain is defined as a subjective state or feeling associated with tiredness, soreness
and numbness [7]. Exertive pain is different from perceived exertion in that the latter is the
subjective feeling of heaviness and strain, which stems from physical effort [8]. Athletes com-
peting in aerobic activities refer to “discomfort” in relation to symptoms emanating from legs,
respiratory system, proprioceptive system, head, and abdomen [9]. Others have also referred to
discomfort in exercising peripheral skeletal muscles as a common limit to different strenuous
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study design, data collection and analysis, decisionto  tasks [10,11] or as a limiting factor to exercise in forms of breathlessness and leg fatigue [3].

publish, or preparation of the manuscript. The latter is consistent with the notion that there are differentiated rating of perceived exertion

Competing Interests: The authors have declared (RPE) for legs (RPE-Legs) and chest (RPE-Chest) [12]. Specifically, during a cycling ramp type

that no competing interests exist. protocol, RPE-Legs and RPE-Chest have shown to contribute equally to the RPE-Overall, and
thus to the whole-body sensory integration process [13].

The perception of discomfort and pain vary inter-individually [14,15]. However, gender dif-
ferences across all pain modalities have not been supported during exercise [16]. Interestingly,
individuals with similar patterns of activation of the primary somatosensory cortex (SI), ante-
rior cingulate cortex (ACC), and prefrontal cortex (PFC) provide similar subjective reports of
pain magnitude [17]. This implies that an individual’s conscious experience of pain can be
accurately captured via introspection [17]. The correlations between brain imaging and pain
ratings also provide some external validation of self-report for pain monitoring [18].

A number of introspective methods are used to measure perceived exertion (e.g., RPE (6—
20) Borg scale), pain intensity (e.g., numerical pain rating scales) and pain location (e.g., pain
drawings, body maps, or manikins) [19]. Of these, pain drawings have been used to measure
widespread pain in static conditions of self-report in long-term intervals (e.g., 6 weeks, 6
months, or 1 year) [19,20]. Nevertheless, the evaluation of dynamical changes at short-term
intervals is yet to be considered. To date, only the intensity of exertive pain, but not its spatio-
temporal topology and spreading patterns, has been studied. Consequently, there is a lack of
knowledge about the dynamics of pain and discomfort during constant exercise performed
until volitional exhaustion. Additionally, exercise protocols up to date have been either incre-
mental [5] or self-paced [21], but not constant. Consequently, a constant exercise protocol
with continuous and steady effort output requirements may be particularly beneficial for inves-
tigating the dynamics of pain spread across the body.

The nonlinear dynamical systems theory (NDST) along with the self-monitoring and self-
reporting procedures were used for studying the dynamics of perceived exertion and attention
allocation during constant running and cycling tasks performed until volitional exhaustion
[22-24]. Findings from these studies revealed a non-proportional effect of effort accumulation
on thought dynamics and perceived exertion shifts (PES). Moreover, previous accounts of exer-
tive pain and discomfort have neither considered nominal changes in locations of topologically
defined body locations nor have they entirely detailed their effect on volitional exhaustion [25].
The purpose of the present study was to delineate the spatiotemporal topology dynamics of
pain and discomfort during constant exercise performed until volitional exhaustion. Specifi-
cally, we hypothesized that the number of body locations with discomfort and pain would
increase while performing running and cycling tasks as a function of “time on task” and that
the lower and upper body dynamics would depend on the type of exercise task.

Method
Participants

To determine the sample size for this study a power analysis was conducted using G*Power 3.1
[26]. In similar studies of thought processes larger effect sizes have been reported [23]. Thus,
using an effect size of d = 1.0, a0 < 0.05, power (1—f) = 0.80, a sample size of N = 10 emerged.
Accordingly, eleven European descent physical education students (7 males and 4 females,

M = 20.83 years old, SE = + 1.33, and BMI = 22.94, SE = + 2.03) were recruited for this study.
Participants had no sport specialization but were engaged in a wide range of aerobic activities
at least three times a week. Inclusion criterion for the study was the absence of chronic pain
and injuries.
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Intervention and Procedure

One week prior to the experiment, participants completed a baseline incremental cycling and
running test to determine the workload and velocity corresponding to their individual RPE (6-
20 Borg’s scale) = 15 (i.e., hard) [8]. During this visit, participants were also familiarized with
the use of body map and the reporting procedures (see familiarization). In the second and
third weeks, participants performed the experimental constant-power cycling and constant
velocity running tasks, respectively, in a counter-balanced order. Participants signed an
informed consent prior to taking part in the study. All experimental procedures were approved
by the local ethics committee of Catalan Sport Council of Catalonia (Consell Catala de 'Esport
de la Generalitat de Catalunya, Comite d'¢tica registration number 072015CEICEGC) and
were carried out according to the Helsinki Declaration.

Discomfort and pain monitoring. Throughout the exercise protocol, every 15s, upon the
researcher’s prompt, participants reported body locations with discomfort and pain, using a
body map (see Fig 1) [27]. The rational for selecting this reporting strategy was to provide
ample data points and limiting the potentially deleterious effects of reporting somatic sensa-
tions while constantly keeping an internal focus of attention [28]. For the purposes of this
assessment, the instructions given to the participants were as follows:

“When prompted, we ask you to report the locations of discomfort and pain (if you feel it,
independently of its magnitude) using the numbers on the body map placed in front of you.”

Familiarization procedures and baseline tests. All the participants have been previously
familiarized with the RPE (6-20) Borg scale and have used it during incremental exercises at
least two times during the last two months. The RPE (6-20) Borg scale and its original rating

Fig 1. Body map. Head (area 1, 2, 23, or 24); neck (area 3 or 25), shoulders (area 4, 5, 26, 27); arms (area 6, 7, 8, 9, 28, 29, 30 or 31); hand (area 10, 11, 32,
33); ribs or chest (area 12 or 13); abdomen (area 14 or 15), back (area 34, 35, 36, 37), buttocks or hips (area 38 or 39); genitalia (area 16), legs (area 17, 18,
19, 20, 40, 41, 42 or 43); feet (area 21, 22, 44 or 45). Adapted from Margolis, Tait, & Krause (1986).

doi:10.1371/journal.pone.0137895.g001
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instructions [8], as well as the body map were handed out and verbally explained to partici-
pants prior to the baseline test and experimental procedures.

The baseline incremental cycling test and the constant-power cycling task were performed
on a cycle ergometer (Sport Excalibur 925900) with saddle and handlebar specifications
adjusted to fit the preference of each participant. The cycling test started with a 2min rest fol-
lowing an initial load of 20W (for females) and 25W (for males). The load was increased by
20W/min (for females) and 25W/min (for males) until participants reported RPE = 15 keeping
the required cadence (70rpm). At this intensity (RPE = 15) participants kept pedalling for
2min while reporting their discomfort and pain (see above). During the last 10s of every
imposed workload increment, participants were asked to self-monitor and report verbally their
RPE on the RPE (6-20) Borg scale with the corresponding anchors placed in front of them at
eye level. The workload values corresponding to RPE = 15 were recorded for each participant.
If an identical RPE value was reported over two consecutive increments the highest workload
value was registered. When the clamped value of RPE = 15 was not reported the value corre-
sponding to the same Borg’s RPE (6-20 anchor RPE = 14) was recorded.

The baseline incremental running test (HP Cosmos treadmill) consisted of an initial velocity
of 5km/h followed by increases of 1km/h per minute (for males) and 0.5km/h per minute (for
females) until they reached a velocity corresponding to RPE = 15. At this intensity participants
kept running for 2min while reporting locations with pain and discomfort (see above). Identi-
cal self-monitoring and RPE reporting and recording procedures were followed as the cycling
protocol.

Constant-power cycling task. The task included two consecutive parts. An initial incre-
mental warm-up (same procedure as in the corresponding baseline test) and a constant-power
cycling task were performed up to volitional exhaustion. The constant-power cycling began
when participants reached RPE = 15 during the incremental warm-up and lasted up to voli-
tional exhaustion when participants could no longer maintain the fixed pedalling cadence for 5
consecutive seconds while in the sitting position. The RPE (6-20) Borg scale was placed in
front of the participants at eye level during the warm up phase and was replaced by the body
map during the constant protocol phase. Only the data from participants reporting RPE = 15
at the same target workload obtained during the baseline incremental cycling test were
included in the analysis.

Constant velocity running task. The task included two consecutive parts: an incremental
warm-up (same procedure as in the corresponding baseline test) and a constant velocity run
performed up to volitional exhaustion. The constant velocity run began when participants
reached RPE = 15 during the incremental warm-up and lasted up to volitional exhaustion
when they could no longer maintain the imposed velocity. The RPE (6-20) Borg scale was
placed in front of the participants at eye level during the warming up and was replaced by the
body map during the constant protocol. Only the data from participants reporting RPE = 15 at
the target velocity obtained during the baseline incremental running test were included in the
analysis.

Once the test began, participants performed the cycling/running tasks without any addi-
tional communication except for the researcher’s prompts for reporting locations. All trials
were video recorded to cross validate the accuracy of the collected data. Upon task completion,
using a 11 point Likert-type scale with anchors ranging from 0 (not at all) to 10 (greatly), par-
ticipants answered two questions to report their adherence to: (a) the cycling/running task (i.e.,
“Have you pedalled/ran as long as you can, achieving your exhaustion point?”), and (b) the self-
monitoring and reporting procedure (i.e., “Have you reported all the changes in your discomfort
and pain locations when required?”).

PLOS ONE | DOI:10.1371/journal.pone.0137895 September 30, 2015 4/8
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Data Analysis

The reported number of locations with pain and discomfort while performing the tasks were
plotted for each participant and the locations were anatomically grouped for lower and upper
body areas. Each time series was divided into five non-overlapping temporal windows (time to
volitional exhaustion of the participant/5). Mean value of the number of locations with discom-
fort and pain in total was computed for each time window. The probability of each pain loca-
tion (according to the body map) was computed for each temporal window. A Friedman
ANOVA was used to analyse the number of locations variance over time. Effect sizes (Cohen’s
d) were calculated to determine means’ differences at p < 0.05. Mann Whitney U matched
pairs test was used to contrast the pain dynamics in lower and upper body during both tasks.

Results

Time to exhaustion during constant cycling at 195 + 14.3W was 915 + 62s and constant run-
ning at 15.36 + 0.7km/h was 738 + 52s. The number of locations with pain and discomfort
increased throughout the five temporal windows until reaching the values of 4.2 + 0.7 for
cycling and 4.1 + 0.6 for running. The Friedman ANOV A revealed a significant effect of time
for the total number of locations with discomfort and pain Xz (11,4) = 14.08, p =0.007 in
cycling, and y” (11,4) = 26.15 p < 0.001 in running. Cohen’s d coefficients between the time
windows were as follows: 1* and 3" (-2.95 and -2.19), 1*' and 5 (-4.13 and -2.2).

Fig 2 illustrates the frequencies of body locations with pain over time; the darker regions
show higher frequencies. The dominant locations of pain and discomfort during both tasks
were the quadriceps muscle. At the termination of the exercise task, the dominant locations
included the quadriceps and hamstrings in cycling and the quadriceps and chest in running.
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Fig 2. Locations with pain and/or discomfort. The group pulled probabilities of locations with pain or discomfort during cycling (left) and running (right)

tasks in 5 temporal windows in a given sample (n = 11). As time on task increases (vertical axis) the number of locations and the probability of experiencing
pain and discomfort at selective locations also increase (darker shades of grey) on average. Legend: the probability of experiencing discomfort and pain.

doi:10.1371/journal.pone.0137895.9002
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The Mann Whitney U test indicated a significant difference only for the upper body loca-
tions between the cycling and running tasks in the 274 (U(20) = 20, p = 0.003), 3" (U(20) = 25,
p=0.016) and 4™ (U(20) = 28.5, p = 0.026) temporal windows.

Discussion

The main finding of this study revealed that the number of body locations where discomfort
and pain are reported during constant cycling and running tasks until volitional exhaustion
increased over time. While the lower-body locations increased significantly during both cycling
and running, upper-body locations increased significantly only during running.

These findings are consistent with previous research related to the discomfort and exertive
pain intensity during incremental and self-paced exhaustive exercise. A linear co-variation
between the muscle pain intensity and power output in cycling has been found with lowest
pain ratings at the lowest exercise intensity and highest pain ratings at the highest exercise
intensity [5]. Increasing ratings have been also indicated in self-paced cycling [21]. Impor-
tantly, the present findings also suggest that not only the pain intensity [29] but also the num-
ber of pain locations and their frequencies raised while approaching volitional exhaustion. It is
evident that the pain threshold (i.e., the point at which an individual perceives a stimulus to be
painful), and the pain tolerance (i.e., the point at which an individual is not willing to endure
further noxious stimuli) change with the time on task and effort accumulation [30]. However,
further research is needed to define the relationship between exercise workload and topology
of exertive pain, and extend our findings by exploring the spread patterns of the pain locations.
As local pain is task-dependent it will be particularly interesting to test the pain dynamics in
incremental or graded exercise protocols. In this study a constant-power instead of incremen-
tal-power exercise was chosen a) to prevent from faster task disengagement, especially in less
fit participants; b) to avoid changes of the afferent sensory information due to power intensity
changes.

