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ABSTRACT

Perceived exertional dyspnoea is reported to be the most common symptom among
physically activeindividuals of all abilities and ages and/or performance in high level
athletes, potentially impacting on performance and limiting enjoyment of sporting
activities. ldentifying the causes of the perceived symptoms requires casfasment

with a wide rage of factors potentially contributing to the reported respiratory issues.
The purpose of this thesis was to investigate different assessment apprivathe

identification of breathing dysfunction in exercising adults.

Elite swimming and boxing reqe athletes to achieve relatively high minute ventilation.
In Chapter 4 (Study 1 of this thesishirty-eight elite boxers and 44 elite swimmers
completed a thorough respiratory assessment that revealedfaldigesater prevalence

of exerciseinduced Iponchoconstrictiomn swimmers when compared with boxers. These
results suggested that the combination of a sustained high ventilation and pvevocat

training environment may impact the susceptibility of athleteélsisocondition

Dysfunctional breathip may mimic and/or cexist with exercisenduced
bronchoconstriction. The use of specific questionnaires may improve the ideotifichti

this condition in athletesn Chapter 5 (Study 2 of this thesis), fthe 428 healthy,
physically active young adts who completed the Nijmegen Questionnaire had a score

23, suggestive of a dysfunctional breathing status. A separate cohort of 104 athletes
underwent an indirect bronchoprovocation challenge and completed the Nijmegen
guestionnaire. The sensitivityspecificity, positive and negative predicted values

suggested that the Nijmegen score was a poor predictor of a positive bronchoprovocation



challenge in athletes and therefore is not suitable to detect dysfundireastiing in

athletes.

The posture anthlete holds during exercise may alter breathing pattern and increase
reported exercise induced respiratory symptoms. In order to investigate whether
respiratory parameters are affected by different postural posito@sapter 6 (Study 3

of this thesis)15 healthy male athletes performed adi@ute high intensity cycling test

with normal shoulder position and with hunched shoulders. Results of this study showed
that cycling with hunched shoulders at high intensities over a prolonged periotoleads
anincrease in perceived dyspnoea and suggested that posture may contribute to reports

of respiratory symptoms during exercise in the absence of ganthiwonary disease.

With the aim of investigating the effect of different postural positions on thtd atery
excursion,in Chapter 7 (Study 4 of this thesid5 healthy male athletes performed
baseline spirometric measurements anemlfutes cycling challenges with normal
shoulder position and with hunched shoulders, while undergoing simultaneous data
collection with optoelectronic plethysmography. The findings of this study suggested that
respiratory excursion and lung volume compartmentalisation at both rest and during high

intensity exercise are affected by the position of the shoulders.

In conclusiongthletes who train and compete in provocative environments at a sustained
high ventilation have an increased susceptibility to airway dysfundionexisting
guestionnaire is sensitivanough to identify dysfunctional breathiagd differentiate it

from aher regiratory conditions, such as exercisduced bronchoconstriction

Exercising for a prolonged period at high intensities with hunched shoulders triggers

Vi



increased abdominal contribution to vital capacity and a subsequent increase i
perception of keathing sensation without a significant effect on physiological markers of

respiratory function.

Further investigationshould be undertaken in orderdevelop a new questionnaire that
IS more suitable for an athletic population and has higher accumaayentifying
symptoms associated with exercise induced breathing impairRrentse @tection of
distortions between compartmental contributiongxercising individualsnay play an

important rolen the differential diagnosis of dysfunctional breathin

Vil
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Chapter 1. Introduction



1.1 Introduction

The health benefits of regular exercise and physical activity are well krinomrever
frequent, repeated periods of high minute ventilatiop) (M certain environmental
conditions might be disadvantageous to an individualOs respiratory health (Hull et a
2012). Respiratory symptoms (e.g. breathlessness, phlegm production, wheeze and
cough) are common in athletes of all abilities. Turcotte et al. (2003) shbatedne in

four athletes has complaints of regular, troublesome respiratory symptoms. Moreover,
primary care physicians in the UK see dyspnoeic athletes at a frequeppyafimately

one case per calendar month (Hull et al., 2012).

Many factors can limit pulmonary performance and produce symptoms of respiratory
discomfort (Bussotti et al., 2014), the pathogenesis of which, is still notlyclear
understood. Currently, in the lack of objective, gold standard diagnostic methods and
algorithms, diagnosis is often made solely on the basis of complaints and previous
medical history alone. Moreover, the subjectivity of symptoms makes itulliffar the
physicians to accurately identify and judge the severity of the underlying condition(s).
These factorsnay contributeto a potential diagnostic delay and a possible failure to
determine the specific cause of respiratory dysfunction, especially initithgeluals

whose symptoms are multifactorial.

In the absence of extensive differential diagnostic tools, healthcare profesdameal
with a major challenge when attempting to distinguish among the perceptionmbsns
that fall within a spectrum of what could be considered a normal physiologsminse

to intense exercise (Hull et al.,, 2012), those indicating underlying cardiorespiratory



pathologyand complaintslinked to a nonpathological and/or nofrganic problem or

other contributing factors.

In healthy humans the structural characteristics of the respiratory musdldseaneural
control of breathing are almost ideally designed and regulated to meet theddediora
increasd ventilation during exercis@liverti et al., 1997)However, although maximal
expiratory flow rates are usually greater than the spontaneous flow rates réachgd
maximal exercise, endurance trained individuaith high maximal exercise ventilation
may develop expiratory flow limitation (EFL) alongside a series of secondary
manifestations such as dyspnoea, hypercapnia and consequent exercise limitation.
Increased work of breathing during heavy sustained eseenziay encroach on the
capacity of the respiratory system by placing a load on the respiratory n{li#znies et

al., 2000, Dempsey et al., 200Batigue of these muscles, particularly af thaphragm,

can have a vasoconstrictor effect on limb muscle vasculature compromisingptogpm
muscle blood flow, @ uptake and the overall performan¢Bussotti et al 2014,

Dempsey et al., 2008, Harms et al., 1997)

Breathlessness is a complex set of symptoms that are often related stveingth or
intensity of the sensation (sensory component) and how unpleasant the sensation feel
(emotional component). Both wonents are influenced by the changes in ventilation,
butthey may operate independer(fiaull et al., 2016Moderate to severe breathlessness

is wellrecognised as a normal sensation during intense exercatbdarwise healthy
individuals (Borg et al., 2010, Hamilton et al., 1998)he sensation of Obeing out of
breathO is usually considered +breatening due to precise matching between

expectéion and the actual venttlary response to heavy exerc{&aull et al., 2016)



However, the increase in respiratory work may be perceived abnormal by those who
experience discomfort and find that it limits their ability to perfornh&rtexpectations.

It has been suggested that the affective components of breathlessnessrasaltdre
anxiety when nearing maximal ventilation may be a key factor within the eampl
limitations of athletic performance in those, who are highly-trained (leaall., 2016,
Harms et al., 1997, Harms et al., 200)ere might be an exaggerated perception of the
intensity of breathlessness in individuals who, addition to the high levelsxadty
experience multiple somatic complaints due to underlying pathological cardiatespi

problems or non-organic issues.

Exercise-induced bronchoconstriction (EIB) is a common diagnosis in active indsvidual
with complaints of dyspnoea, fatigue or poorer than usual performance during exercise
(Smoliga et al., 2016). The occurrence of EIB is independent of age and fitnesstkvel
has a prevalence rate of about 10 to > 50% or greater in competitive atldbtesédn

et al., 2015, Parsons & Mastronarde, 2005). Exercise-respiratory symptoms such as
cough, wheeze and chest tightness, however are not exclusive to only EIB; théocan

be associated with exercise-induced laryngeal obstruction (EILO), hyperventilation
syndrome (HVS) and dysfunctional breathing (DB) (Boulding et al., 2016). Although
there exist well established guidelines for the diagnosis and managera$Bt dtie to

the non-specific nature of the signs and symptoms, and the lack of gold standards t
differentiate among the aforementioned conditions, it is frequently misdiagnosed in
clinical pradice (Smoliga et al., 2016) and as a consequence the underlying condition

remain unrecognised and untreated.



Previousresearchs (Rundell et al., 2001, Parsons et al., 2011, Weiler et al., 2014,
Simpson et al., 2015have shown that the diagnosis of exeromhiced airway
dysfunction usg selfreported symptoms leatb a significant number of falg@ositive

(17 - 39%) and falsaegative rates (1215%)(Rupp et al., 1992, Rupp et al., 1998d
such seHreports do not correlate with changes in airway calibre in athletes W8th E
(Simpson et al., 2015 hese findings highlight the importance of recognising tha p
predictive value of symptormend suggedb avoidbasing a diagnosis on the evaluation
of clinical features alonm order to protecathlgesfrom the continuation or progression

of symptomsThat couldpotentially lead tampaired performance afat discontinuation

of sport(Weiler et al., 2014)

Accurateidentification of the causative factorsontibuting to theexerciserespiratory
symptomsis crucial in order toensure that optimum care is delivettedthis specific
population This thesighereforewill attempt to investigateariousdiagnosticmethods
that would assist practitionersidentifying and differentiatingpetween pathologicaind

nonpathological causeand contributing factorsf breathing dysfunctian

Specifically, nvestigations wilbe undertaken in order éxplorewhether environmeat
factorswould affectthe prevalence of avay dysfunction irhigh level spod andif the
Nijmegen questionnaire is sensitive enoughlistinguish between EIB and DB will

also aim to study whether breathby-breath analysis aval optoelectronic
plethysmographycan detect physiological chargyaf there existsany, when body

position is alteredluring exercise



In this current thesjshe term Ophysically active individualO will be usatkscribehose
who execise at least two times a week,QecreationalathleteGs somebodywho
exerci®s2-5timesa week and competeegularlyat regional and/or national levahd
Oelite athletesO are thasgividualswho train 57 days a week, compete regularly in

national and international competitions and are part of an elite sport squad.