Previous studies examining the dynamics of attention focus and effort perception during
constant cycling and running until volitional exhaustion have also revealed an effect of time on
task (i.e., effort accumulation) on attention allocation and perceived exertion [22-24]. Results
from these studies suggested qualitative changes from dissociative to dominantly associative
focus of attention, and from fluctuating to non-fluctuating perceived exertion shifts while
cycling continuously at RPE = 15 and while running at 80% of maximal heart rate [22-24]. The
current findings indicate that as a result of the increased effort output, pain spreads throughout
the body. Some have attributed these phenomena to the progressive global instability occurring
over the neuromuscular axis that characterizes the exercise-induced fatigue. Specifically, this
instability, involving attention and motivational control loops was thought to ultimately lead
to task disengagement [31]. Additional inquiries need to discern if the spread patterns of exer-
tive pain and discomfort are subject to qualitative changes, i.e., whether the number of loca-
tions increases by adding new locations (“and” logic), shifting between existing locations (“or”
logic) or a combination of both. Understanding these qualitative dynamics can facilitate a
higher fit between the present results and those previously related to attention focus and the
PES.

To better interpret these findings, two limitations should be considered, in the present
study: (a) the intensity of discomfort and exertive pain were not measured, and (b) the sample
was limited to physically active individuals. Hence, the current findings do not speak to the
intensity of pain and/or its dynamics throughout exercise. Additionally, the implications asso-
ciated with these findings may not hold true for those who are sedentary or highly trained. In
conclusion, although different local patterns are observed in cycling and running, pain appears
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to spread throughout the body as the effort output and time on task increase. These results are
pioneer in that they offer an initial account of the spatiotemporal topology of pain spread dur-
ing constant exhaustive exercise and thereby respond to calls for further studying exertive pain
and its tolerance, as well as performance and regulation of exercise in ‘normal’ samples [29,32].
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Idiosyncratic Pain Distribution Patterns during Exhaustive Exer cise

Abstract: The purpose of this experimental study was to examine dynamical distribution
of pain during constant cycling and running performed up to exhaustion. Ten participants (M
= 20.8 years old, SD =+ 1.03) ran and cycled at a “hard” intensity level (e.g., Borg’s RPE (6—
20) = 15). During task performance, participants reported their pain on a body map every 15s.
Three distinct and consistent pain distribution patterns emerged: adders who added pain
locations, jumpers who switched among pain locations, and adder s-jumper s who both added
and switched among pain locations throughout the effort. These distribution patterns had a
significant effect (p < 0.001) on pain stability (i.e., the time spent within the same pain
location) and on total number of changesin pain locations (p < 0.04); jumpers reported more
changes compared to the adders (p < 0.035). Task endurance was associated with the total
number of changes of pain locations (r = 0.46, p < 0.04). Finally, asignificant effect of time
on the number of symmetric locations y? (10,4) = 16.17, p < 0.003 emerged in running.
Idiosyncratic pain distribution patterns with more switching among pain locations throughout
effort seemed to increase time on task. Further scientific evidence is needed for confirming
the extent to which idiosyncratic pain distribution patterns account for and/or help pain

management within clinical settings.
Per spective

Sensory discriminative dimension of pain was measured during exercise performed
until exhaustion. Idiosyncratic pain distribution patterns related to exercise endurance were
identified. Closer inspection of the idiosyncratic pain patterns may have practical implications
for exercise adherence in effort settings as well as for widespread pain management within

clinical settings.



Key words: pain location, pain dynamics, idiosyncratic patterns, cycling, running,

endurance, pain management.
INTRODUCTION

In the course of endurance activities, people experience exertive pain'! or exercise-
related discomfort. Exertive pain is associated with aversive sensations emanating mainly
from the legs, respiratory system, proprioceptive systems, head, and abdomen.2® The term
perceived exertion (PE) typically represents a mix of painful sensations, heaviness of
breathing during exercise, and fatigue which results from the physical effort. However,
researhcers have called for the study of exertive pain as adistinct perceptual marker .*” To
that end, exertive pain during exercise has been measured via pain intensity scales,® numeric
rating scales, visual analog scales’, as well as pain mapping procedures for identifying

painful locations.%*

A taxonomy for complex spatia pain patterns was developed following multi-site pain
identifications, which revealed 475 spatial pain patterns, grouped into seven categories.'? This
method emphasizes the importance of spatial patterns, not only for quantifying the painful
bodly sites as an indicator of pain severity,® but also for observing the distribution of pain for
each person. As aresult, further investigation of both static and dynamic pain patterns were
warranted.’® Indeed, defining idiosyncratic pain distribution patterns during exercise can help
in the operational definition of perceived pain dynamics that can otherwise be missed by use

of other approaches.

Delineating idiosyncratic pain distribution patterns during exercise can prove beneficial
in that exertive and clinical pain can at least partly share common mechanisms. In exercise

settings pain typically occurs in diverse muscle groups.* Somewhat similarly, in clinical
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settings the experience of multisite pain is common.® In fact, in clinical contexts, persistent

widespread musculoskeletal pain remains an essentia feature of chronic pain syndromes.

The purpose of the present study was to examine the dynamical distribution of pain
during constant cycling and running performed up to exhaustion. We hypothesized that
instead of generalized patterns, idiosyncratic dynamics of exertive pain would emerge.
Consequently, we expected that the results of this study would help advance the
understanding of pain dynamicsin effort settings. We also considered that due to the
potentially common grounds shared between exertive and medical pain distribution, these
findings would contribute to the understanding of medical pain dynamics within clinical

settings.

MATERIALSAND METHODS

Participants

Sample size was determined using the G* Power 3.1 program.® Drawing upon similar
studies with large effect sizes!, an effect size of d = 1.0, « < 0.05, power (1 - ) = 0.80
required 10 participants. Ten Caucasian students (4 females and 6 males, Mage = 20.8 years,
SD =+ 1.03, Range 19-24) mgjoring in physical education were recruited. All the
participants were healthy and injury-free with no counter indication for exercise testing.
Participants were physically active and familiar with cycling and running at high intensities

for extended durations.
I ntervention and Procedure

Completion of this study took three sessions, each lasting approximately 30 minutes,
separated by one-week intervals. At week one, participants completed baseline incremental
cycling and running tests to determine the workload and vel ocity values corresponding to

their RPE (6-20 Borg’s scale) = 15 (i.e., heavy).? At this time, participants were familiarized

48



with the use of body maps and reporting procedures (see familiarization). At the 2" and 3™
week, participants completed the constant-power cycling and constant velocity running tasks,
respectively, in a counter-balanced assigned order. Prior to the onset of the study, participants
completed a health history questionnaire, and an informed consent form. All the experimental
procedures were approved by the Clinical Research Ethics Committee of the Sports

Administration of Catalonia and were carried out according to the Helsinki Declaration.

Monitoring for Pain. Throughout the exercise protocol, every 15s, upon the
researcher’s prompt, participants reported body locations with discomfort and pain, using a
body map (see Fig 1).° The rational for selecting this reporting strategy was to provide ample
data points and limiting the potentially deleterious effects of reporting somatic sensations
while constantly keeping an internal focus of attention.'® For the purposes of this assessment,

the instructions given to the participants were as following:

“When prompted, please report the locations of discomfort and pain (if you feel it,

independently of its magnitude) using the numbers on the body map placed in front of you.”

Fig 1. Body map. Head (area 1, 2, 23, or 24); neck (area 3 or 25), shoulders (area 4, 5, 26,
27); ams (area 6, 7, 8, 9, 28, 29, 30 or 31); hand (area 10, 11, 32, 33); ribs or chest
(area 12 or 13); abdomen (area 14 or 15), back (area 34, 35, 36, 37), buttocks or hips
(area 38 or 39); genitdia (area 16), legs (area 17, 18, 19, 20, 40, 41, 42 or 43); feet
(area 21, 22, 44 or 45). Adapted from Margolis, Tait, & Krause (1986).
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Familiarization and Baseline Tests. Both the RPE scale and body map were verbally
explained to the participants prior to the baseline test. The baseline incremental cycling test
and the constant-power cycling task were performed on a cycle ergometer (Sport Excalibur
925900) with saddle and handlebar specifications adjusted to the preference of each
participant. The cycling test started with a 2min rest. Next, participants cycled at a cadence of
70rpm with an initial load of 20W (for females) and 25W (for males) with increase of 20W
per minute (for females) and 25W per minute (for males) until reporting RPE = 15. At this
point, participants kept cycling for 2min and reported on the pain scales (see above). During
the last 10s of every imposed workload increment, participants reported their RPE. The

workload values corresponding to RPE = 15 were recorded for each participant.

The baseline incremental running test was performed on atreadmill (HP Cosmos
treadmill). The running test started with a 2min rest. Next, participants ran at an initial
velocity of 5km/h with increases of 0.5km/h each minute (for females) and 1km/h each
minute (for males) until RPE = 15. At thisintensity, participants kept running for 2min and
reported on the pain scales (see above). During the last 10s of every imposed workload
increment, participants reported their RPE. The workload values corresponding to RPE = 15,

were recorded for each participant.

Constant-power Cycling Task. The task included two consecutive parts. an initial
incremental warm-up session (identical to the cycling baseline test) and a constant-power
cycling task performed up to volitional exhaustion. The constant-power cycling began when
participants reported RPE = 15 during the incremental warm-up and lasted up to volitional
exhaustion when they could no longer cycle at the fixed cadence for five consecutive seconds
at the sitting position. The RPE (6-20) Borg scale was placed in front of the participants at

eye level during the warm up phase and was replaced by the body map during the constant
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protocol phase. Only the data from participants reporting RPE = 15 at the same target

workload obtained during the baseline incremental cycling test were included in the analysis.

Constant-velocity Running Task. The task included an incremental warm-up
(identical to the running baseline test) and a constant velocity run performed up to volitional
exhaustion. The constant velocity run began when participants reported RPE = 15 during the
incremental warm-up and lasted up to volitional exhaustion when they could no longer
maintain the imposed velocity. The RPE (6-20) Borg scale was placed in front of the
participants at eye level during the warming up and was replaced by the body map during the
constant protocol. Only the data from participants reporting RPE = 15 at the target velocity

obtained during the baseline incremental running test were included in the analysis.

Parti cipants performed the cycling and running tasks without verbal communication
except for the researcher’s prompts for pain locations. The trials were video recorded to cross
validate the accuracy of the data. Upon task completion, on an 11-point Likert-type scale with
anchorsranging from O (not at all) to 10 (greatly), participants responded to two prompts that
measured their task commitment: (a) “Have you pedaled/ran as long as you can, up to your
exhaustion point?” and, commitment to the protocol (b) “Have you reported all the changes

in your discomfort and pain locations?”

Data Analysis

Once recorded, al the locations for each participant were transformed to binary vectors,
where 1 meant presence of pain, and O — no pain, to obtain the time series with topological
configuration of the perceived pain regions while performing the constant cycling and running
tasks. To determine the pain dynamic patterns, the binary vectors time series were analyzed

with “and” and “or” logical segments.



Principal component analysis (PCA) was used to reduce the dimensionality of the local
pain data (obtained from the 50-item pain map). The PCA method was used to extract the
components and to obtain a maximal dimensional reduction of the data. The number of
components to retain was determined through the number of salient PCs of the first order by
applying Kaiser-Guttman criterion (eigenvalue A > 1)?% and by the visual inspection of a
scree-plot. The parsimonious PC structure was obtained by use of the normalized Varimax

criterion.

A Wilcoxon matched pairs test was used to contrast between cycling and running
conditions for total number of changes in pain locations and pain stability (i.e., the time spent
within the same pain location). Effect of pain distribution patterns on the total number of
changesin pain locations and pain stability were subjected to one-way analysis of variance

(ANOVA) followed by Tukey’s HSD tests for post hoc comparisons. To assess possible

relations between the pain dynamics and task endurance, a Pearson correlation was computed.

The reported number of locations with pain while performing the tasks were plotted for
each participant. The symmetric pain (i.e., axial distribution of the same locationsin right and left
sides of the body) were calculated for each participant separately. Each time series was divided
into five non-overlapping temporal windows (time to volitional exhaustion of the
participant/5) for cycling and running tasks. The probability to experience symmetric pain
was computed for each temporal window and took into account only the reported pain. A
Friedman ANOV A was used to analyze the number of |ocations variance over time. Effect
sizes (Cohen’s d) were calculated to determine means’ differences at p < 0.05. Dataanalysis
was completed using SPSS version 20.0 (SPSS Inc, Chicago, IL). The level of statistical

significance was set at p < 0.05.