Chapter 2. Literature review



2.1. Background

The act of breathing is unique in that it is considered as the only vitdidiribat can

be under botlautomatic and voluntary contr@Gilbert, 1999, Butler, 2007, American
Thoracic Society, 1999)t is regulated not only by automatic centres located in the
brainstem, but also by sleggmke cycles, environmental, emotional and volitionalagn
initiated in thecortex (Butler, 2007) The automatic and voluntary control nature of
breathing is advantageousnables complex and precisBanges in breathing when
speakimg, eating or breath holdin@utler, 2007) Although most of the timandividuals

are unaware otheir breathing, changes in the natural process of respiration due to
physiological or psychological factors can affact individua€@ sense of webeing

(Gilbert, 1999)

Breathing isdependent upon the coordinated effortshaf breathingnuscles (Benditt,
2006) and alterations in their function may reduce tlfieativeness of ventiladin
(Ratnovsky et al., 2008)ostureas a component of any position and every movement
of locomotion,is considered to be an active, central nervous sy8@s) controlled
maintenance of body segments againstattion of external forces, from which gtavi
has the greatest impd€&hiba et al., 2016 Although tie major function of the respiratory
muscles is to contribute to inhalation and exhalation, they are alselgativolved in
postural movements of the tor&utler, 2007) Disruption in onef thesdunctiorscould
negatively affecthe otherfHodges et al., 200@ndas a consequeedndividuals with
poor posture may exhibit signs of faulty breathing mechamit®e absence of underlying

cardiorespiratory diseases



Breathing can be considered as an independent variable that affects emotiomgrcognit
and behaviour, but also aslependent variable that reflects changes in these parameters
(Ley, 1994) Conscious or unconscious changes in breathing can affect both our feelings
and thoughts. For example, breathing intensifies when an incresatolic demand
occurs (e.g. in exercise) but also due to an emotional inf@ac anger, fear or anxiety)
(Ley, 1994) For instance, excessive breathing with an upper chest breathing pattern can
be triggered by aacutestress reaction (e.g. anxiety) agyeherate unpleasant sensations

such as dgpnoea, pain or chest tightné&slbert, 1999)

2.2Breathing pattern

In this thesis, the term Obreathing patternO willsixely be referring to the relationship
of the thoraceabdominalcompartments to each other duriay individualObreathing

without considering any other parameters such as breathing freqi#)ayr volume.

Konno and Mead1967)previously describethe chest wallas a system of twmoving
compartments (ribcage and abdomen) with only one degree of freedom each. They
suggested that when known air volume is inhaled and measured with a spiromete
volume-motion relationship can be expressed as the sum of the abdominal aagkerib
displacements (Konno & Mead, 1967). Although the Konno-Mead model has been
integrated in most available technology that aims to assess cHeshtavamerts, its

major limitation is thatt disregards the axial displacements of the torso associated with
postural movements of the spine and pelvis and only considers changes in the antero
posterior diameter of the chest wall, meaning that valuable information ifsbieation

may not be assessed.



To date, there are no standardised reference values afatespimovements available
(Kaneko & Horie, 2012)Previous studies show a wide range of variation in the ribcage
cortribution to the movement in healthydiniduals (Verschakelen & Demedts, 1995)
depending on whether they were assessed in a supinetf®0), sitting (40- 70%) or
standing (5G 70%) position(Lumb & Nunn, 1991, Courtney et al., 2008, Sharp et al.,
1975, Vellody et al., 19784 limitation in most of these studies is that they do not specify
whethe the participants are using any support for their upper body at the time the
breathing pattern is measured. When sitting or standing with support, the diaphnagm ca

focus more on the breathing than the pstural functionPrice et al., 2014a)

Ribcage motion mayetrease with increasing agéaneko & Horie, 2012)however this
does not appear to influenary other parameters of breath{Mgrschakelen & Demedts,
1995, Sharp et al., 1975, Ragnarsdottir & Kristinsdottir, 2088hilarly, some studies
indicate that males have lower percentages of rib cage movement thés{gtaneko

& Horie, 2012, Ragnarsdottir & Kristinsdottir, 2006, Romei et al., 20b@wever
respirationappears not tbe affected by gendéverschakelen & Demedts, 1995, Sharp
et al., 1975)The discrepancies that pertain to the effects of body position, age and gender
might be related to the type of measuring instrumeed in different studig&aneko &
Horie, 2012) Regardless, deviation away fronthe breathingpatternthatis optimal for

the givenindividual can affect the pressure, ventilatory volumes, stability and ultimately
the work of breathingBarker & Everard 2015)havepreviously claimedhat once the
maladaptive pattern is established, the impaired breathing movement béeadmtested

and thus a selperpetuating entity As a consequencehese individuals develop
symptomsof dysfunctional breathinghat by being intermittently or in some cases

constantly present, contribute & negative impact on evelgy life.
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2.3 Dysfunctional breathing (DB)

2.3.1 Description and definition

Dysfunctional breathing is a term used &scribe a variety of breathing disorders where
an inefficient breathing pattern is adopted and often results in reports of respiratory
symptoms (e.g. dyspnoea, wheeze and chest tightness) amdspoatory symptoms

(e.g. anxietylightheadedngs andatigue)(Boulding et al., 2016)

Normal breathing, also known as diaphragmatic breathing, involves synchronised motion
of the upper rib cage, lower rib cage, and abeo(Bradley & Esformes, 2014and
requires adequate use and functionalfthe respiratory muscléBryor & Prasad, 2008)
Conversely, breathing dominantly with the upper chest results in abnormal or slo calle
thoracic beathing, that involves greater upper rib cage motion compared to therlbw

cage (Gilbert & Chaitow, 2002)It has been suggested that both physiological and
psychological factors can cause prolonged changes andtidevfrom the normal
breathing patteriiTobin et al., 1983)If abnormal breathing patterns aegained after

the exclusion or treatment of the conditions that may have initiated tloeirrence, is
considerech DB pattern(Courtney, 2009)The extent of upper chest dominant breathing
seems to be an important cause of accompanying symptoms such as breasfjlessne
dyspnoea and chest tightnéSourtney et al., 2011pjhe presence of which can result

in anxiety that may provoke filrer breathing irregularitfley, 1994)

The abnormal afferent proprioceptive input associated wpper chestdominant

breathing can directly result in the perttep of respiratory symptom@owell, 1997,
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Thomas & Bruton, 2014)One hypothesis is that sensations of breathlessness and
dyspnoea arisedm mismatch between the brainOs movement control (motor output) and
sensory system (sensory input) resulting in dissociations between what thexpesits

and what it receives from receptanghe respiratory musclg¢kaviolette et al., 2014)n
addition, an upper chest breathing pattern is generally associated dyithmic
hyperinflation(Barker & Everard, 2015, CtibnSmith & Rowley, 2011, Gardner, 1996)
which, due to the increases in the elastic recoil of the lungs and thte @loagside an
often increasedreathing rate, leads to larger respiratory work. These procdsses
reducing the economy of movemdptg flattening the diaphragm and shortening the
muscle fibrey cause biomechanical changes that negatively affect the respiratory
muscles(Lumb, 2016) As a result, symptoms of breathlessness, dyspnoea and chest

tightnes can occu(Simon et al., 1989)

2.3.2 Prevalence

Boulding et al(2016)has previously claimed that the absence of established diagnostic
criteria, it is not posbie to accurately interpret the @ps of DB incidence rate'homas

et al.(2001,2005) previously suggested that DB affects 29% of asthmatics and 8% of
those without asthma. Theyergedthese twadatasetto estimate the prevalence of DB

in the general populatiomhich theycalculatedvas 9.5%Thomas et al., 2005ender
differences have been documented in relation to DB, with a study showing thainn a
aghmatic population, 14% of women but only 2%eén hae symptoms suggestive of

DB (Thomas et al., 2001Yhese percentages are increased among asthmatic adults with
an incidence rate 0f5%6 for women and 20% of m¢mhomas et al., 2001but remains

similar in asthmatic childre(13% females and 2% malés¢ Groot et al., 2013)
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2.3.3 Differential dagnosis of DB

Dysfunctional breathing camanifest alone or in assation with other diseases

(Courtney et al., 2011ayhe symptoms of DB have similarities with other conditions

such as hyperventilation syndroift¢VS), EIB andEILO (Table2.1).
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Table 2.1Summary of the conditions that share symptoms with DB

HVS
(Gardner, 1996)

EIB
(Hallstrand et al., 2013

EILO
(R¢ksund et al., 2016

mechanisms

chemical change®.g.
decrease in PaGdue
to increased MVV.

Presenting ¥l Breathlessness ¥l Breathlessness ¥l Breathlessness
symptoms ¥ Chest tightness ¥l Chest tightness ¥  Chest tightness
¥ Dizziness ¥ Expiratory ¥ Throat tightness
¥ Light-headedness wheeze ¥ Inspiratory $ridor
¥ Tingling sensation | ¥ CougHh
around mouth and
in fingers
Relation to Anytime during 5-10 minutes after Immediately with
exercise exercise maximal eercise, peakg maximal exercise,
5-20 minutes after resolves within 5
stopping minutes of stopping
Suggestive Hemodynamic and Heat loss and Airflow disturbance

consegent dehydration
of the airways due to
hyperventilation during
exercise.

Release of inflammatory

mediators, along with
airway dehydration,
cause an exaggeed
response that results in
bronchoconstriction.

with laryngeal
involvement, due to
abnormalitiesof the
epiglottis, the
laryngeal cartilage
skeleton or its suppor
mucosal structures,
muscular system or
nerve supply.

Various psyhological
characteristics (e.g.
anxiety, depression
and panic disorder)
have been proposed t
be implicated in this
causal cascade

Methods of
diagnosis

Hyperventilation
provocation test
(HVPT)

(1) Vigorous exercise
challenge test

(2) Eucapnic volurary
hyperpnoea (EVH)
challengetest

(3) Mannitol dry powder
test

Continuous
laryngoscopy exercise
(CLE) test

14



Due tothe diversity of symptoms and clinical signs, patients wdhdiorespiratory
symptoms often undergo several investigations with negatresilts and remain
undiagnosedJones et al., 2013WWhen screening for DB, it has been recommended to
include biochemical measures (e.g. end taabon dioxide ETCO,)), biomechanical
measures (e.g. the evalaat of breathing pattern) and psychological features (e.g. the
assessment of anxiety) as DB is proposed to have dimensions tel#tede functions
of breathing(Courtney et al., @L1a, van Dixhoorn J, Folgering H., 201Respiratory
symptoms and respiratory funatiehould also be consider€dourtney et al., 2011a)
All of the key diagnostic tests will bdiscussed in greater detail ih&ter 2.3.4 with

regards to their clinical adequacy and limitations.

It is important to investigate whether DB occurs alone or in conjunction whigr ot
respiratory disorders, hence appropriate information and treatment can be pravided.
clear link betwen DB and other respiratory diseases has not yet Hesaribed in the
literature, however clinical studies suggest &nBB pattern desoccur in patients with
e.g. chronic obstructive pulmonary diseas€QPD and interstitial lung disease
(Boulding et al., 2016)Nevertheless, the most widely recognised fornbBfis HVS,
which was first desthbed over 70 years ag®oulding et al., 2016, Kerr et al., 1938)
This term isoften also used synonymously with D®&hereas in fact it should be

considered agseparate entity

2.3.3.1 Hyperventilation syndron(&lVS)

Hyperventilation occurs when the rate and quantity of alveolar ventilation of carbon

dioxide (CQ) exceeds the bodyOs metabolic requirements (ixg@ré@uction) (Gardner,
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1996)and results in hypocapnia. Hyperventilation is associated with an abnormality i
respiratory control and may present with sympmosach as breathlessness, frequent
sighing, dizziness, paesthesia and palpitation@err et al., 1938) The term
Ohyperventilation syndromeCsiiiest used by Kerr et g]1938)to describe patients with
somatic symptoms of both hypocapnia andietyxand he prevalence has previously

been estimated to-610% (Lum, 1975)

Nevertheless,@ne symptoms associated wiiVS have been shown to be etated to
hypocapnia and may be digeother rather psychological than physiologioa¢chanisms
(Courtney et al., 2011a, Howell, 1997, Hornsveld et al., 19%#)etes,especiallyat
elite levels, are typically exposed to a variety of stressors both imandcompetition
contexts andhis might be the reason whey frequently experiencesymptoms of
hyperventilationHigh level athletes invest considerable time affdrt in their sport and
their performance may have profound consequences on fthere career and life
(Gustafsson et al., 2016, Conroy et al., 20B%)such, competitive athletesay perceive
certain situations as threatening, challenging, or stressful (e.g., defeat, performance
slumps, performingn a crucial competitionYGustafsson et al., 2016}hey often
experience stress due to the presandchallenges to win and progre&sonroy et al.,
2007, Sagar et al., 2007, Sagar et al., 20RfBvious research has shown that fear of
failure is related to anxietynd that psychologicaktress together with athletes
Onaladaptive coping responses to their fear of failurgdtrpose a risk of burnout
(Gustafsson et al., 2018} has also been proposed that high fear of faiksimrgot only
problematic when the athletes are young, but its impact can iacsdbe athletes get

older(Conroy, 2001)
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The term HVS has been used in so many different settings that its usefsigesstioad
(Gardner, 1996)in a sport setting for example, the previously mentioned psychological
factors can manifest hyperventilation as a symptom, howe\an also ban indirect
response to the metabolic demarad exercise and therefore should netessarilyoe

considered as an abnormality.

2.33.1.1. fssessmerfor HVS

Hyperventilation syndrome can be assessed by a routine procedure called the
hyperventilation provocation test (HVPT)he HVPT requires pag@ints to voluntarily
overbreathe for several minutes and is considered pqsitisgmptoms of HVS were
reproduciblgBoulding et al., 2016)Although it was previously assumed that HVPT, by
inducing hypocapnia, repduce hyperventilation symptoms, Hornsveld et(2096)
showedthat the mechanisms of most symptoms do not require a fall i, B@Dthe
attacks does not need to be associated with hypocaph&se findings makéhe

reliability of HVPT questionable

2.3.3.2 Exercisenduced bronchoconstriction (EIB)

Exercise-induced bronchoconstriction is defined as a heterogeneous condition, usually
characterised by a transient narrowing of the airways (Figure 2.1) that occurs in
association with exercise and is reversible spontaneously or through the anhaf &+

agonists (Dickinson et al., 2006).
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Figure 2.1 Anatomy of exerciseinduced bronchoconstriction

Retrieved fromhttp://www.clivir.com/pétures/asthma/asthma_attack.jpg
Exercise induo#g bronchoconstriction has been estimated to occabout 8690% of
asthmaticgMolphy et al., 2014)Respiratory symptoms arkflB are now recognised to
be highly prevalent in certaigroups of elite athles€¢Price et al., 2013)ndeeda greater
prevalenceof asthma related conditiomss been reportad elite Great British athletes
(21%) (Dickinson et al., 2005vhen compared to therited Kingdom (UK) general
population (approximately 10%National Asthma Campaign, 200T)his heightened
prevalence DEIB in elite athletegDickinson et al., 2006, Dickinson et al., 2014)
thought to arise principally due to a combination of the deleterious impacttaince
environmental exposures (e.g. pollution, swimming pool chemicals) and high ventilatory
requirements necessitated élte level sportDickinson et al., 2006, Bougault et al.,
2009, Bougault & Boulet, 2012INumerous studies have establistadugh prevalence
of EIB in certain OhigtiskO sprts, e.qg. elite leveswimming (41%- 55%) (Dickinson et

al., 2005, Castricum et al., 2010)
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The pathophysiology of EIB is not entirely understood, but it has been suggested that
during strenaus exercise, hyperventilation and humidifyingrge volumes of
unconditioned air to body temperature over a short period of tauses a loss of heat
(Anderson & Kippelen, 20059nd drying of the airways, ldang to dehydration of the
airway surface liquid (ASLfMolis & Molis, 2010) Once the exercise is completed and
ventilation returns to normal, airway cooling reverses as smaller bronchiaelsressm,
creaing a reative hyperaemigAnderson & Kippelen, 2005)This process triggers a
cascade of events that includes (1) an increase in intracellular osyn¢Bnnitial water
movement from the surrounding cells toward #wevay lumen, (3) the shrinkage of
subepithelial cells and (4) the release of bronchoconstrictive inflammatonatorsdi
including histamines, cytokines, and leukeies, among othe(blallstrand et al., 2013)
These mediators, along with airway dehydration, cause an exaggerated response thal
results in bronchial smooth muscle contraction and consequdilgHallstrand et al.,

2013)

The water loss occurring atgh ventilatory rates increases risk of airway inflartiara
and epithelial injurfAnderson & Kippelen, 2005)n the presence of allergenic stimulus,
the repair mechanisms of the epithelium activate the airnmayoth muscle, lead to
alteration of their contractile properties causing hypersensitivity that estairs a
propensity to bronchoprovocation eitherridg or following exercise(Anderson &
Kippelen, 2008)A propoed mechanism underlying thelativehigh prevalencef EIB

in athletessuggest repeated exposutte airborne irritants andegsitisng agents (e.g.
halocetic acids and trihalomethanes) that float just above the wateresadianduce
airway inflammatian, smooth muscle hyperresponsivenessl remodelling process

that may lead to the development of astlelated conditions such as E(Bougault et
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al., 2009, Bougault & Boulet, 2012)

Due to he similarities in symptoms, it is not uncommon that patients withaB
misdiagnosed and prescribeakthma medication unnecessarilyowhagen, 2005,
Lowhagen, 1989, Markhd et al., 1999)it has been claimed by Ansley et@012) that
only half of the professional soccer players with a physician diagnosis of adstBrhat
objective evidence of reversible bronchoconstrictiumncell et al.(2001)demonstrated
no association between the reporting of wheeze guwsual training and the bronchial
response to a sport/environmeapiecific field exercise challendest; in approximately
half of the athletes EIRBlid not explain the occurrence of symptoifisis underlines the
importance of an objective bronchial challenge t®stsupport a syptomsbased

diagnosis oEIB in athletegrior to commencing pharmacological treatment

2.33.2.1. Assessnm for EIB

The assessment of EIB in athletes requires serial lung function measwwéengnfEY,
FVC) before and after (1) vigorous exercise challeeg®r a surrogate of exercise such
as (2) eucapnic voluntary hyperpnoea (EVH) challenge or (3) mannitol dry powder

test(Parsons et al., 2013, Anderson & Kippelen, 2012).