RESULTS
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Idiosyncratic Pain Distribution Patterns

Three groups of participants were identified based on the distribution pattern of pain
during cycling and running. Of the 10 participants, 20% reported an increasing amount of
locations without losing any previous locations. These participants were termed adders as
their reporting pattern matched the logic “and”. Next 20% of the participants shifted in
between |ocations without adding any new locations. These participants were termed jumpers
since they matched the logic “or”. Finally, 60% of participants combined both patterns of
reporting and they were termed adder-jumpers since their reporting pattern matched alogic of

both “and” and “or”.
Principle Component Analysis (PCA) of Pain Data Series

The Kaiser-Guttmann procedure, which relied on the pain distribution pattern, revealed
3 principle components (PCs) and 4 PCsin adders, 7 PCs and 9 PCs in jumpers, and 5 PCs
and 6 PCsin adders-jumpersin cycling and running tasks, respectively. On average, adders
accounted for 95.02% and 97.47% of the variance in cycling and in running, respectively.
Jumpers accounted for 92.12% of the variance in cycling and 94.00% in running. Finally,
adders-jumpers accounted for 95.09% of the variance in cycling and 96.96% of variance in
running. On average, in the cycling task the first PC accounted for 62.02%, 49.92% and
63.98%, of thetotal variance in adders, jumpers and adder-jumpers, respectively. In the
course of the running task the first PC on average accounted for 64.02%, 52.92% and 58.82%,
of thetotal variance in adders, jumpers and adder-jumpers, respectively. The remaining PCs
contributed substantially less to the accounted variance (See Table ). The accounted
variances per configuration by the whole system of PCs (commonalities) in both task were h?

=0.95+ 0.007.

Table I. Principal Components Analysis (PCA) revealing principal components and
accounted variance for the original pain data in cycling and running.
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Cycling Running
Average SD Average SD
2 Cum % 2 Cum % 2 Cum % 2 Cum %

PC Var Var n PC Var Var n
1 2815 58.64 11.96 14.05 10 1 2076 57.59 7.11 11.33 10
2 7.8 7252 3.53 11.84 10 2 742 78.01 3.54 8.26 10
3 153 85.5 219 10.15 10 3 389 88.14 231 7.2 10
4 203 89.61 1.63 9.55 9 4 185 92.08 1.16 5.13 9
5 175 92,57 112 9.18 8 5 124 95.71 0.97 4.32 8
6 131 94.4 117 7.96 6 6 109 97.25 1.15 3.13 7
7 061 99.98 0.09 0.03 2 7 076 97.71 0.67 214 5
8 0.03 100 1 8 069 98.47 0.49 1.27 4

9 056 99.05 0.14 0.9 3
10 032 99.63 0.22 0.64 3
11  0.09 99.75 1
12 0.03 100 1

Figure 2 illustrates how different communities of painful zones formed and decayed in
time by the shifting projections on the extracted PCs. The dark regions show high values of
projections of zones on given PCs corresponding to larger projection values of vectors
defining reported body pain sets. They represent formation of a correlated community of pain
locations which is only temporarily stable. Each community eventually decayed and left space

to another community to be formed.
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Fig. 2 Transient communities of painful zones. The dark regions show high values of
projections of zones on given PCs corresponding to larger projection values of vectors
defining reported body pain sets.

Pain distribution patterns by exercise mode (e.g., cycling vs. running) failed to
significantly affect the total number of changesin pain locations (Z = -0.18, p=0.86, d =
0.11, 95% CI: (-6.16, 5.21)) and pain stability (Z = -1.78, p = 0.07, d = 0.56, 95% ClI: (-33.4,

21.93)).

The pain distribution patterns significantly affected the total number of changesin pain
locations F(2, 19) = 4.03; p < 0.04. Tukey post hoc comparisons resulted in asignificant
difference between adders’ and jumpers’ patterns, p < 0.035, d = 1.88, 95% ClI: (-2.84, 3.39)).
Adders, jJumpers, and adders-jumpers, respectively, reported 6 + 2.45,21.25 + 11.35 and

16.08 + 7.61 changes (Figure 3).
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Fig.3 Changes. The total number of changesin pain locations within different spatio-
temporal patterns. Data are presents as mean + SD.

The pain distribution patterns affected pain stability (i.e., the time spent in the same pain
location/s), F(2, 19) = 10.81; p < 0.001. Adders, jumpers, and adders-jumpers, respectively,
were stable in pain lasting an average duration of 143.45s + 59.7, 51.78s = 10.11, and 62.28s
+ 25.11, respectively (see, Figure 4). Tukey post hoc analyses revealed significant differences

between adders and jumpers p < 0.003, d = 2.26, 95% ClI: (-34.74, 8.52); specifically between
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adders and adder-jumpers patterns p < 0.001, d = 2.24, 95% CI:(-34.76, 17.8). Finally, task

endurance was associated with total amount of changesin pain locations (r = 0.46, p = 0.04).
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Fig. 4. Pain stability. The time spent within the same pain location within different spatio-
temporal patterns. Data are presents as mean + SD.

The results also indicated that the symmetric pain (i.e., the type of axial distribution of the
same locations in right and left sides of the body) reached its highest values in the mid-point
(73.8% of pain was symmetric) of cycling and at the end (70.7%) of running. The Friedman
ANOVA reveaed asignificant effect of time on number of symmetric pain locations 2 (10,4)
= 16.17 p = 0.003 in running, but not in cycling y? (10,4) = 7.7, p = 0.1. Cohen’s d values
between the temporal windows were as follows: 1% and 5 (p = 0.01; d = 1.13, 95% CI:(0.23,
2.02)), 2™ and 4™ (p = 0.03; d = 0.62, 95% Cl:(0.33, 1.37)), 3" and 5" (p = 0.02; d = 0.78,

95% CI:(0.2, 1.52)) in running.
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Fig. 5. Probability of symmetric pain. The group pulled probabilities of locations with pain
during cycling and running tasksin 5 temporal windowsin agiven sample (n = 10). Dataare
presents as mean + SD.

DISCUSSION

The purpose of the present study was to examine the dynamical distribution of pain
during constant cycling and running performed up to voluntary exhaustion. Our main findings
revealed three idiosyncratic pain distribution patterns during both cycling and running tasks:
(1) adders, (2) jumpers and, (3) adder-jumpers. These idiosyncratic distribution pain patterns
were kept in both tasks even though the specific pain locations differed within and between
the tasks. These results are consistent with previous ones attesting to the importance of
identification of idiosyncratic distribution patterns'® and idiosyncratic differences.’® The
present participants showed idiosyncratic differences in the amount of changesin perceived
pain locations (i.e., jumper vs adder), and the increased reports of changes in perceived
painful locations were associated with increased task endurance. As such, the jumper pattern
for instance seemed to have a positive influence on task endurance. For the adder pattern on
the other hand, individuals repeatedly reported the same locations with the exception of afew
changes thereby suggesting higher rigidity and stability of painful zones. This said, it isalso
plausible that given the consistency of their reported locations, adders may have experienced

greater pain intensity throughout the task.

In contrast to the group pulled data, evaluation of the idiosyncratic data/dynamics
within the present framework did not only help distinguish idiosyncratic pain distribution
patterns, but also revealed that the number of painful locations may not increase with time
spent on task (i.e., jJumpers), and thisisimportant to consider. It is therefore highly plausible
that the pain distributed within the body during running and cycling has some indirect links

with accumulated effort. The later means that different distribution patterns of pain might
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result from the interconnection of diverse internal influences of ever-changing variables

during exhaustive exercise.

With regards to anovel taxonomy of pain, the literature includes several previous
attempts related to complex spatial pain patterns.'? This said, there is a consensus that
although the common focus on single body sitesis important, greater emphasis should be
placed upon the investigation of the multisite pain. The later in part explains the use of the 19
multisite location scalein clinical practice,? aswell as the use of the 50-item pain scale within the
current framework - to allow a more precise measurement of the newly arising sites
throughout the exhaustive exercise. Within the exercise science, no established taxonomy
exists for specific pain distribution patterns and, to our knowledge, thisisthe first attempt to
define idiosyncratic pain distribution patterns during exercise. From a measurement
standpoint, it is also important to note that although the perception of pain differs from typical
perceptual processes asis localized within the body, thus painis ahighly subjective
experience. The subjectivity of a painful experience is not however mutually exclusive with
its objective quantification, and (subjective observation of pain) remains one of its most
reliable indicator. This said, idiosyncratic pain in the same body sites may characterize pain
groups with highly different characteristics (e.g., back pain asasingle site hasonly a
prevalence of 5% of the cases). Within the current study the use of the 50-item pain scale
together with the dynamic approach facilitated a focus on the idiosyncratic data and helped

delineate idiosyncratic pain distribution patterns.

Taken al together, these result suggest that the model of exhaustive exercises seemsto
attest to the changing dynamics of signaling processes of pain. To that end, an interesting
follow up could include the exploration of potential similarities between the spatiotemporal
distributions of exertive pain and select chronic pain presentations. In the case of

Fibromyalgia (FM) for instance, the chronic pain distributes within an axial distribution in the



upper and lower quadrants, and the right and |eft sides of the body.?? In further similarity to
chronic pain presentations, the present data suggested a symmetric distribution of pain
locations independently of the idiosyncratic distribution pattern. Specifically, herein, we have
not only identified a multisite pain location phenomenon but also revealed a symmetrical
distribution of pain in the right and left sides of the body. Consequently, further investigation
of these potential common grounds shared between exercise-related pain and chronic pain

presentations can further deepen the understanding of the pain experience in general.

The contributions of the present study come in three fold. First, this study provides a
novel framework for examining the dynamics of topologically defined areas of body pain
during constant power exercise, and thereby further adds to the understanding of pain
perception in general. Second, in the absence of a currently established taxonomy, the results
from this study help advance an initial taxonomy for pain distribution patterns: adder, jumper
and adder-jumper, applicable toward both research and practical realms. Third, the present
results reveal an association between exercise endurance and the number of switches among
painful locations during exercise. Thisfinding is particularly relevant for the realm of
performance science where task endurance is a central topic of interest. Future research is
warranted to test the potential link between the idiosyncratic fitness levels and the reported
pain distribution patterns. Specifically, it could be beneficial to investigate whether highly
trained individuals would present particular distribution patterns over lesstrained individuals.
This tentative assumption is drawn from the current results that suggest that the total number
of reported changes is related to task endurance. To that end, jumper could possibly be the
prevailing pattern among highly trained individuals and delineating such linkages could prove
useful. In addition, exploring the potential trandlational implications of these results into other
clinical settings-specifically toward the management of chronic widespread pain presentations

could be particularly valuable.
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Potential limitations of the present study come in two-fold. First, in the present study
neither the intensity nor the quality of pain was measured; hence, we cannot confirm that pain
intensity was higher in adders than in jumpers. Second, the idiosyncratic expectations about
the painful locations were not evaluated. Thisisimportant in that expectations of pain are
known to alter the strength of spinal nociceptive responsesin humans.'® As such, participants

could have perceived painful what they initially expected to be painful.

Asaword of conclusion, this study remains pioneer in delineating the idiosyncratic
distribution patterns of pain during exhaustive exercise. While more research is needed to
expand on these findings, exercise practitioners could make use of these results to optimize
pain management and performance outcomes in exercise settings. Additionally, medical
professionals may find value in the potential translations of this preliminary results toward a
more effective and efficient management of an otherwise particularly complex phenomenon

such as pain.?°
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marked as painful for all participants throughout the cycling task. Significant differences
in entropy were observed between all temporal windows except the fourth and fifth
windows. Transient dynamics of bodily locations with perceived discomfort and pain
were spanned by three principal components. The metastable dynamics of the body
pain locations groupings over time were discerned by three time scales: (1) the time
scale of shifts (15 s); (2) the time scale of metastable configurations (100 s), and (3) the
observational time scale (1000 s).

Conclusion: The results of this study indicate that body locations perceived as painful
increase throughout the incremental cycling task following a switching metastable and
nested dynamics. These findings support the view that human brain is intrinsically
organized into active, mutually interacting complex and nested functional networks,
and that subjective experiences inherent in pain perception depict identical dynamical
principles to the neural tissue in the brain.
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Metastable Pain-Attention Dynamics

INTRODUCTION

Humans have the capacity to distract from and also differentiate
between various sensations related to physical exercise such as
exercise-related effort and pain (O’Connor and Cook, 2001;
Pageaux, 2016). Perception of effort is defined as “the conscious
sensation of how hard, heavy, and strenuous a physical task is”
(Marcora, 2010). Perception of pain on the other hand is defined
as the perception of a distressing experience associated with
actual or potential tissue damage that entails sensory, cognitive,
emotional, and social components (Williams and Craig, 2016).
From a standpoint of measurement accuracy within self-report
settings, the instructions provided by the test administrator play
an important role for distinguishing between perception of effort
and pain (Pageaux, 2016).