(1) The exercise challenge test involves a rapid increase in exereissitynover about
2 to 4 minutes to achieve a high level of ventilation (for athlétesist be > 25 times
the FEVY) continued by exercise at that high level for an additional 4 to 6 minutes.
Measurements of FE\Vare made usually in duplicate at 3, 5, 10, 15, 20 and 30 minutes

post exercise, and the higher of the two values is recorded. The criteriogrios#i&E|B
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using this assessment methetl 10% fall in FEV, (Anderson & Kippelen, 2012)

When conductingn thefield, monitoring the conditions (e.grmperature, humidity) and
having the right equipmeatailable (e.g. spirometer, heart rate monitor) are challenging.
In a laboratorsetting the greatedimitation is the wide variety of exercise protocols that
are used, some of which are inadequatepttovoke EIB. Due to the release of
bronchodilation substances at low ventilatiokereise tests that start with a very low
workload or usea continuous increase in intendity assessing maximum capacity may
lead to false negative resu(nderson, 2011)Although a sportspecific exercise field
test may simulate the exercise environment and demonstrate a reduciidiouw) due

to its poor sensitivity for diagnosis and difficulty to perform relialhys metlod of
assessment hast been recommended as a flisé investigation in EIRDryden et al.,

2010)

(2) Eucapnic voluntary hyperpnoea challenge israiute breathing test during which
the individual inhales a grgascontaining, 21%0,, 5% CO, and 74%mnitrogen (\2) at a
ventilation equivalent to 30 times FEWr more. After the test th&ng function
measurements are made at theesime interval as for exercised a sustained 10%
fall in FEV; is considered positive test Thisassessment meth@&bkaid to be gurrogate
for exercise, since the ventilation achieved voluntarily is higher than thavad during
maximum exercise, thus the rate of fategativeresultsis very low (Anderson &

Kippelen, 2012)

(3) Dry powder mannitol inhalation increases the osmolarity of the airway suridce a

causes release of the same inflammatoediators as exercise and E\Anderson &
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Kippelen, 2012) The commercially available test kit contains -peeked capsules
containing 5, 10, 20 or 40 mg of mannitol and an inhaler device. The iEEWasured
in duplicate 60 seconds after each dose. A 15% fall in; REY 635 mg is casidered a

positive test resulfAnderson & Kippelen, 2012)

Diagnosing asthma correctly requires detailed knowledge of the range of symptoms and
the possible underlying conditions. This, however, does not seem to be the current
practise. Some studies indicate that as many as one third of those dvégnosis of
asthma in developed countries do not actually have asthma (Marklund et al.ad899)
since there exist no validated protocols to confirm or exclude the conditionientpat

with previous physician diagnosis (that may or may not have been accurate), these
patients may retain their Oasthmatic statusO for long years or inas@sdor a lifetime

(Luks et al., 2010). Inhaled corticosteroids (ICS), when properly used, improve quality
of life and reduce the risk of asthma attacks and mortality. However, thew@wvis
evidence that they can cause mucosal immunosuppression and an increaséd risk o
respiratory infections in adults. Additionally, the systemic absorption of ICS, and
therefore the risk of developing side effects, is greater if the dose is inapiiggdrigh

for the degree of airway inflammation (Bush & Fleming, 2016).

On the other hand, a DB pattern such as dynamic hyperinflation without any
bronchoconstriction has been proposed to be an important contributor to exaggerated
dyspnoea in patients with asthma (Lougheed, 2007). Previous report (Marklund et al.,
1999) showed that about 10% of patients diagnosed as asthmatics actually suféer from
Ofunctional breathing disorderO, which in the lack of diagnostic steatemy remain

unrecognised and untreated.
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2.3.3.3 Exerciseinduced laryngeal obstruction (EILO)

Exercise-induced inspiratory symptoms (EIIS) may indicate an important differential
diagnosis to EIB in otherwise healthy adolescents (Christopher & Morris, 2010, Roksund
et al., 2009, Rundell & Spiering, 2003, Johansson et al., 2015). EIIS is most often linked
to laryngeal abnormalities (Christopher & Morris, 2010, Roksund et al., 2009, Beaty et
al., 1999, Bent Il et al., 1996, Bittleman et al., 1994, Christensen et al., 2011, Diign et a
2012) and if so, referred to as EILO (Dion et al., 2012, Hull et al., 2014, Christensen et
al., 2015). Studies of athletes (Kenn & Balkissoon, 2011, Christensen et al., 2011) and of
soldiers (Morris et al., 1999) in stressful situations have revealed high ratéS.of ke
magnitude of EILO has been addressed and objectivised in different ways, and the
estimates therefore vary; however, in unselected populations EILO has beerdrgporte

6 - 8% of adolescents (Johansson et al., 2015, Christensen et al., 2011).

Underlying mechanisms remain unclear, and a variety of structural and/or functional
pathways have been proposed, such as abnormalities related to the epigbttis, t
laryngeal cartilage-skeleton or its support, mucosal structures as wbé# &yngeal
muscular system or its nerve supply (R¢ksund et al., 2016, Maat et al., 201hgsall t
abnormalities might conceivably disturb the airflow on its way through the laryngeal
inlet, increase the turbulence and the airflow resistance, and thereby seseunpe of
dyspnoea and trigger the symptoms that are characteristic of EIIS (Tenglled891).
Additionally, various psychological characteristics (e.g. anxiety, depression and panic
disorder) have been proposed to be implicated in this causal cascadet(da&t0d.1)

by triggering sufficient narrowing of the laryngeal space to cause breathing difcultie

and a laryngoscopic image compatible with laryngeal obstruction to airflow.
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EILO may be caused by adduction or collapse of supraglottictstas, inappropriate
closure of the glottis, or ambination of these evenR¢ ksund et al., 2016lrigure 2.2.

A validated grading scheme developed for the diagnosis of EILO has been usedso asse
obstru¢ion both at the glottic andupraglottic level, and differentiates between

obstructions occurring at rderate and maximal effofaat, 2011)
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W “
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. - - ‘

»
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Figure 2.2Glottic and supraglottic exerciseinduced laryngeal obstruction
(Hall et al., 2016)Retrieved frombhttp://bjgp.org/conent/66/650/e683/tafiguresdata

2.3.3.3.1 Assessment for EILO

The gold standard diagnostic test for EILO idezhthe continuous laryngoscogxercise

(CLE) test(Christensen et al., 2018igure 2.3.
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Figure 2.3Continuous laryngoscopy exercise (CLE) test
(Hall et al., 2016)Retrieved fromhttp://bjgp.org/conent/66/650/e683/talliguresdata

This techniqgue combines a full cardespiratory treadmill exercise sap and uses
flexible naseendoscopy to provide a continuous image recording of the larynx
throughout an exercise to the maximum, thereby enablieighamic recording of the
movement of the laryngeal structures from start to shopamera and a microphone
placed in front of the subject enable recording of simultaneous video images of the
external upper part of the body as well as recordings of smraéory sounds. The
participantruns on a treadmill according to a standardd protocol, incrementing speed
and/or grade every minute with the aim to obtain peak oxggasumption O, peal)

after 6- 12 min of exercise. The test is considecedhpletd, if the patient experience
respiratory complaints, or indicate exhaustion, preferably supported by a pilateau
oxygen consumptiofVO,) and/or the heart ratéHR). All recordings continue until

breathingreturns to normal resting valu@deimdal et al., 2006)
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Previous reports have concluded that EILO is more prevalent in young females when
compared to males (BjSrnsd—ttir et al., 2000, Smith et al., 1995, Gardner, 1996); Morris
et al. (1999) reported a 2:1, whilst Brugman et al. (2003) found a 3:1 female
predominance among their patients. One potential explanation ¢ thésdifference in
structural characteristics of the larynx between genders. According to olses\fadim
anatomical studies, the laryngeal inlet does not show significant gendegrifs when
evaluated in pre-puberty, however considerable divergence in larynx dimensions occur
during the development period (Maat, 2011). As such, in post-puberty Othe male larynx
enlarges considerably in comparison with that of the female; all thiagastincrease in

both size and weight, the thyroid cartilage projects in the anterior midlities afeck,

and its sagittal diameter nearly doublesO (Standring, 2015).