Of specific interest herein, perception of pain typically
requires attentional allocation. To that end, attention focus is
a key cognitive mechanism for increasing or decreasing the
perception of pain (Legrain et al., 2009; Slapsinskaite et al.,
2015). Even in the presence of unchanging nociceptive input
and regardless of on-going task demands the attentional state
seems waxing and waning spontaneously (Peters and Crombez,
2007). Consequently, shifting of attention could be due to the
pain-attention related processes that are intrinsically dynamic
and spontaneously fluctuating on multiple time-scales (Bressler
and Kelso, 2001, 2016; Deco et al., 2013). Pervasiveness of
such attentional fluctuations, their intrinsic nature, and their
relevance to subjective experience, such as pain, are further
supported by the evidence provided from studies of spontaneous
brain dynamics and the impact of pre-existing brain state
on subsequent perception (Kucyi and Davis, 2015). Within
such a framework, attentional fluctuations away from non-
painful modalities and their neural mechanisms can be termed
“perception decoupling” or “disengagement of attention” from
perception (Schooler et al, 2011). Spontaneous attentional
fluctuations toward and “away from pain” and individual
differences in this regard are represented in the very brain
network structure and dynamics.

The dynamical system theory (DST) is a sub field of
mathematics that aims at understanding and describing the
dynamical changes that occur over time. Specifically, DST
establishes a series of principles that govern the system’s
dynamical changes. In the last few decades, DST has
demonstrated that painful experiences are emergent phenomena
resulting from self-organized processes, and that pain-attention
interaction can be understood as a virtue of such dynamics (Lutz
et al., 2008). To that end, it is known that non-linear dynamic
mechanisms are involved in the modulation of attentional
focus during physical activity (Balagué et al., 2012; Slapsinskaite
et al,, 2016). Indeed, the DST framework that captures pain in
terms of spatiotemporal trajectories of neural activity emerging
from complex non-linear neural interactions, provides a novel
approach to the study of pain-attention dynamics (Freeman,
1992).

With regards to the perception of painful sensations also
known as nociception (Pfaff, 2013), the brain is intrinsically
organized into active, mutually interacting complex and

functional networks. There is also a consensus that the pain
experience is both highly subjective and top-down modulated
(Garland, 2013). To that end, evidence indicates that non-linear
dynamical processes form the basis of a number of neural
(Izhikevich, 2010) and higher order processes. Specifically, non-
linear processes are defined as those with non-proportionality
between the input and the output and with occasional reduction
to linear processes (Kelso, 1997).

Findings from research that focused on subjective experiences
have revealed fluctuating and metastable dynamics inherent to
effort perception and within different types of exercise setting
(Balagué et al., 2012, 2015; Aragonés et al., 2013; Garcia et al,,
2015; Slapsinskaite et al., 2016). Metastability can be seen as a
property related to the existence of multiple separated timescales
(Bovier and Den Hollander, 2016). At short time-scales, the
system appears to be in equilibrium, but in fact, explores only a
limited part of its available state space. At longer timescales, it
undergoes transitions between numbers of metastable states.

From a broader standpoint, overall cognition is also facilitated
through the dynamical phenomenon of chunking (ie., larger
sequence of information is managed into its smaller units).
Indeed, chunking has been shown to be involved in a range of
perception and cognition-related processes in humans (Gobet
et al., 2001; Rabinovich et al., 2014). Thus, the notion that mental
function is based on the dynamical and ongoing interaction of a
number of neural and bodily parts that produce complex patterns
has gained acceptance (Thompson and Varela, 2001; Rabinovich
et al., 2008; Rabinovich and Muezzinoglu, 2010).

To date, it is known that brain exhibit periods of stability and
instability in both behavioral and neural levels. The transition
from stable to unstable patterns comes as a response to the
changes in control parameters as those govern the system’s
properties (stability and instability) (Haken, 1987). The neural
dynamics of the brain, based upon metastability and dwelling
on different time scales, flexibly reorganize pain-attention on a
moment to moment basis. Consequently, the processes that are
more stable dwell over longer time scales and naturally tend to
correlate with the pain-attention configurations that emerge over
shorter time scales. These dynamics, in turn, are reflected in the
sequential switching in between the temporally and structurally
nested metastable states during trials (Rabinovich and Varona,
2011).

Of specific interest herein, the link among the dynamic
principles of spontaneous attention fluctuations, brain networks
dynamics and the neural processing of pain observed through
subjective experiences of pain may be essential for the
understanding of attentional modulation and its involvement
in the perception of pain. To that end, exercise settings can
provide a particularly adequate context because during exercise
the sensory, cognitive, emotional, and physical conditions change
continuously. On a practical note, capturing pain-attention
interaction dynamics through subjective experiences can also
contribute to designing non-invasive approaches to ultimately
control pain during exercise or beyond. The purpose of this
study was to delineate the pain-attention dynamics during
incremental cycling performed until volitional exhaustion.
Specifically, drawing upon a DST approach, we hypothesized
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that pain-attention relationship during exercise would display
hierarchically or nested metastable dynamics.

MATERIALS AND METHODS
Study Design and Participants

Fifteen young and physically active adults (10 women, 5 men,
Mage = 22.5 years, SEM = 0.43, age range: 20-25 years, and
BMI = 22.84, SEM = + 0.77) who engaged in a wide range of
aerobic activities (e.g., jogging, swimming, dancing) at least three
times a week, participated in this study. None of the participants
had previous history of chronic pain or musculoskeletal injuries
at the time of the study. Prior to the onset of the study,
participants completed a health history questionnaire, as well as
an informed consent form, which was approved by the Clinical
Research Ethics Committee of the Sports Administration of
Catalonia (registration number 072015CEICEGC). This study
was carried out in accordance with the Declaration of Helsinki.

Discomfort and Pain Monitoring

To detect pain dynamics and corresponding bodily regions, a
body map (see Figure 1) was verbally explained to participants
prior to the baseline test and experimental tasks. Using the
map, every 15 s during exercise, upon the researcher’s prompts,
participants reported bodily regions with discomfort and pain.
The instructions provided to the participants included the
following:

“When prompted, we ask you to report the locations of discomfort
and pain (if you feel it, independently of its magnitude) using the
numbers on the body map placed in front of you.”

Familiarization Procedures

All participants were already familiar with cycle ergometer
testing. One week prior to the tests, they received instructions
on how to use the body map during the tests. To ensure
their competence, they practiced a submaximal version of the
incremental cycling test (see below) and using the body map,
reported bodily regions with pain every 15 s upon the researcher’s
prompts. All participants displayed adequate competence of the
study protocols following one single trial.

Incremental Cycling Test

Following a 2 min rest period, participants performed a
progressive incremental test on a cycle ergometer (Sport
Excalibur 925900) with saddle and handlebar specifications
adjusted to their preference. For the purposes of the test, they
were instructed to pedal at 60 rpm with an initial load of 30 W
and increases of 25 W/min for female and 30 W/min for male,
until they could no longer maintain the pedaling rate for five
consecutive seconds while in the sitting position. Participants
performed the test with no verbal communication except for
indicating bodily locations with pain after the researcher’s
prompts. Heart rate was continuously monitored (Polar RS 400)
to assure that participants reached at least 170 beats/min at the
point of exhaustion. Upon task completion, using an 11-point

FIGURE 1 | Body map. Head (areas 1, 2, 23, or 24); neck (areas 3 or 25), shoulders (areas 4, 5, 26, 27); arms (areas 6, 7, 8, 9, 28, 29, 30, or 31); hand (areas 10,
11, 32, 33); ribs or chest (areas 12 or 13); abdomen (areas 14 or 15), back (areas 34, 35, 36, 37), buttocks or hips (areas 38 or 39); genitalia (area 16), legs (areas
17,18, 19, 20, 40, 41, 42, or 43); feet (areas 21, 22, 44, or 45). Adapted from Margolis et al. (1986).

Frontiers in Psychology | www.frontiersin.org

January 2017 | Volume 7 | Article 2054

66



Slapsinskaité et al.

Metastable Pain-Attention Dynamics

Likert-type scale with anchors ranging from 0 (not at all) to 10
(greatly), participants answered two questions to measure task
commitment: (a) “Have you pedaled as long as you can, achieving
your exhaustion point?” and, commitment to the protocol (b)
“Have you reported all the changes in your discomfort and pain-
locations when required?”

Statistical Analysis

The reported number of locations with discomfort and pain
during the test were plotted for each participant. Each time
series was divided into five non-overlapping temporal windows
(time to volitional exhaustion of the participant/5). Mean value
of the number of locations with discomfort and pain in total
were computed for each time window. The changes of entropy
were computed within five temporal windows. A median was
calculated for each window from all participants’ mean value of
the number of locations with discomfort and pain frequencies of
painful bodily locations.

These collected data with painful locations obtained from the
body maps were then used to form 17 Boolean m x n data
matrices where m signifies the number of body locations and n
the number of time samples (Casari et al., 1995; Gogos et al.,
2000; Jolliffe, 2014). Visual observation of the structure of the
data matrices helped distinguish between two types of reported
locations: locations that were persistent throughout the entire
exercise bout (i.e., long-term and stable locations), and locations
that were inconsistent (i.e., short-term and unstable locations).
In other words, the data matrix either depicted long-term bodily
locations that were stable on the time scale of 10s of minutes, or
other short-term ones that were stable on the time scale of 10s of
seconds or minutes.

Collective variables were then determined by means of a
principal component analysis (PCA) (Jirsa et al, 1994). The

Kaiser-Guttmann criterion (eigenvalue A > 1) was used to define
the number of salient PCs of the first order (Yeomans and Golder,
1982). The hierarchical analysis of oblique principal components
(hPCA) (Fabrigar et al., 1999) was subsequently used to check for
the presence of collective variables of higher order, and to obtain
a maximal dimensional reduction of the data. For the purposes of
the hPCA analysis, the software package Statistica 5.0 was used.
The null hypothesis of a constant median (with no significant
differences) over time was tested using non-parametric repeated-
measures Friedman ANOVA. Effect sizes (Cohen’s d) were
computed to demonstrate the magnitude of standardized
differences in medians where effect sizes neared p < 0.05 level.

RESULTS

During incremental cycling, the reached maximal load
corresponded to 228 £ 17 and 240 £+ 30 W for females
and males, respectively. On average, participants’ heart rate
reached 180 £ 9.5 bpm at the exhaustion point. The Friedman
ANOVA revealed a significant effect of time for the total number
of locations with discomfort and pain, ¥2(15,4) = 49.249,
p < 0.001, during the incremental cycling test. Figure 2 depicts
the changes in the number of locations with discomfort and pain
throughout the five temporal windows. The number of locations
resulted in a significant difference between temporal windows:
first vs. third time intervals, Z = —2.97; p < 0.05, d = 1.59, 95%
CI [0.65, 2.04]); third vs. fifth time intervals, Z = —3.26; p < 0.05,
d = 0.81,95% CI [—0.35, 1.73]), and first vs. fifth time intervals,
Z=—217;p <0.05,d =2.27,95% CI [1.11, 2.74]).

Figure 3 illustrates the frequencies of locations with
discomfort and pain during the incremental cycling test.
The number of locations and the probability of experiencing
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FIGURE 2 | The number of locations with discomfort and pain throughout the five temporal windows.
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FIGURE 3 | Locations with pain and/or discomfort. The group pulled probabilities of locations with pain or discomfort during cycling tasks in five temporal
windows in a given sample (n = 15). As time on task increases (vertical axis) the number of locations and the probability of experiencing pain and discomfort at
selective locations also increase (darker shades of gray) on average. Legend: the probability of experiencing discomfort and pain.

discomfort and pain at select locations (depicted in darker shades
of gray), increased during the test until reaching 4.26 & 0.59 in the
fifth temporal window. The dominant locations with discomfort
and pain at exhaustion included left and right quadriceps, lower
back and left ankle. Both the waxing and waning experience of
pain were also identified. Depicted in shades of gray in Figure 3,
exertive pain exhibited metastable dynamics, dwelling around
select bodily regions for some time to transition into another
one quickly after. A total of 37 different areas were reported and
marked as painful for all participants throughout the cycling test.