2.3.4Assessmd for DB

2.3.4.1 Nijmegen Questionnaire (NQ)

The most common method of diagnosiDB relies on a positiv&lQ (Boulding et al.,

2016). TheNQ was developed over 30 years ago as a screening tool to detect patients
with hyperventilation complaints that could benefit from breathing regulation
interventions (van Dixhoorn J, Folgering H., 2015). Although the NQ was developed and
validated only in people with HVS, since the 1970s it has been used tdyidemdi
characterisddB in the general population (Courtney et al., 2011b), those with anxiety
disorders (van Dixhoorn & Duivenvoorden, 1985) and patients with co-existing
respiratory diseases e.g. asthma (Thomas et al., 2001, Thomas et al., 2003,

Grammatopoulou et al., 2014). This self-completion questionnaire, developed by a group
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in the Netherlands, comprises 16 items, that include symptoms common tmkietly a

and asthma and related to different systems, such as cardiovascular, neuyological
respiratory, gastrntestinal, but also linked to psychologidactors. For each of the 16
items, experience othe given symptom has to be rated on a-peet ordinal scale
(where 0 is Bver and 4 is very ofterfyan Dixhoorn & Duivenvoorden, 1985Jhe NQ
wasshown to lave a sensitivity 091% and specificity of 95% relation to the clinical
diagnosis of HVSvan Dixhoorn & Duivenvoorden, 1985 score of 23/64 or higher

has been considered positive and suggesiiieB (van Dixhoorn & Duivenvoorden,
1985) although, in the validation study, this was calculated using a positive
hyperventilation provocation test as the gold standard, which itself is no longer

considered a redble way ofdiagnosing HVS§Hornsveld et al., 1996)

The NQ has recently been validated in asthma patients. In this specific poputaion
approximate prevalenc# HVS was found to be 34%rammatopoulou et al., 20148s
many of the symptoms described in t4@® will occur in asthma the true prevalence of
HVS in asthmatics idsikely to be overestimate@Boulding et al., 2016)It has been
previously reported bipemeter et al(1986)that up to 80% of patients diagnosed with
HVS may in fact have an undigng diagnosis of asthm@emeter & Cordasco, 188
Asthmatics with HVS tend to be female, have poor asthma control, frequeatleaidons

and comorbid anxiety statédgache et al., 2012)

2.34.2 Self-Evaluation of Breathing Questionnaire (SEBQ)

The SEBQ is a recently developed questionnaire that is aimed to exbrigtelity and

guantity of uncomfortable respiratory sensations and the perception of breathing
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(Chaitow et al., 2014d)t contains 25 items to be sawered on a-point scale, ranging

from never (counted as zero) to very frequently (counted as 3). Factor analysis showed
that SEBQ can differentiate two distinct categories or dimensions comnemaisted by
patients withDB: the feeling of Olack of aied the perceptioof Orestricted breathingO
(Courtney & Greenwood, 2009The two dimensions were said to represent both
biomechanical and biochemical mechanisms and also sensory and eogsjiects of
interaception (Chaitow et al., 2014dyontributing to DB, which have often been
implicated in other studig$larver et al., 2000)Research to establish normative values

for the EBQ has not been formally undertakbowever Courtney et §2011ayeported

that individuals with NQ scores below 20 had a mean score of 11 for the SEBQ.

2.34.3Endtidal capnography

End-tidal capnography is the non-invasive measurement of exhalgdo@@nography
measures average ¢artial pressure at the end of exhalation, known as end-tidal carbon
dioxide (ETCQ) and has good concurrent validity when compared to arterial CO
measures (Bradley & Esformes, 2014). Normal ranges were claimed betw&@® 35
mmHg, while values of < 35 mmHg were suggestive S (Levitzky, 2003).
Capnography can be used in endurance athletes whilst exercising on a bike otltreadmi
to isolate the anaerobic threshold. Feedback on the carbon-dioxide produ€ios) (V
canhelp athletes to recognise the signs of anaerobic metabolism (Chagbw26t.4b).
When they are able to identify signs that suggest that anaerobic threskmpdaaching,

they can reduce their effort in order to prevent the threshold being crossed, allowing
themselves to continue the exercise (Chaitow et al., 2014b). Study of Wals{2606)

shows that athletes reach exhaustion 45 seconds sooner when they overbreathe befor:
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exercising. Although @pnography could potentially be used by athletes to make
alterations tdheir respration (e.g. breathindgaster orslower, more or lessalume)and
by doing sareducing thesffects of hyperventilatignt is not a useful diagnostic toehen

the symptoms are triggered Imefficient breathing patteras seen in DB.

2.34.4Depth and rate of breathing

Both depth and frequency of breathing are adjustable, independently from each other,
depending on the bodyOs metabolic need for air (Chaitow et al., 2014c). The combination
of breathing volume and frequency is calculated by the brain to adjust air exchange.
mismatch of these variables due to abnormal control or execution of breathingpleads

altered \¢ and consequently homeostatic imbalance (Chaitow et al., 2014c).

Compared to increasing frequency, increasing the depth of respiration is more effective
for enhancing alveolar ventilation, but only to a certain extent. Increasing theofi@pth
breath is resisted by the elastic forces, which bring about exhalation; bgefatsiier is
opposed by the friction of ventilating the airways (Chaitow et al., 2014c). Due 40 CO
deficiency, both increased frequency (Folgering, 1999) and increased breathing depth
(Courtney & Cohen, 2008) cause respiratory alkalosis, that reduce cerebral circulation

and interfere with neuro transmission resulting in confusion and dizziness (Qifg).

The regularity or stability of the breathing cycle may reflect changes inisglpod
external demands as well as inner distractions and associations, thassémging these
parameters may be beneficial in the evaluation of DB. Several assessamngeavailable

to practitioners to carry out these assessments.

28



2.3.4.5Breath holding timéBHT)

Breath holding time is an indicator of an individualOs ventilatory response to bizalhem
biomechanical and psychological factors (Delapille et al., 2001). The pneect@nisms
explaining breath-holding and causing the breath at breakpoint are unknown (Parkes,
2006). Some life situations (e.g. uncertainty about what action to take nexttiogwaali
moment for more information) are reflected in the breathing, as the brain switches
between action preparation, focused attention and suppression (Chaitow et al., 2014d).
When precise sensory attention is needed or when attempting to remain tahdkstéce
breathing may be suspended for a few seconds. If breathing is reduced or stopped for a
short period, @reserve slowly declines and there is an increase inl€@ls, which
stimulates more breathing. This process lowers the increasgte@s and the cye

starts over again (Chaitow et al., 2014d). While no standardised test ys} lereath-

hold times are recorded by many clinicians as part of HVS assessnsfarténed BHT

may indicate abnormalities in respiratory control (Lin et al., 1974), and is onlym
observed in individuals with inclinations towards hyperventilation arBof\WWarburton

& Jack, 2006).

Breath-holding time differs significantly depending on how and under what experimental
conditions it is performed. It is affected by whether the hold occurs after iohatat
exhalation, but also depends on the initial lung volume. The most commonly egextim

for evaluating and monitoring DB is the Buteyko method that includes a post-expiratory
breath hold (a.k.a. BHT control pause) at tidal volumes. It is performed either bygholdi
the breath until the first urge to breathe or until the first involuntary motiomeof t

respiratory muscles (Courtney & Cohen, 2008). Using this method, a short BHT (< 20
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seconds) is considered an indicator of [Bulding et al., 2016, Gardner, 1996)
however results should be interpreted with cautionraatbholds produce discomfort,
which is not tolerated by ailhdividuals the same way. Also,ig difficult to tell if the
individualstried equally hardo perform the assessment, therefore defining a cut off value
is challenging Although breatkholding abilityreflectson breathing functionality, due to

the number of limitations of the test, this assessment method was not thliedhesis.

2.34.6 Manual assessment of respiratory motion (MARM)

Manual assessment of respiratory motion is a tool used for assessing anfgliggahsa

relative distribution of breathing motion between the upper and lower rib cage and
abdomen (Boulding et al., 2016). The MARM is a palpatory procedure based on the
examiners interpretation and estimation of motion perceived by their hands at the

posterior and lateral aspect of the rib cage (Chaitow et al., 2014d) (Figure 2.4).

Figure 2.4 Performing the MARM (Chaitow et al., 2014e)
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Although MARM has been shown to ke costefficient and easily applicable tool to
assess beghing abnormalitiesvith a good interexaminer reliability as compared to
plethysmographyCourtney et al., 2008}he assessment is limited to a sttthte and

thereforets application in a sport settinginot feasible

2.3.4.7Respiratory induction plethysmograp{®IP)

Respiratory induction plethysmography has been used as a tool to monitor ventilation and
breathing patterns in multiple settings (e.g. in sleep studies or imkcdie) (Brullmann

et al., 2010). In this non-invasive respiratory monitoring method, the user weaastan el

band with inductance coils across the chest and abdomen to measure changes i
respiratory excursion of the rib cage and abdomen during respiration (Figure 2.5) in order
to distinguish between abdominal and thoracic breathing and to determine aaDgle3e

(the relationship between chest and abdominal movemeastsd measurement of
asynchrony (Courtney et al., 2008). For movements that are perfectly synchronous (in
phase), phase angle = 0j; for completely asynchronous (out-of-phase) movements phase

angle = 180j (Brullmann et al., 2010).

Figure 2.5 Respiratory induction plethysmography: principle of measurement
Retrieved from: https://glneurotech.com/images/bioradio/wirelespbanner.jpg
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Although RIPis a widelydeployedmethod for norinvasive respiratory monitoring in
adults,it has two nmajor limitations: (1) its working principle is inherently sensitive to
metallic or magnetic materials in the near surrounding of the subject and é2¢twate
recording that is free from motion artefacts, individuals are required to dtajustig
the assessmenthe optimalconditionsneeded for the assessmemé impossible to
achieve in daboratory where athleteare tested during exercise asu@surrounded by

metatcontaining devices (e.g. ergometer).

2.3.4.8 Structured light lethysmographySLP)

Structured light plethysmography uses a visible or infra-red (IR) grid of light that is
projected onto the chest and abdomen, allowing respiratory movements to be tracked or
visualised by a digital camera system and respiratory data to be derasal €t al.,

2012) (Figure 2.6).

Figure 2.6 Structured light plethysmography: principle of measurement
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Although this technology has a great advantage of allowongheasure ventilatory
parameters in thosg#hom conventional spirometry is difficult to perform (e.g. elderly
people, childrenimmobile or surgical patients), it also hasjor limitations: (1) The
projected grid is divided into equal port®hy a blue cross in the middle, whizfows
the imageto separate the chest and abdommalementsAnatomically, the length of
the chest and abdomen varie®very person, regardless of gendge etc. and therefore
projecting the grid to cover the torso from top to bottom will provide an unreglistice

of the chest and abdomen contributio(®). To ensure the grid is projected clearly,
subjects need to wear a tigitting white T-shirt. If the TFshirt is not tight enough,
particularly at the bottom, that causes creases and wrinkles onghiet, Twhich can
affect the quality of the projection. Similarly, another problem occurs with reg¢@ards
female subjects who have different body composition from men; lumps and bumps
around the abdominal area and/or large breasts also affect the grid proj¢8jibnthe
lack of fixedmarker points (on shoulders, hip baate.), it is not possible to accurately
project and position the exact same grid on a subject at different tims, gwnte the
SLP measurements repeatability is questionabjeS@¢Me athleits may have breathing
problems due to their posture/shoulder positioning and therefore it would be necessary to
measure the upper part of their chéktwever it is not possible to cover the shoulder
area with the grid during measurements, as this wasldltrin the grid projection being
lost to the side causing the overall results to be distorted. Also, doentechnical
limitations an upward shoulder movemenhich would be essential to be detectei,

not appear in the 3D reconstructi@b) Asthe device is very sensitive, any movement of
the limbs or head can affect the results drasticadkingits application dung exercise

impossible.
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2.3.4.9Optoelectronic plethysmograpl@EP)

Optoelectronic plethysmography is an innovative method of indirect measurement of
pulmonary ventilation, capable of three-dimensional, real-time assessmenbhfteabs
lung volumes and their variations across the pulmonary ribcage, abdominal rib cage and
abdomen (Parreira et al., 2012). It uses an optical reflectance motion @raftysi
computing the 3D coordinates of physical markers fixed on the chest and abdomen of the

studied subject (Figure 2.7).

Figure 2.7 Optoelectronic plethysmography: principle of measurement (Vogiatzis
et al., 2005)

Optoelectronic plethysmography has been shown to be a valuable and accurate
assessment tool that can provide crucial information about chest walianex
including the measurement of variables of breathing pattern, breathing asynchrony, and

contribution of each chest wall compartment and hemithorax to the tidal v{fRameira
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et al., 2012)Although OEP is able to measure volume atwons with high accuracy and
validity in different populations and experimental protocols, currently researaftesdi

to healthy subjects andspiratorydiseases such as COPassaroni et al., 2017)

The largg number(89 - 90) of markersused for the OEP assessmenékesits
employment in the daily clinicgracticeas an alternative tool for traditional flemased
instrument ® assess respiratory nameters, very much challengiriiylassaroni et al.,
2017) In fact, the markers placement is tho@nsuming and in some cases complicated
(e.g. in individuals in which the landmarks are difficult to identify). Moreover, at the

moment the cost of an eigbameras system OEPwJsry high.

Despite these limitations, OEP has several advant&mspared to the previously
mentioned assessment methods, OEP has the ability to simultanesasly r@spiratory
volumes and the biomechanical components of breathing (Massaroni et al., 201@). Spec
algorithms allow to obtain volume variations not only of the whole chesthvalbf the
different compartments. It provides a better comprehension of the work of breathing
without interventions using invasive instrumentation (Massaroni et al., 2017).
Additionally, OEP is able to measure breathing patterns in any conditions{adne
during exercise) and it can be used to study respiratory kinematics and, if comitimed
pressure measurements, statics, dynamics and energetics. The usechtiol®gy has

its great potential in assessing breathing patterns in respiratory conditiorne tthiffiult

to diagnose objectively and therefore was the chosen assessment methostitgateve

DB in athletes in the present thesis.
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2.4Summary

Perceived exertional dyspnoea is reported to be the most common symptomg limiti
performance and/or enjoyment of sporting activities among athletic individual$ of al
abilities and ages. Indeed, some describe the sensation of exercise breattdegbtigess

main barrier to participation in physical activity and/or high performance sport.

Exerciserespiratory symptoms such as cough, wheeze and chest tightness are not
exclusiveto only one condition; they can be associated \&tB, EILO and DB.
Identifying and clarifying the cause of the perceived symptoms require carefgiaeaés

with a wide range of factors potentially contributing to the reported symptoms. In groups
of elite athletesestimates of rate of incorrect diagnosis of EIB have ranged between 20
50% (Ansley et al., 2012)The use of indirect airway challenges helps to reduce the
chance of incorrect diagnosis, but researchstigating the causes of exercise respiratory

symptoms other than EIB is very limited

Dysfunctional breathing is a term describing a group of breathing disprileese
chronic changes in breathing pattern result in dyspnoea and ofteresmatory
symptoms in the absengar in excess gforganic respiratory diseas&lthough accurate
identification of the causative factors contributing to the exereisgiratory symptoms

is critical in order to ensure that optimum care is delivered to thasfigpgopulation, in

the lack of well-established differential diagnostic tools, healthcare professianals
team physicianface with a major challenge when attempting to distinguish among the

perception of symptoms that may occur as a physiological respomeseiicisethose

37



indicating underlying cardiorespiratory patholagyd/or complaints that anr®n-organic

of origin.

Despite of its urgent need in clinical practiceyeral aspects of exercise respiratory
problemsm physically active individuals, su@seffects of body position on respiratory
performance antreathing patterrremain unclear or have nbeen acknowledged in
previous researciTherefore, the aim of thigresent thesigs to explore the identified
gaps in the literature and investigatespible assessment methdtdat would assist
practitioners in identifying and differentiating between pathological angpatrlogical

causes and contributing factors of breathing dysfunction.

Specifically, investigations will be undertaken in ordegxplore whether environmental
factors would affect the prevalence of airway dysfunction in high level sports t&d if
Nijmegen questionnaire is sensitive enough to distinguish between EIB amd &B
athletic population It will also aim to studythe pasible physiological and/or
biomechanical changes associated with altexl@olulder positioningluring exercise
Attempts will be made to investigate whetlheeathby-breath analysisechniques and

optoelectronic plethysmograplhyave the ability t@assesshe suspectedhanges

2.5Thesis aims and hypotheses

The overallpurposeof this thesis was to investigate different assessment approaches for
identifying DB in athletes. The following chapters presents a series of stuehésh
contribute to the ovail aim of the thesis. The aims and hypotheses of each experimental

chapter are as follows:
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Chapter 4- ENVIRONMENTAL INFLUENCE IN THE PREVALENCE AND PATTERN

OF AIRWAY DYSFUNCTION IN ELITE ATHLETES

Theaim of the chapter was to provide an-@ugateO euaation of the prevalence of EIB
in the Great British (GB) elite swimming squad but also, for the first timestablish
the prevalence of EIB in a cohort of screened-#dtel boxers. A secondary aim was to
compare theEVH challenge response and baselfraction of exhaled nitric oxide
(FeNO), as a surrogate of airway inflammation, between two sports witlarspeak

ventilatory demands, but with differing training environments

H1 Athletes who train and comped¢ a sustained high ventilatiom ervironmentsthat
are provocative for the airwayg@nd carry the risk of triggering airway inflammation)
have an increased susceptibility to airway dysfunction defined by higher bdssliGe

concentrations and greater reduction in lung function following\AH challenge.