The Friedman ANOVA revealed a significant effect of time for
the pain entropy, x2(15,4) = 49.77, p < 0.001 in incremental
cycling (see Figure 4). The entropy of exertive pain showed
significant difference between all temporal windows except the
fourth and fifth windows. first vs. second time intervals, Z = 2.93;

p < 0.05 d = 1.04, 95% CI [1.02, 1.05]; first vs. third time
intervals, Z = 3.29; p < 0.001, d = 2.07, 95% CI [2.06, 2.08];
first vs. fourth time intervals, Z = 3.4; p < 0.001, d = 1.62, 95%
CI [1.61, 1.63); first vs. fifth time intervals, Z = 3.4; p < 0.001,
d = 2.44, 95% CI [2.42, 2.45]; second vs. third time intervals,
Z =3.17; p < 0.001, d = 1.04, 95% CI [1.02, 1.05]; second vs.
fourth time intervals, Z = 3.17; p < 0.001, d = 0.81, 95% CI
[0.8, 0.82]; second vs. fifth time intervals, Z = 3.26; p < 0.001,
d = 1.62, 95% CI [1.61, 1.63]; third vs. fourth time intervals,
Z =2.07; p < 0.05, d = 0.00, 95% CI [—0.01, 0.02]; and third
vs. fifth time intervals, Z = 3.26; p < 0.05, d = 0.81, 95% CI
[0.8, 0.82]. Kendall’s W was equal to 0.83 with an average rank
r = 0.82. In general, relative to participants who started with low
entropy, participants with higher entropy kept and ended with
higher entropy.

0.16 T T T T T
0.14 | R LR )
012 o R
0.10 % /// i

§ 0.08 ///// %% i

2 006 7 . 1
0.02 EEE, RS :
0.00 | 1 LT +Std. Dev.
002 : i i : i Z +Std. Err.

' w1 w2 w3 w4 W5 O Mean
Time window
FIGURE 4 | The entropy of exertive pain throughout the five temporal windows.

Frontiers in Psychology | www.frontiersin.org

January 2017 | Volume 7 | Article 2054

68



Slapsinskaité et al.

Metastable Pain-Attention Dynamics

FIGURE 5 | Transient dynamics of bodily locations with perceived pain
spanned by three PCs.

Figure 5 depicts an example of transient dynamics of bodily
locations with perceived discomfort and pain in the space
spanned by three PCs. From a chunk sequence - trajectory
within three PCs a dwelling time around select region (e.g., PC1)
and a transitional trajectory to another state “temporal winner”
PC2 and a final rapid switch to the next metastable state can
be identified. This example illustrates a metastability of sensory
interactions and integration of information from the painful
locations.

Figure 6 presents an integration-segregation picture of
exertive pain through three PCs joined hierarchically into one

second-order PC. Through hierarchical PC of time series of
exertive pain configurations chunks on different time scales can
be detected. The trajectory dwells for some time in space then
wanes to finally dwell again. The persistent (longest dwell time)
painful locations over all time resulted in the emergence of super-
chunks. These group-clusters of persistent locations formed
a skeleton-like figure on which other less persistent (shorter
dwell time) motives join and dissolve following which further
short-lived (shortens dwell time) painful locations emerged. The
metastable dynamics of the body pain locations groupings over
time projected on the secondary PC. The system dwells for some
time in one configuration state then quickly shifts to another one.
At least three time scales can be discerned: (1) the time scale
of shifts (15 s), (2) the time scale of metastable configurations
(100 s), and (3) the observational time scale (1000 s).

DISCUSSION

The present findings advance the understanding of generated
sequential switching nature of attention-pain dynamics, and
further support the view that human brain is intrinsically
organized into active, mutually interacting complex and
nested functional networks (Rabinovich and Varona, 2011).
Surprisingly, our results draw attention to a potential link
between pain-attention dynamic states and modeled sequences
of two psychological components of effort, namely cognition and
emotion (Rabinovich et al., 2010, 2015), as well as the dynamical
signatures of several brain functions and mental diseases
(Rabinovich and Varona, 2011). This is an important finding
in that it demonstrates that the phenomenological subjective
experiences, so called qualia (Chalmers, 1996), are grounded in
identical dynamical principles to the neural tissue, i.e., the brain.

Consequently, perception of pain and attention to pain seem
to be multidimensional and interrelated through hierarchical
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FIGURE 6 | The metastable dynamics of the configuration of body pain locations over time projected on the secondary PC.
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dynamical processes that highly depend on sensory cues (i.e.,
painful locations) (Rabinovich et al, 2015). In the light of
these findings, it is important to note that attention does
not appear to be a static capacity but rather a process that
involves the attentional “reorienting” from one input (i.e., one
painful location) or modality (i.e., pain intensity or quality)
to another. Therefore, the perception process requires a short-
term integration between a number of continuously interplaying
components such as the environmental cues, the body and the
brain itself (Rabinovich et al., 2015).

The present study focused on the evolving interactions among
pain-attention dynamics, where perceived pain throughout
a cycling task was considered a bi-product of the mutual
interaction between attention and distinct psychophysiological
process, and not of select singular mechanisms. In fact,
disengagement of attention from perception within ongoing
dynamics of pain-attention or so called perceptual decoupling
could also be responsible for the metastable dynamics observed
in this study. Studies on neural mechanisms of spontaneous
attentional fluctuations on multiple timescales and pain
variability have already underlined the importance of dynamics
of pain-attention interactions, and its mutual influence on each
other. Upcoming work must consider this phenomenon (Kucyi
and Davis, 2015).

The present findings also help detect and confirm the
dynamical phenomenon of chunking that the biological-
cognitive system uses to manage larger sequence of information
into smaller units to facilitate information processing. Indeed, the
presence of interconnected pieces that are prevalent over long
periods of time supports the notion of a hierarchical organization
of neural processing, which is the basis for understanding
chunking dynamics (Rabinovich et al., 2014). Specifically, in the
present study we observed the produced hierarchical chunking
of locations with pain sequences, and to our knowledge for the
first time, demonstrated how dynamics of mental hierarchies
may be established on component perceptions that dwell over
different time scales. Our data suggest that basic functions,
such as focusing on the painful locations, and chunking of the
information evolve through dynamic and not static interactions.
That is, while forming a chunking network individuals tend to
transform the chain of metastable states along with transient
process to the chain of groups of such states. Therefore, within the
present framework, it was considered that the chunks operate on
an heteroclinic cycle of metastable states where each metastable
state itself is a heteroclinic cycle of basic information items
(Rabinovich et al., 2014). Altogether, the set of informational
items (i.e., painful locations) can be interpreted as sequences.
Consequently, conceptualizing pain and attention-related brain
and body network processes from the standpoint of a concurrent
activation of sensory cues emanating from the body and multiple
other sources within a distributed brain network can prove
beneficial.

Several limitations to our study should be noted. First, we
have not studied all the spatiotemporal mental fields (e.g.,
alternative facets of perception, cognition, emotion, mental
resources) and their dynamics within the exercise setting.
Second, magnetic resonance imaging was not used to capture

the neurophysiological mechanisms behind the interaction of
attention-pain and this may have shed more light on the pain
dynamics. Third, pre-existing brain state was not measured and
finally, participants’ personal beliefs or expectations about pain
were not evaluated. Finally, prompting protocol used herein
may also present a limitation. It is plausible that, due to the
reporting task, participants’ attention focus was somewhat biased.
This protocol was implemented, however, to follow a systematic
and regularly imposed rating strategy. Traditionally, the data
of pain ratings were obtained in lower recording frequency,
for instance varying between 1 and 3 min intervals (Angius
et al, 2015), before and after physical activity (Choi et al,
2013), or once per day (Burnett et al., 2010). Some researchers
have also recorded pain ratings at high frequencies with use
of 30 s (Cook et al, 1998) or 15 s (Slapsinskaite et al,
2015). Intra-individual changes are, however, better captured
through short frequency recording of self-reports precisely
because participants may not be able to attend and report
all changes within lower recording frequency settings. To that
end, with regards to the present study, it is important to
note that the test administrator was frequently prompting the
self-report with no prompting of any particular pain location
per se.

CONCLUSION

To the best of our knowledge, this study remains a first attempt to
illustrate and explain the pain-attention information processing
dynamics within an exercise setting. Finally, from a translational
standpoint greater knowledge into pain dynamics during exercise
can help practitioners design effective strategies to cope with
painful sensations during effort. This is important in that
within effortful settings, somatic pain is associated with negative
affective responses to exercise and eventual lack of exercise-
adherence (Ekkekakis et al., 2011). Consequently, strategies to
allow improved pain management during activity are likely to
facilitate exercise-related enjoyment, and help long term exercise-
engagement (Saanijoki et al., 2015).
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Objectives: The aims of this study were twofold: (a) to compare the effects of indoor and outdoor en-
vironments on cycling endurance and thought dynamics, (b) to investigate a possible link between
cycling endurance and the adherence to task-unrelated thoughts (TUT) in both environments. Design: An
experimental, within-subject design with two-trial random assignment was used.

Methods: Participants (n = 13) cycled at constant power until volitional exhaustion while imposing TUT.
They reported thought changes using self-selected key words that were subsequently classified based on
task-relatedness (TUT, and task-related thoughts (TRT)) and direction (internal, external). Mean values of
relative time spent in TUT and TRT categories were computed and compared for 5 equal time intervals.
The association between cycling endurance and time spent at each thought-related category was
analyzed.

Results: Analyses revealed a decrease of TUT and an increase of TRT as a function of time (spent cycling)
in both environments. Three qualitative thought phases emerged: an initially stable TUT phase was
followed by a metastable phase characterized by shifts between TUT and TRT, and a final stable TRT phase
appeared nearing exhaustion. Participants cycled longer outdoors than indoors Moytdoors = 12.54 min,
SEM = 217 s, Mindoors = 11.35 min, SEM = 1.52 s (Z = —2.27, p < 0.05, d(95% CI) = 0.56 (—0.80, 3.07)), with
a dominance of external thought categories. Cycling endurance seemed to be facilitated by TUT-E out-
doors and TRT-I in both types of environments.

Conclusion: Outdoor environment resulted in improved cycling endurance and greater use of external
thoughts (i.e., dissociative attentional strategy) relative to indoor environment. The effectiveness of
thought categories seemed contingent upon their stability, which in turn depended on effort
accumulation.

Keywords:

Thought dynamics
Static cycling
Volitional exhaustion
Environment
Attention focus

© 2016 Elsevier Ltd. All rights reserved.

Individuals select different environments for physical activity
(PA; Thompson Coon et al., 2011). Outdoor environments corre-
spond either to natural settings with high levels of vegetation or
urban settings with sparse vegetation and human-built structures
(Sundstrom, Bell, Busby, & Asmus, 1996). Indoor environments
correspond to controlled settings and can include either laboratory
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or indoor-gym sites (Blanchard, Rodgers, & Gauvin, 2004).
Differential effects of diverse environments on performance and
performance-related psychological variables remain relatively un-
known. Recent work suggests that exercising in laboratory and
natural settings result in distinct psychological processes (i.e.,
enjoyment levels, affective responses, future intentions to exercise;
Calogiuri & Chroni, 2014; Focht, 2009). Attention restoration theory
(Kaplan, 1995) has, for instance, suggested that natural environ-
ments nourish and replenish attention and revive depleted energy
sources. Busy urban environments, on the other hand, challenge
attention with constant stimulation and induce cognitive fatigue.
Others have also revealed that outdoor environments help decrease
stress and fatigue, improve mood (Van den Berg, Koole, & van der
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Wulp, 2003), and enhance subjective vitality (Ryan et al., 2010).
This finding is possibly due to the color green found in outdoor
environments that may facilitate positive psychophysiological re-
sponses (Akers et al., 2012). Similarly, recent findings have
confirmed the occurrence of a quicker stress recovery process
among individuals exercising in outdoor environments (Aspinall,
Mavros, Coyne, & Roe, 2015).

While exercising, individuals make use of attentional strategies
to help cope with effort (Brick, Macintyre, & Cambell, 2014).
Initially, attentional strategies were categorized into the dichotomy
of association and dissociation (Morgan & Pollock, 1977). Associa-
tion refers to attention directed inward and towards somatic cues
and/or effort pace, while dissociation refers to attention directed
away from somatic cues and outward stimuli. Although this initial
classification provides some explanatory value, others have
extended it to account for a larger spectrum of thought-nuances
that emerge during effort situations. To that end, Stevinson and
Biddle (1998) suggested that active-self regulation and internal
sensory monitoring during dissociation or distraction to be
considered as either active distraction or involuntary distraction.
An alternative approach to the earlier attentional dichotomy of
association and dissociation is also Schomer’s (1986) thought-
related categories: external and internal task-related thoughts
(TRT-E, TRT-I), and external and internal task-unrelated thoughts
(TUT-E, TUT-I).