Chapter 5- PREVALENCE OF DYSFUNCTIONAL BREATHINGB) AND ITS

RELATIONSHIP WITH AIRWAY DYSFUNCTION IN ATHLETIC INDIVIDUALS

The purpose of this study was to investigate the prevalence of NQ posipeases in
a cohort of physically dwe, young adults. A secondary aim was to directly compare
whether an NQ score was related to the outcome of an objective testti@ f(EEVH

testing).

H1 In a physically active, young adult population, the prevalence of NQ positive

responses is higheompared to reports of DB in nathletic populations.
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H2 There exists a poor relationship between the presence of symptoms on NQ and a

diagnosis of EIB.

Chapter 6- THE IMPACT OF UPPER THORACIC POBRE ON RESPIRATORY

PERFORMANCE AND SYMPTOMS DURING RMESE

The aim of this study was to investigate the effects of altered shouldéopmpam
respiratory function and ratings of perceived exer{RRE)and dyspnoea during high

intensity exercise.

H1 Cycling with hunched shoulders at high intensitiesrav prolonged period leads to
altered breathing mechanics and as a consequence, an increase in pexegroedaad

dyspnoea.

Chapter 7- OPTOELECTRONIC PLETHYSMOGRAPHY (OEP) IN THE ASSESSMENT

OF DYSFUNCTIONAL BREATHING (DB) IN ATHLETES

The aim of tiis study was to investigate the effect of different postural positions on the

respiratory system using OEP in conjunction with a spirometer and a-bsebtbath

(BbB) analyser.

H1 Hunched shoulder position leads to increased abdominal motion to yitalityaand

decreased lung volumes.
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Chapter 3. Respiratory assessment tests used in

the thesis
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In this current chapterthe respiratory assessment testat were usedor every
experimentastudiedn this thesis will be discussetihe actuglextendednethodfor each

experimentan be find in the methodology section of each study chapter.

3.1Spirometry

Spirometry is a medical test that measures the volume of air an indiintiaes o©
exhales as a function of tinfMiller et al., 2005) In the following collection of studies
forced vital capacity (FVC) manoeuvres were performed exclusively. FVC is the
maximal volume of air exhaled with maximally forced effort from a maximaliiagon
(Miller et al., 2005) It is an effort dependent manoeuvre that requires cooperation
between thetest subjectand the examiner, coordination and understanding by the
participant. The American Thoracic Society (ATS) and the European ReppRaitiety
(ERS) has published guidelines for the measurement of lung fulietilber et al., 2005)

which werefollowed when spirometry measurements were performed.

3.1.1Spirometer

Throughout the studies maximi&w volume loops were collected using either of the
following turbine spirometers: SpiroUSB (Carefusion 234 Germany GmbH) or

MicroLab Spirometer (Carefusion 234 Germany GmbH).

When gas flows through a turbine flow meter it makes a vane turn; ftowgh the tube
is proportional to the number of revolutions per unit of time: the higher the floheis, t

faster the turbine rotates. An infrared detector detects the rate atttwniloght from the
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infrared source is interrupteby the passing of the tine (Chan, 2008)The volumeof
theair passinghroughthe turbineis proportionako the totalhumberof pulsesgenerated

andtheflow is proportional to thérequencyof the pulse generatiofNewall et al., 2006)

3.1.2Verification of pirometer

The volume accuracy of the spirometers was checked in accordance witBR'S/
criteria(Miller et al., 2005)at least once for each day o$tieg and was repeated every

4 hours of use. A 3 litres syringe was used for the verification, during which expiratory
and inspiratory manoeuvres were performed. The 3 litres volume was injecied(at |

- 0.9 litres/second), medium (1-61.5 litres/secnd) and high (7 12 litres/second) flow
rates. The procedure was repeated three times at each flow rate amatigrifivas

accepted if the volume accuracy was within 3% at all flows.

3.1.3Measurement of Maximal Flow Volume Loop

In preparation for thetest, equipment safety was checked in accordance with
manufacturerOs instructions and guidelines of the Association for Respiratory Technology
and Physiology (ARTP) anBritish Thoracic Society (BTSHill & Winter, 2013). On

the day of testing the equipmemhschecked for cleanliness and records of maintenance
and was in working order. Prior to the test a clear and comprehensive descriptien of
nature and purpose of the test was given to the participants who \eete adk questions

about the testing procedure. All participants provided informed consent and completed a

guestionnaire that included questions about smoking habits, recent illness(es), pas
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medical history and medication use. Participants were assissedntraindications

(Table3.1A and3.1B) and allergies.

Table 3.1A Key contraindications of spirometry (Miller et al., 2005)

Absolute
¥ Activeinfection e.g. acidast bacillus (AFB) testing positive tuberculosis (T

until treated for 2 weeks

¥ Conditions that may be cause serious consequences if aggravatedday
expiration such as dissecting /unstable aortic aneurysm, cureznmphorax,
recent surgery including ophthalmic, thoracic, abdominal or sewery

Relative
¥ Suspected respiratory infection in the lastdweeks

¥ Recent pneumothorax
¥ Any condition which may be aggravated by forced expiration
Haemoptysis of unknown origin
Unstable vascular status such as recent (withi® 4veeks) myocardia
infarction
Uncontrolled hypertension or pulmonary embolism
History of haemorrhagic event (stroke)
Recenthoracic, abdominal, eye or neuresurgery(within 6 weeks)
Cervical problems
Communication problems such as learning disability or confusion
Any other physical problenthe patient may have that may be detrimel

iffwhen performing spirometry
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Table 3.1B Key contraindications of the EVH challenge
Retrieved fromhttp://emedicine.medscape.com/article/2094p46rview

¥

K K K

¥

¥

K K K K

Absolute

Patients with known significant airway obstructions (FEbG0%of predicted
orFEV:<1.51)

Recent severe acute asthma

Recent myocardial infarct or stroke within 3 months

Uncontrolled hypertension

Known aortic aneurysm

Relative

Patients with mildmoderate obstructiofiFEV; < 75% of predicted)
Spirometryinduced bronchoconstriction
Pregnancy

Patients using cholinesterase inhibitors

Epilepsy

Participants body mass in kilograms (with minimal clothing and without slaves)

height in centimetres (without shoes and head in Frankfort plane position) vwaeserete

and entered into the spirometer alongside other details such as date of bd#r, ayed

ethnicity. Participants were seated in a stable chair and asked am rnenthe seated

position throughout the whole manoeuvre. Breathing manoeuvres were explained and

demonstrated to the participants. They were then asked to assume the postaet

(Figure 3.1), attach nose clips and inhale completely and rapidly until theirwergs

full with a pause of no longer than 1 second at Total Lung Capacity (TLC).
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Figure 3.1 Spirometry measurement

Participant was instructed to place a mouthpiece in their mouth,iggarbund the
mouthpiece and blow out as fast and far as possible until no more air couipeliece

while maintaining an upright posture. When participants could not exhale out any more,
they were asked to take a maximal breath in. Throughout the manoeuvres, tigapéstic
were given informative, fluent and encouraging instructions to ensure ieos®hwih
standardised methodMiller et al., 2005) A minimum of three maximal flowolume

loops were recorded with a rest period of at least 30 seconds in betweenvnesiobest
repeatability (Table3.2) was checked and necessary more manoeuvres, up to a
maximum of eight attempts, were performed. For each maximahtdwme manoeuvre

the following parameters were measured: forced expiratory volume in one second
(FEV1); peak expiratory flow (PEF); forced vital capacifyVC); FEVi:FVC ratio
(FEV./FVC) and forced expiratory time (FET). The best of three technically acceptabl
measurements of FEMand FVC were selected in accordance with the acceptability

criteria laid down in Tabl8&.2.
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Table 3.2 Criteria for acceptance of maximal flow-volume loops(Miller et al., 2005)

Within -manoeuvre criteria DIndividual spirograms are OacceptableO, if
1. They are free from artefacts

¥ Leak

Poorly ceordinated start/finish of the test (early terminatiorcaoff)
Cough duringhe first second of exhalation

Inadequate and/or incomplete inhalation/exhalation
Submaximal effort

Obstructed mouthpiece (tongue, teeth, loose dentures)

K K K K K K

Additional breath taken during manoeuvre

¥ Glottis closure that influences the measurement
2. They have god starts

¥ Extrapolated volume §% of FVC or 0.15 L, whichever is greater
3. They show satisfactory exhalation

¥ Duration of! 6 second or a plateau in the volutimae curve or

¥ If the participant/patient cannot or should not continue to exhale

Betweenmanoeuvre criteria
1. After three acceptable spirograms have been obtainedychse applies the

following tests

¥ The two largesvaues of FVC must be within 0.150f each other

¥ The two largest values of FEVhust be within 0.1% of each other
2. If both of these criteriare metthe test sessiamay be concluded

3. If both of these criteria are not met, researcher corgtitasting until
¥ Both of the criteria are met with analysis of additioneteptable
spirograms, or
¥ Atotal of eight tests have been performed, or
¥ The participant/patient cannot or should not continue

4. Researcher saves as a minimum, the three satisfacamyeuvres
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Predicted normal values were calculated as described by the Europeam@tynian
Coal and Steel (ECCJQuanjer et al., 994) All used consumables were disposed

immediately after testing and equipment was left clean and ready for subsequent use.