Research into task endurance, task performance, and running
economy have revealed both pros and cons for dissociative and
associative attentional strategies (Birrer & Morgan, 2010; Schiicker,
Hagemann, Strauss, & Volker, 2009). Specifically, attention is
known to be altered voluntarily between the two strategies during
low and moderate workloads. However, when the workload and/or
time on task increase, attention gradually shifts internally and be-
comes exclusively narrow and associative (Tenenbaum & Connolly,
2008; Tenenbaum, 2001). Nevertheless, researchers have not yet
reached conclusive agreements on the merits of either association
or dissociation in endurance settings (Brick et al., 2014).

Nonlinear, dynamical approaches to endurance exercise have
also added that sudden involuntary shifts of attentional focus and
intended thoughts are a consequence of effort dependent dynamic
instabilities (Balagué, Hristovski, Aragonés, & Tenenbaum, 2012;
Hristovski, Venskaityté, Vainoras, Balagué, & Vazquez, 2010). Spe-
cifically, through the use of the intrinsic-intentional paradigm, a
number of studies have shown that intended thoughts destabilize
with increased effort (Balagué et al., 2012, 2015). Thus, although
TUTs can be volitionally imposed and apparently sustained at
higher intensities (Schiicker, Anheier, Hagemann, Strauss, & Volker,
2013), due to the emergence of unintended TRTs, TUTs lose their
stability nearing exhaustion. The nonlinear model of attention
focus has consistently shown, under imposed TUT conditions, three
thought phases emerge during exercises performed until exhaus-
tion: an initially stable TUT phase, a metastable TUT/TRT phase
characterized by shifts among intended TUT and non-intended TRT,
and a final stable TRT phase nearing volitional exhaustion (Balagué,
Aragonés, Hristovski, Garcia, & Tenenbaum, 2014; Balagué et al.,
2012, 2015; Garcia, Razon, Hristovski, Balagué, & Tenenbaum,
2015). As for the thoughts direction, some have argued that, rela-
tive to field settings, individuals may exhibit less TUT-E in labora-
tory settings (Brunswik, 1956; Mitchell, 2012). This is important
considering that the environmental cues do not only influence
thought content but also the exercise-performance. For instance,
participants were shown to take less time to complete an outdoor
trial relative to a laboratory trial (83.0 min vs. 96.3 min) during high
intensity cycling, despite similar environmental conditions, atten-
tional styles, and perceived exertion rates (Mieras, Heesch, & Slivka,
2014). Particularly relevant to the present study, during a running

task within outdoor environments, individuals have reported less
perceived exertion relative to laboratory settings (LaCaille, Masters,
& Heath, 2004). To our knowledge, even though researchers have
called for additional work into the realm of human-environment
interactions and the effects of environment on effort-related vari-
ables (see LaCaille et al., 2004), the effects of environment type on
thought dynamics during exercise, and overall task-endurance, has
not yet been investigated. Consequently, the aims of the present
study were twofold: (a) to compare the effects of indoor and out-
door environments on cycling endurance and thought dynamics,
and (b) to examine any potential link between cycling endurance
and time spent in different thought categories in these environ-
ments. Accordingly, we hypothesized that participants will make
greater use of external thoughts and endure longer in the outdoor
environment compared to the indoor environment. We also hy-
pothesized that three thought phases (an initially stable TUT phase,
a metastable TUT/TRT phase, and a final stable TRT phase) will be
discerned during cycling in both environments and that greater use
of external thoughts will be associated with longer cycling
endurance.

1. Method
1.1. Participants

To determine the sample size, a power analysis was computed
using G*Power 3.1 (Faul, Erdfelder, Lang, & Buchner, 2007). In
similar studies of thought dynamics as a function of task endur-
ance, a large effect size has been observed (Balagué et al., 2015).
Thus, using an effect size of d = 1.0, « < 0.05, power (1 — §) = 0.95,
we estimated an n = 13. The data was collected from 13 Caucasian
physical education students (10 male; 3 female; Mage = 21.69 years,
SEM = 0.78). Students received no compensation or course credit
for participating in this study. On average they were active 5.23
days/week (SEM = 0.37) and spent 60 min/week (SEM = 4.3) in
vigorous activity, and 65.85 min/week (SEM = 7.10) in moderate
activity. Time spent walking and sitting were 83.08 min/week
(SEM = 12.55) and 330.77.5 min/week (SEM = 14.90) respectively.
The study was approved by the local ethical committee and
informed consent was obtained from all participants prior to any
data collection.

1.2. Study design and procedure

Completion of this study took a total of four sessions. Each
session lasted approximately 30 min and were scheduled one week
apart. During Session 1, participants performed a peak power
output test (see below). During Session 2, the participants
completed a familiarization test for the upcoming experimental
cycling endurance test, the self-monitoring, and reporting pro-
cedures. During Sessions 3 and 4, the participants performed the
cycling endurance task in indoor and outdoor settings. The order of
the settings for each participant were randomized and counter-
balanced. Specifically for the indoor condition, participants cycled
on a cycle ergometer in a human performance laboratory. Envi-
ronmental conditions within the laboratory were constant with the
cycle ergometer placed in front of the wall. The placement of the
ergometer restricted the available scenery. For the outdoor condi-
tion, using a cycle ergometer, participants cycled in an urban
setting near a roadway and a state park with sparse vegetation and
some mountain scenery. Seven participants completed the indoor
trial first, and six participants completed the outdoor trial first. All
trials took place in the morning during the springtime. The tem-
perature in the outdoor setting ranged between 18 and 22 °C with
~71% humidity and no precipitation. In the indoor setting, the
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temperature ranged between 20 and 21.5° C.

Thought monitoring and reporting procedures. Participants’
thought contents during the indoor and outdoor conditions were
recorded using the self-caught measurement approach and the
experimenter-classified method (Balagué et al., 2015; Smallwood &
Schooler, 2006). The self-caught method requires participants to
report whenever they catch their own mind-wandering. In the
experimenter-classified method, it is the experimenter, not the
participant, who classifies the type of thoughts. Participants were
instructed to self-monitor and self-report their spontaneous and
deliberate thought flow using a continuous, verbalization of their
thoughts (see Balagué et al., 2015; Giambra, 1995). This protocol
requires to report each change of thought content as it occurs
instantaneously, using a self-selected single key word. Some of the
key words included “weekend,” “tree,” “revolutions,” and “pain.”
One researcher collected the list of key words upon completion of
the cycling endurance test. The same researcher then interviewed
the participants on the thought content related to each key word.
Next, the key words were classified according to their task-
relatedness (TUT and TRT) and direction (internal, external). Ex-
amples of these included, “thinking about my weekend,” or
“thinking about the trip,” for TUT-I; “looking at the tree,” or
“looking at the wall,” for TUT-E; “focusing on the cycling pace
monitor,” or “concentrating on external control over velocity,” for
TRT-E; and “I feel calf pain,” or “I monitor my breathing,” for TRT-I

Peak power output test (PPO). The rating of perceived exertion
RPE 6—20 scale and its original rating instructions were handed out
and verbally explained prior to the PPO test. The PPO test consisted
of an initial load of 20 W (for females) and 25 W (for males) fol-
lowed by increases of 20 W/min (for females) and 25 W/min (for
males) until participants could not keep the required cadence
(70 rpm) for 5 consecutive seconds in the sitting position (Balagué
et al., 2015). During the last 10 s of every imposed workload
increment, participants were asked to self-monitor and verbally
report their RPE on the RPE 6—20 Borg scale with the corre-
sponding anchors placed in front of them at eye level. The workload
value corresponding to RPE = 15 (hard) was recorded for each
participant. When the clamped RPE value (15) was not reported,
the workload of RPE value 14 was recorded instead.

Familiarization. Participants practiced a simulated cycling
endurance test (see “cycling endurance test” below) until they re-
ported at least five different key words to ensure they properly
understood the thought monitoring and reporting procedures.

Cycling endurance test. The cycling endurance test was per-
formed using a Sport Excalibur 92590 cycle ergometer with saddle
and handlebar specifications adjusted to fit the preference of each
participant. The cycle and the specific saddle/handlebar specifica-
tions were kept identical during both indoor and outdoor condi-
tions. The test included two consecutive parts: an incremental
warming-up and a constant-power cycling. The warm-up started
with a 2 min rest following an initial load of 20 W (for females) and
25 W (for males). The load was increased by 20 W/min (for females)
and 25 W/min (for males) until reaching the RPE = 15 as initially
computed in the PPO test. The reached work-load corresponding to
the individual's RPE = 15 indicated the start of the constant-power
cycling test which was terminated when participants could no
longer maintain the required pace (70 rpm) for 5 consecutive sec-
onds. Once the tests began, participants were no longer exposed to
any verbal communication or other interaction. During the second
part of the cycling endurance test (i.e., constant-power cycling),
participants were instructed to consciously self-impose any type of
freely chosen TUT from the outset and to maintain it intentionally
throughout the test. The participants reported the keyword corre-
sponding to the primarily chosen self-imposed TUT prior to the test.
Upon test completion, an 11-point Likert-type scale with anchors

” o«

ranging from O (not at all) to 10 (greatly) was administered to gauge
participants' commitment to the cycling endurance test (i.e., “Have
you pedaled as long as you can, achieving your exhaustion point?”),
and the thought reporting and monitoring procedure (i.e., “Have
you reported all the changes in your thoughts, as soon as they have
occurred?”).

1.3. Data analysis

The TUT and TRT time series of each participant were divided
into five equal temporal intervals. Relative time spent in each task-
related category (TUT and TRT) were computed for each of the five
non-overlapping time intervals (time spent in TUT or TRT within
the time interval divided by the total time of the interval). Thus, the
duration of each temporal interval varied among participants. To
test the null hypothesis of a constant median over the five time
intervals, a Friedman ANOVA was performed separately for both
TUT and TRT categories.

Thought phases were defined as follows: stable TUT-phase
(TUTs only), metastable TUT/TRT phase (switches between TUT
and TRT), and stable TRT phase (TRTs only). A Wilcoxon matched
pairs test was used to contrast between the indoor and outdoor
conditions for cycling endurance and the absolute and relative time
spent on thought-related categories in the different thought phases
(i.e., the time spent in each thought-related category divided by the
time spent in the phase). Effect sizes (Cohen's d coefficients; 95%
confidence interval) were computed to demonstrate mean differ-
ences where effects approached p < 0.05 level. Spearman'’s corre-
lation coefficient was used to estimate the association between
cycling endurance and time spent at each thought-related
categories.

2. Results
2.1. Manipulation check

All participants reported a high level of commitment to the
cycling endurance test and to the procedures of the experiment.
Specifically, responses to the commitment check questionnaire
revealed that participants adhered equally to the thought contents
reporting and monitoring procedures in the indoor (Mgpg = 9.01,
SEM = 0.16; Mcognitive = 8.89, SEM = 0.1) and outdoor environment
(MRPE =9, SEM = 0.2; Mcognitive = 9, SEM = 0.17). Additionally, in
Session 3, participants reported a total of 44.92 thoughts (SE = 7.28)
while in Session 4 they reported a total of 49.54 thoughts
(SE =10.48,Z = —0.35, p = 0.726, d(95% CI) = 0.14 (—11.87, 12.16).
No differences were observed for the amount of thoughts per trial.

2.2. Cycling endurance

Cycling endurance was significantly longer outdoors than in-
doors: Moutdoors = 12.54 min, SEM = 2.17 s, Mindoors = 11.35 min,
SEM = 1.52 s (Z = —-2.27, p < 0.05, d(95% CI) = 0.56 (—0.80, 3.07)).

2.3. Thought-related categories as a function of time

The results of a Friedman ANOVA revealed a significant effect of
time on the relative time spent at TUT and TRT in both the indoor
(x%(13, 4) = 28.39, p < 0.05 for TUT, and x*(13, 4) = 20.96, p < 0.05
for TRT) and outdoor environments (x%(13, 4) = 34.06, p < 0.05 for
TUT, and ¥%(13, 4) = 32.61, p < 0.05 for TRT). As shown in Fig. 1, the
relative time spent in TUT decreased gradually from interval 1 to
interval 5. In contrast, the relative time spent in TRT increased
gradually from interval 1 to interval 5. Cohen's d coefficients for
TUT and TRT categories between the time windows in indoor and
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Fig. 1. TUT (External and Internal Task-Unrelated Thoughts), TRT (External and Internal Task-Related Thoughts) time spent in thought categories over time. Data are presented as

mean + SD.

outdoor environments are shown in Table 1.
2.4. Thought phases

TUT/TRT time series resulted in three qualitative thought phases
in both the indoor and outdoor environments: an initial stable TUT-
phase (only TUTs) was followed by an intermediate metastable
TUT/TRT phase (switches between both categories), and a final
stable TRT phase (only TRTs) in both the indoor and outdoor con-
ditions (see Fig. 2). The absolute time (measured in seconds) spent
at the TUT phase increased in the outdoor condition: M = 46.62 s,
SEM = 16.78 s vs. M = 100.23 s, SEM = 21.64 s (Z = —1.92, p = 0.05,
d(95% CI) = 0.79 (0.38, 1.17) (see Fig. 3) but no differences were
observed in relative time spent in any other phases (see Fig. 4).

Specifically, time spent in TUT-E category was longer in the
outdoor condition during the TUT phase (Z = —2.67; p < 0.05, d(95%
Cl) = 1.62 (1.56, 1.62)) and TUT/TRT phase (Z = —2.28; p < 0.05,
d(95% CI) = 0.91 (0.53, 1.02)). TRT-E thought category also lasted
longer in the outdoor condition within the TRT phase (Z = —2.02,
p < 0.05, d(95% CI) = 0.39 (0.36, 0.47)). Fig. 4 depicts these
differences.

2.5. Correlation between cycling endurance and time spent in
thoughts categories

In the outdoor condition, cycling endurance was significantly
correlated with relative time spent in TUT-E (r = 0.44, p < 0.05), and
TRT-I (r = 0.68, p < 0.05) during the TUT/TRT phase. In the indoor
condition, cycling endurance was significantly correlated with time
spent in TRT-I (r = 0.73, p < 0.05) during the TUT/TRT phase.

3. Discussion
Our findings indicated that cycling endurance increased in the

outdoor condition compared to the indoor condition. The accu-
mulated effort effected the thought-related categories producing

the emergence of three thought phases (stable TUT, metastable
TUT/TRT, stable TRT) in both environments, external thought-
related categories (TUT-E and TRT-E) prevailed in the outdoor
condition, and cycling endurance associated with time spent in
TUT-E in the outdoor condition and TRT-I in both the indoor and
outdoor conditions.

Consistent with the present findings, some have reported that
relative to indoor, laboratory settings, outdoor settings may result
in reduced perception of exertion and prolonged endurance out-
comes during a running task (LaCaille et al., 2004). However, not all
studies have confirmed that outdoor settings lead to reduced
perception of exertion (e.g., Mieras et al.,, 2014). Some of the
discrepancy in these findings can be due to the differences in
methodology. For instance, LaCaille et al. (2004) used a closed loop
exercise protocol (i.e., running a distance of 5 km) instead of the
open loop protocol presently used. In fact, there is a lack of studies
comparing endurance in open loop exercises performed indoors
and outdoors. To that end, the actual vs. speculative benefits of
exercising indoors and outdoors should be clarified. It is also
important to know that perception of the changes in the environ-
ment produces immediate effects in the subsequent action
(perception-action coupling; Smits, Pepping, & Hettinga, 2014).
Consequently, investigating the effects of the indoor vs. outdoor
environments on endurance during static pedaling could prove
particularly beneficial.

Further consistent with the present findings, previous evidence
also indicates a shift from external to internal thoughts and from
dissociative to associative patterns of attention as a function of
increasing effort (Schomer, 1986; Tenenbaum, 2001). Specifically,
the present findings confirm the nonlinear dynamic predictions of
sudden shifts of thought content as a function of effort expenditure.
In fact, in recent reports (Balagué et al., 2015), individuals that
exercise to volitional exhaustion, while imposing TUT, have been
shown to experience the same three qualitative thought phases
(stable TUT, TUT/TRT switches and stable TRT) within both indoor
and outdoor environments. Thus, the present result further

Table 1

Cohen's d values for means' differences in TUT/TRT dynamics between different temporal windows, in both indoor and outdoor conditions.
Indoor Outdoor
™ TUT (95% CI) TRT (95% CI) ™ TUT (95% CI) TRT (95% CI)
1rst-3rd 1.56 (1.47, 1.72) 1.46 (1.28, 1.55) Trst-3rd 1.74 (1.6, 1.87) 1.72 (1.56, 1.86)
1rst-5th 3.44 (3.35,3.53) 3.62 (3.55, 3.71) 1rst-5th 4.34 (4.21, 4.38) 4.34 (4.30, 447)
3rd-5th 0.73 (0.56, 0.77) 0.72 (0.64, 0.89) 3rd-5th 1.94 (1.80, 1.97) 1.91(1.77, 1.95)

Note. TW = Temporal windows TUT = Task-Unrelated Thoughts; TRT = Task-Related Thoughts.
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Fig. 2. Sample of typical individual thought phases and time spent in each phase within the indoor and outdoor environments. TUT = Task-Unrelated Thoughts; TRT = Task-Related

Thoughts.

supports the nonlinear model of attention focus, tested across
diverse personal (e.g., sex, fitness level) and task (e.g., type of ex-
ercise, reporting protocol) constraints. Nevertheless, it should be
pointed out that the present results related to the nonlinear model
of attention focus are not the product of a sole group effect but have
been detected on an individual level in all participants. Although
each participant herein reported different thought contents and
either changed them at different moments or kept them for
different time lengths, all participants displayed the same repro-
ducible thought phases. These results are therefore in line with the
assertion that thoughts are emergent products and cannot be
considered as the single result of volitional interventions (Balagué
et al., 2012; Hristovski et al.,, 2010). Consequently, these results
confirm the notion that the salience of environmental constraints
likely influences the perception and tolerance of exertion

600
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Time (s)
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100

TUT TUT/TRT
Thought phase

M Indoor O Outdoor

TRT

Fig. 3. Absolute time of thought phases in indoor and outdoor conditions. TUT = Task-
Unrelated Thoughts; TRT = Task-Related Thoughts.

(Tenenbaum, 2001).

Similarly to present findings, recent research into the effects of
environment on thought contents has also suggested that attention
is rather external and thoughts are non-task-related in outdoor
exercise in comparison to indoor and laboratory settings (Focht,
2009). It should be noted that the present participants in the out-
door condition seemed to prolong their TUT stable phase by
increasing the time spent in external type of thoughts (i.e., TUT-E).
To that end, the TUT-E category may have, in turn, exerted an er-
gogenic effect to increase cycling endurance for these participants.
This performance benefit observed in the outdoor condition may be
attributable to the differences between the attention focus that
may have resulted from the environment and thought phases.
Although these results cannot imply causation, there is previous
evidence to suggest that external thoughts and dissociative atten-
tion facilitate distraction and help decrease fatigue symptoms
during task performance (Blanchard et al., 2004; Brick et al., 2014).

From a methodological standpoint, these results concur with
early findings indicating that environmental cues in lab studies are
amongst the determinants of one's thought contents (Brunswik,
1956). Given that the present participants maintained TUTs and a
primarily TUT-E thought category for a prolonged period within the
outdoor setting, our findings lend direct support for the notion that
individuals in lab studies may adhere less to TUT and report fewer
TUT-E contents as compared to field studies (Mitchell, 2012). These
findings also align with the attention restoration theory (Kaplan,
1995), which postulates the role of natural environments for
nourishing and replenishing attention, as well as other accounts
that stress the influence of environment in the way people think,
feel, and behave (Atchley, Strayer, & Atchley, 2012).

Of important note from the present study, time spent in specific
thought-related categories, as a measure of their stability, seemed
to be associated with cycling endurance. Specifically, the TUT-E that
prevailed in the outdoors and TRT-I that prevailed in the indoors
seemed to associate closely with the cycling endurance. This
observation strengthens the argument that there may be no spe-
cific thought-related category (TUT, TRT) and/or direction (internal,
external) that supersedes another one, and the effectiveness of
these is rather contingent upon their dynamic stability. As such,
stable thought patterns (such as TUT in the stable TUT phase) can
be more easily intentionally sustained than the unstable ones (such
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as TUT in the metastable TUT/TRT phase or the stable TRT phase). In
fact, drawing attention towards thoughts that are predominantly
unstable may limit the potentially ergogenic effect of an otherwise
appropriate attention focus (Garcia et al., 2015).

This said, not all thought categories showed a significant asso-
ciation to cycling endurance. Thus, seeking for a sequence of
thought categories instead of a sole category would be a viable
option in the quest for performance enhancement in effortful set-
tings. In fact, this would help to clarify important controversies
present in the literature. Specifically, while some research findings
indicated that TUTs exert greater benefits for performance in 6 min
circular pedaling (Schiicker et al., 2016) and running (Morgan,
Horstman, Cymerman, & Stokes, 1983), others indicated that TRTs
exert greater benefits for performance in short distance swimming
(Freudenheim, Wulf, Madureira, Pasetto, & Corréa, 2010), static
cycling (Razon, Mandler, Arsal, Tokac, & Tenenbaum, 2014), and
long distance running (Saintsing, Richman, & Bergey, 1988). Based
on the current results, the thought phases indicating dynamic
stability of each thought-related category would determine
whether a specific type of thought is associated with cycling
endurance. However, future research based on direct manipulation
of the thought-related categories ought to establish causation be-
tween thought-related categories and task endurance.

Despite statistical significance, these results should be gener-
alized with caution. Specifically, a static bicycle was used in both of
our conditions, thus the ecological validity of our results could be
somewhat hindered. Also, the present participants were not asked
for their preference or personal expectations from the environment
nor for their preferred attentional focus. This particular constraint
could have led to different dynamic stability of thought categories
and cycling endurance (Wilkie & Clouston, 2015). Consequently,
upcoming work with participants deliberately choosing their type
of thought (TUT or TRT) may reveal more suitable for testing be-
tween endurance and thought patterns within differential envi-
ronments. Additionally, it is important to note that self-caught
measures used herein primarily rely on the individuals’ reporting
their own thought as they occur hence may carry some risks for
response biases and/or social desirability (Kormos & Gifford, 2014).
Finally, the present participants cycled in an outdoor urban setting
with sparse vegetation and limited nature scenery, but not neces-
sarily in a “natural environment,” and this may have further jeop-
ardized the ecological validity of some of our conclusions. Lastly,
during self-caught procedures, there may be a risk of disruption to

natural thought development (Ericsson & Simon, 1993) and to the
extent the participants should report thoughts as freely as possible
this may be a concern.

4. Conclusions

In conclusion, our findings support the view that different in-
door and outdoor environments may exert different effects on
thought contents and subsequently on task endurance. The outdoor
condition within the present study resulted in greater use of
external thoughts and prolonged cycling endurance relative to in-
door condition. Future research ought to clarify whether the type of
thoughts or their dynamic stability effect endurance. Considering
the nonlinear nature of attention focus and thought patterns
inherent to effort expenditure, these results pave the way for
additional research into the effects of environment and environ-
mental cues on effort. From a practical standpoint, based on the
evidence presented herein, there is an empirical basis for the use of
specific settings in effort expenditure. Given that participants seem
to last longer and distract themselves better in outdoor settings,
when prescribing the most optimal exercise for individuals, tasks
such as outdoor cycling or outdoor running could yield distinct
cognitive and endurance-related advantages over the indoor al-
ternatives. While it is likely that some individuals would express
unique preferences for one type of environment over the other,
careful alignment of exercise environment to one's exercise goals
(i.e., endurance, distraction etc.) could prove beneficial for both the
practitioner and the exerciser. We therefore conclude by empha-
sizing that the present results can help practitioners design in-
terventions to embed specific environments, or environmental
cues, to reinforce select cognition-performance couplings in order
to ultimately allow optimal performance and adherence to effort,
which are key elements to individuals' exercise experience.
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CHAPTER SIX

DISCUSSION

In an effort to further add to the existing research in pain (Astokorki & Mauger, 2016; Cook et al.,
1998; Mauger, 2013; Mauger & Hopker, 2012; O’Connor & Cook, 1999) and attention (Balagué et al., 2012;
Basevitch et al., 2011; Garcia et al., 2015; Vancleef & Peters, 20006), and contribute to develop the Nonlinear
psychobiological model of exercise induced fatigue, this thesis focus on the study of pain dynamics and
attention in alternative settings. The aims can be summarized twofold: (a) to delineate the body locations
dynamics of exertive pain during exercise performed until exhaustion (b) to investigate the dynamics of
attention focus in different environments and its effects on endurance. Attention connects the two main
aims in that pain attracts attention and attention constraint the type of thoughts. It is the attention focus that
gives raise to the subjective feeling of pain and its location in the body. Both collective variables (i.e., pain
locations and thoughts) emerge from the interaction among body, mind and environment and its behavior
is rooted in common dynamical processes governed by the same general dynamical laws, which are direct

consequences of a self-organized process.

Summary of the findings. In light of the findings, the current thesis: (1) defined the relationship
between constant exercise and location dynamics of pain in group pulled data, (2) extended the results on
individual pain dynamics by exploring the spread patterns of the pain locations, (3) advanced the
understanding of generated sequential switching nature of attention-pain dynamics and, finally, (4) provided
clarification on the environmental effects on attention focus and cycling endurance. Of further importance,
the individual data analysis of pain locations dynamics herein revealed idiosyncratic pain patterns during
incremental exhaustive exercise. In other words, the present findings suggested that the subjects were adding
new locations (i.e., “and” logic), shifting between existing locations (i.e., “or” logic) or using a combination
of both. This type of categorization provided an initial taxonomy for pain distribution patterns: (1) adders,

(2) jumpers and, (3) adder-jumpers. In fact, based on this classification, the number of painful locations may
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not increase with time spent on task (i.e., jumpers), and this is important to consider. It is, therefore, highly
plausible that the pain distributed within the body during running and cycling is indirectly linked to
accumulated effort. This means that different distribution patterns of pain might result from the
interconnection of diverse internal influences of ever-changing variables during exhaustive exercise. This
different distribution of pain throughout the body with increased effort output could be attributed to the
progressive global instability phenomena that occurred over the neuromuscular axis that characterizes the
exercise-induced fatigue. Importantly, this zustability, involving attention and motivational control loops was
thought to ultimately lead to task disengagement (Hristovski & Balagué, 2010). Notwithstanding, additional

inquiries need to discern if the spread patterns of perceived exertive pain are subject to qualitative changes.

Theoretical, methodological and practical contributions. Previous studies have revealed an
effect of time on task (i.e., effort accumulation) and the presence of critical phenomena examining the
dynamics of attention focus and effort perception during constant cycling and running until volitional
exhaustion (Aragonés et al., 2013; Balagué, Hristovski, Garcia, et al., 2015; Balagué, Aragonés, et al., 2014;
Balagué et al., 2012; Garcia et al., 2015). Results herein added to these findings that there is an association
between exercise endurance and the number of switches (i.e., prolonged metastable state) among painful
locations during exercise. The increased reports of changes (i.e., switches) in perceived painful locations were
associated with extended time on task. As such, the jumper pattern for instance seemed to have a positive
influence on endurance. For the adder pattern on the other hand, subjects repeatedly reported the same
locations with the exception of a few changes thereby suggesting higher rigidity and stability of painful zones.
These results are particularly relevant for the realm of performance science where task endurance is a central
topic of interest. Potential applications of these findings to clinical and medical settings and more concretely

to the development of individual pain coping and management strategies require further investigation.

It is important to consider the notion that subjective observation of pain remains one of its most
reliable indicators. Within this thesis (research articles I-1IT) adopting a purpose to delineate the pain location

dynamics of exertive pain we used the 50-item pain body map together with the dynamic approach. Pain as
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a final product of the noxious stimulus differs from typical perceptual processes as it is localized within the
body. On the other hand, the perception of pain requires a short-term zntegration between a number of
continuously interplaying components such as the environment, periphery and the brain itself. Moreover,
perception of pain and attention to pain per se are multidimensional and tend to interrelate through
hierarchical dynamical processes (Rabinovich et al., 2015). Therefore, research articles presented within this
thesis demonstrated for the first time, how dynamics of mental hierarchies may be formed by component
perceptions (i.e., pain) that dwell over different time scales. This is a finding that demonstrates that the
phenomenological subjective experiences, so called gualia (Chalmers, 1996) are grounded in identical

dynamical principles to the neural tissue, i.e., the brain.

In agreement with our second set of expectations, present findings revealed that different
environments exert specific effects on attention focus and cycling endurance. This very influence of the
environment on attention may feed the argument that the subjective feeling of pain can also be affected by
the type of environment. Our results indicated that cycling endurance increased in the outdoor condition
compared to the indoor condition. We postulated that, attention allocation on external TUT may have, in
turn, exerted this ergogenic effect to aid cycling endurance. Given that the subjects maintained TUT's and a
primarily external TUT category for a prolonged period within the outdoor condition, one can argue that
subjects in lab studies may adhere less to TUT and report fewer external TUT contents as opposed to field
studies (Mitchell, 2012). This notion further aligns with the statement that continuous interplay between

environment, periphery and the brain plays a crucial role on the fatigue-induced task disengagement.

Briefly put, the take-home message is the following: It is essential to admit the importance of the
metastability for body-mind-environment components interaction and integration. Instability and
metastability in the context of fatigue and exercise driven changes have clear evolutionary stabilized role. They
represent generic dynamical mechanisms of biological systems for spontaneous formation of decisions and
alternative solutions for coping with organismic changes that otherwise may result in serious injuries or

decapacitation (Vazquez, Hristovski, Balagué, 2016). The spontaneous emergence of pain and discomfort
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perceptions during exercise signals the novel physiological atmosphere within which the organism performs.
The final spontaneous task disengagement clearly functions as an archaic preventive decision mechanism.
Their sequential emergence (i.e., first discomfort then task disengagement) may then reflect the degree of the
tradeoff between the set goal and discomfort tolerance. For example, although the intended task goal may
be focusing the attention on task unrelated thoughts, it is clear that the increased discomfort destabilizes the
intended attention mode and spontaneously forms other attention solutions (e.g., TUT-E, TRT-E etc.). The
metastability here offers the capacity for spontaneous switching between and testing the effectiveness of
attention solutions that may help in prolonging the set goal (i.e., time on task). However, close to the exercise
termination the system finally stabilizes in a state of minimal cognitive effort and reverts to the protectively
most salient TRT-I category. In similar vein the attention to pain locations switch in a spontaneous manner
although the most probable behavior is the growth of the number of painful areas. Metastability of attention-
pain dynamics may enable similar effect to the set goal of prolonging the time on task. The role of this type
of switching however warrants further investigation. Finally, the spontaneous task disengagement is the
ultimate protective decision mechanism (Hristovski & Balagué 2010) that, in fact, eliminates the cause of the

discomfort i.e., the exercise task itself.

In regards to the implications and applications associated with the present results: first and
foremost, this thesis considered that it is the integration of brain, periphery and environment that
characterized psychobiological features of exercise-induced fatigue and the task-disengagement
phenomenon. Although different local patterns were observed in cycling and running, pain appeared to
spread throughout the body as the effort output and time on task increased. Secondly, this thesis used general
dynamical principles to study the attentional changes in different environments. From a translational
standpoint greater knowledge into pain dynamics during exercise could help practitioners design effective
strategies to cope with painful sensations during effort. This is important in that exercise professionals and
health care providers would regularly and appropriately measure exercise-related pain in both of its

components such as induction and reduction within their exercise prescriptions and recommendations
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(Dannecker & Koltyn, 2014). Finally, from a practical standpoint, there is an empirical basis for the use of
specific settings in effort expenditure. Given that the subjects herein seem to last longer and distract
themselves better in outdoor settings, when prescribing the most optimal exercise for subjects, tasks such as
outdoor cycling or outdoor running could yield distinct endurance-related advantages over the indoor

alternatives. These effects should be further investigated in relation to pain locations dynamics.

Limitations and challenges for the future. Two main limitations of this thesis should be noted.
First, the data collection of this thesis heavy relied on prompting methodology. It is plausible that, due to the
reporting task, subjects’ attention focus was somewhat interrupted and biased. However, this type of protocol
was implemented to collect data systematically and regularly. Previously, the data of pain ratings were
obtained in lower recording frequency, for instance at high frequencies with use of 30 s (Cook et al., 1998),
varying between 1 and 3 min intervals (Angius et al., 2015), or low frequencies before and after physical
activity (Choi et al., 2013), or once per day (Burnett, Smith, Smeltzer, Young, & Burns, 2010). Intra-individual
changes are, however, better captured through short frequency recording of self-reports. To that end, it is
important to note that the test administrator in these research experiments was instructed to frequently
prompt self-report with no prompting of any particular pain location. Second, this thesis also made use of
the self-caught measures. This methodology primarily relies on the subjects’ reporting their own thought as
they occut, thus, may carry some risks for response biases and/or social desirability (Kormos& Gifford,
2014). Finally, during self-caught procedures, there may be a risk of disruption to natural thought
development (Ericsson & Simon, 1993) and these deserves to be considered in upcoming trials and research

into pain dynamics.

Researchers are encouraged to use pain-attention temporal nestedness and the proposed taxonomy
based on attention-driven mechanisms as a fruitful avenue to pursue for future investigation. Moreover,
future research should also focus on the dynamic approach to reinforce the study on dynamic body-mind-
environment couplings. Consequently this may lead to better understand of exercise-related phenomena, also

may guide practitioners to design adequate interventions to increase exercise endurance and tolerance within
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different settings. Finally, future research could address alternative clinical/medical type of pain and could

study it on the bases of the Nonlinear psychobiological model of exercise-induced fatigue.
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CHAPTER SEVEN

CONCLUSIONS

Within the framework of the nonlinear psychobiological model of exercise-induced fatigue the
present results are pioneer in that they a) offer an initial account of pain location dynamics during constant
exhaustive exercise, b) recognize the individuality of pain patterns dynamics, c) detect a nested temporal
organization of subjective experiences (qualia) through the study of pain-attention dynamics, and finally d)

highlight the effect of the environment on attention and endurance.

Specifically, these results suggested that: a) the number of body locations with perceived pain
increased through the effort, b) three consistent individual pain distribution patterns were present during
constant cycling and running: adders, adders/jumpers, and jumpers, c) pain-attention dynamics during
incremental exercise displayed a metastable and nested organization, identical to the one shown by the neural
tissue in the brain, d) outdoor environment, compared to indoor environment, increased the use of external

thoughts and helped improve task endurance.

From a theoretical standpoint, this thesis emphasizes the nonlinear integration of brain, periphery
and environment during exercise. Subsequently, implications from this thesis point towards the
recommendation to study pain and attention from a dynamical and nonlinear integration point of view. From
a practical standpoint, the present findings can help practitioners to design effective interventions to further
aid exertive pain and its tolerance, performance and regulation of exercise effort within different settings
and/or in response to different environmental cues. It is therefore our hope that the upcoming work extends
on these findings to further reinforce the study of dynamic body-mind-environment couplings to understand
exercise-related phenomena, and ultimately allow optimal performance and adherence to effort, which are
central to subjects’ exercise experience at the least and their healthy life styles at large. Moreover, this

approach may be used for studying other types of clinical pain presentations. The study of medical pain in
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its temporal nestedness and proposed taxonomy of attentionally driven mechanisms (adders, adder/jumpers
and jumpers) as well as the effects of attentional strategy in modulatory purposes may prove a much

promising and rewarding realm of investigation.
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CONCLUSIONS

En el marc d’un model psicobiologic no lineal de fatiga induida per I'exercici els presents resultats
son pioners en quant a que: a) ofereixen una descripcid inicial de la localitzacié del dolor durant un exercici
constant i intens, b) reconeixen la individualitat de patrons dinamics de dolor, c) detecten una organitzaciod
temporal niada d’experi¢ncies subjectives (qualia) a través de lestudi de la dinamica dolor-atencié, i

finalment d) ressalten I’efecte de ’entorn en el focus d’atenci6 1 la resisténcia.

Concretament, aquests resultats suggereixen que: a) el nombre de localitzacions corporals on hi ha
percepcié de dolor augmenten durant 'esforg, b) durant un exercici de pedalejar 1 correr, es revelen tres
patrons individuals de dolor consistents: “adders”, “adders-jumpers” i “jumpers” , c) la dinamica dolor-
atencio durant un exercici progressiu mostra una organitzacié metaestable i niada, idéntica a la que presenta
el teixit neuronal del cervell, d) 'ambient exterior, comparat amb linterior, augmenta 1"ds de pensaments

externs 1 augmenta la resistencia.

Des d’un punt de vista teoric, aquesta tesi emfatitza la integracié no lineal del cervell, la periféria i
Ientorn durant I'exercici. Posteriorment, les implicacions d’aquesta tesi apunten a recomanar 'estudi del
dolor i l'atenci6é des d’un punt de vista integratiu dinamic i no lineal. Des d’una perspectiva practica, els
resultats obtinguts poden ajudar als practicants a dissenyar intervencions efectives per augmentar la
tolerancia al dolor durant l'esforg, a millorar el rendiment i a regular 'esfor¢ en entorns diferents i/o en
resposta a senyals ambientals diferents. Per tant, s’espera que els proxims treballs ampliin aquestes troballes
1 reforcin I'estudi de I'acoblament dinamic cos-ment-entorn per entendre millor els fenomens relacionats
amb Dexercici i, en ultima instancia, per possibilitar un rendiment optim i adherencia a I'esforg, aspectes
centrals per aconseguir un estil de vida saludable. A més, aquest enfocament pot ser utilitzat per estudiar
altres tipus de dolor. L’estudi del dolor en clinica, la seva estructura temporal i I'aplicacié de la taxonomia

dels mecanismes d’atencié proposada (adders, adder-jumpers and jumpers), aixi com els efectes
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moduladors de I'estrateégia d’atencid, poden resultar un tema d’investigacié molt prometedor i gratificant en

el futur.
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