3.2Eucapnic voluntary hyperpnoea (EVH) challenge

The EVH challenge is an indirect bronchoprovocation test, a surrogateeimisexto
identify EIB in athletes and defence force recruits witlinmal lung function at rest
(Anderson, 2011) ung function was considedenormal if the followingconditions were
met: FEM/FVC ! 70% of Lower limit of normal (LNN), FVQ 70% of LNN and the

shape of the flowolume curvandicated no airflow limitatiorfPellegrino et al., 2005)

3.2.1Participant preparation for the EVH challenge

Particpants were required to withhold inhaled asthma medications prior to testing as

indicated in Table 3.

Table 33 Medications and their required withholding times before the EVH
challenge (Parsons et al., 2012)

Time to withhold Medication

medication

8 hours Inhaled shoracting #,-agonist(e.g. salbutamol, fenoterg
terbutaline)

48 hours Inhaled longacting#,-agonist(e.g. formoterol, salmeterol

96 hours Leukotriene antagonis({e.g. montelukast)

Inhaled corticosteroid@.g. beclomethasone, fluticaspne
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Participants were instructed to avoid high intensity exercise within 4 houtiseof
challenge as this may induce a refractory pefi@drsons et al., 2013nd exerta
protective effect against EIEEdmunds et al., 1978pue to the bronchodilator effects of
caffeine (Duffy & Phillips, 1991) participants were asked to avoid consumption of
caffeinecontaining beverages and foods such as teffee, cola, energy drinks and
chocolate 4 hours before testing. On the day of the assessment participgieterbm
questionnaire stating any other medication they were using and whether they were
suffering from any illness or injur§fable3.1A). If an athlete was suffering from an illness
that may limit the results of the test, they were asked to return \Wwhgmere well and

fit to complete the test.

3.2.2Completing the EVH challenge

Prior to starting the EVH challenge, participants complatednimum of three maximal
voluntary flowvolume loops with the best FE\Wbeing recorded as their baseline
measurement. During the assessniieigiure 3.2 participants were asked to attain a target
Ve of 85% of their predicted maximal voluntary ventitati(MVV) rate for 6 minutes,

which was calculated by multiplying their baseline kBY 30(Spiering et al., 2004)
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Figure 3.2 Eucapnic voluntary hyperpnoea challenge

Inspired air during the EVH challge consisted of 21% /5% CQ and 74% N with
inspired air temperature 19;C, and humidit2%. Note the 5% Cgxoncentration in gas

to maintain eucapnia and prevent participant from the adverse effect of prolonged
hyperventilation, such as dizziness awadisea. The gas was delivered to each participant

through a mouthpiece attached to the EVH kit that contains a gas cylimeseyeoir and

a twoway valve (Figures.3).
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Figure 3.3Equipment used to perform the EVH test
Gas cylinder (1), regulator §2demand resuscitator 30560 L/min (3) high pressure tubing (4),
rotameter (5), threavay tap (6), Douglas bag (7), wide bore tubing (8)gk low resistance
low dead space twavay valve (9), gas meter (10).

During the EVH challenge verbal feedback vpasvided to the participant in order to
encourage them to meet their tarygt After completing the EVH challenge, maximal
voluntary flowrvolume loops were measured at 3, 5, 7, 10 and 15 miattesch time
points Two flow-volume loops were collecteathd the maximal flowolume loop with

the highest FEYwas recordedThe test was deemed positiffehe FEV; fell by at least

10% from baselinat two consecutive time poin{Barsons et al., 2013)he severity of

a positive EVHchallenge was graded as mild, moderate or severe if the percent fall in
FEV; from baseline values were 10% but <25%,! 25% but <50% and! 50%,

respectively (Parsons et al., 2013)Following the bronchoprovocation challenge
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participants were not allowed to leave the laboratory until their; Mg within 10% of

thar baseline FEY. Those individuals, who had not returned to within 10% of FEV
within 15 minutes after stopping the challenge were offered 400 ug inhaled Salbtdam
assess their reversibility to bronchoconstriction. Spirometry was performed 15 minutes
postinhalation of SalbutamalMiller et al., 2005) A positive bronchodilator response
(reversibility) was defined as an increase d2% and 200 ml in posEVH FEV; and/or

FVC (Miller et al., 2005) Following the assessments, participants were given a detailed
report of their respiratory health, and those who hpdsitive EVH challenge test were
recommended to consult with thgeneral practitionerGP) or team doctor for fdher

treatment.
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4.1 Abstract

Introduction: Elite swimming and boxing require athletesachieve relatively high
minute ventilation. The combination of a sustained high ventilation and provocative
training environment may impact the susceptibility of athletédBo

Aims and objectives:The purpose of the study was to evaluate the prevalghEIB in
elite GB Boxers and Swimmers.

Methods: Athletes fromGB Boxing (N = 38, nean+ SD age: 22. + 3yr) and GB
Swimming (N = 44, neant SD age: 21 + 3yr) volunteered. Athletes completed an
exerciseinduced respiratory symptoms questionnaire.elas assessment dieNQ
maximal spiometry manoeuvres and an E\dHallenge. EIB was confirmed FEV;
reduced by 10% from baseline at two time points p&tH challenge.

Results: The prevalence of EIB was greater in elite swimmers (30 of 44; 68%) tha
boxers (3 of 38; 8%) (g 0.001). Twentytwo out of the 33 (67%) EVHbositive athletes
had no prior diagnosis of asthma/EIB. Moreover, 12% (6 of 49) of the-EAgdtive
athletes had a previous diagnodis) of asthma/EIB. We found a correlation between
FeNO and FEYchange in lung function pe&VH challenge in swimmers £0.32; p=

0.04), but not in boxers &0.24; p=0.15).

Conclusion The prevalence of EIB was nine fold greater in swimmers when compared
with boxers. Athletes who train and competeprovocativeenvironments at sustained
high ventilation may have an increased susceptibility to EIB. It is not gntkear
whether increased susceptibility to EIB affects elite sporting performanderapterm

airway health in elite athletes.
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4.2 Introduction

Exerciseinduced bronchoconstriction has been shown to be highly prevalent in certain
groups of elite athletes (e.g. swimmeng;lists, cross country skierépickinson et al.,
2006, Dickinson et al., 2011, Fitch, 201R)has beempreviously reportetby Dickinson

et al. (2005) that approximately a quarter of the Great Bhit®lympic Team have
asthma/EIBj.e. more han double th@ational prevalence of asthr{ldational Asthma

Campaign, 2001)

This heightened prevalence is thought to arise due to a combination of tlezicieset
impact of training and competition amnmental exposures (e.g. pollution, swimming
pool chemicals), coupled with the repeatedly high ventilatory requirements, itetedss

by paticipation in elite level spoiArgyros et al., 1996)This combinatn may result in
airway injury, (Anderson & Kippelen, 2005)eading to a greater propensity to
bronchoconstriction, duringr following vigorous exerciséAnderson & Kippelen,
2008) In orderto investigate the effect of these aforementioned factors on the prevalence
and pattern of airway dysfunctiosport teams withrcomparablepeak physiological
demands, but with differing training environmewntsre to be studied\lthough imited
access to high level athletesade therecruitmentprocess challengingrom all the
available squad&;B Swimming and GB Boxingrere the ones théilfilled the inclusion
criteria and thereforerereselected to participate the studyBoth sportsiecessitate that
athletes reach a similar peak heart rate gkiiRand Ve (Reis et al., 2012nowever both

the training environment and the duration athletes are exposed to these physiologica

demands differ sigjficantly (Argyros et al., 1996, de Lira et al., 2013, Reis et al., 2012)
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Elite level swimmers, appear to have an alarmingly Ipigevalence of EIB (41%55%)
(Dickinson et al., 2005, Castricum et al., 20110)is heightened airway hypegactivity
appears to resolve in regment from competitive swimmin@delenius et al., @02). It

has been proposed thiapeated exposure to airborne irritants and sensitizing agents (e.g.
halocetic acids and trihalomethanes) rdaye a sensitisation proceasd induce airway
inflammationthat increases a propensity to E{(Bnderson & Kippelen, 2008Pexite

this, a clear relationship between EIB and airway inflammation has notdbtamined,;

with some studies demonstrating no difference in markers of eosinophilic inftanma
between pool andonpool athletes(Martin et al., 2012) In contrast, very little
information is currently available on exercise associated respirptobfems in elite

level boxing(de Lira et al., 2013, Smith, 2006)

This studytherefore was undertakemith the aim of firstly providing an Oup-date®
evaluation of the prevalence of EIB in the Great British (GB) elite swimsgogd but
also, forthe first time,to establish tk prevalence of EIB in a cohort of screened <lite
level boxers. A secondary aim was to compardetiel challenge response and baseline
FeNQ as a surrogate of airway inflammation, between two sports with simigdr pe

ventilatory demands, but with differiricgaining environments.

4.3Methodology

4.3.1Study design and participants

Adult members (Age > 18 yrof the elite GB Boxing and GB Swimming squads,
competing regularly in international competition were recruited, as part okangtgy

study, to asss their airway health. Participants attended the laboratory on a single
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occasion at various locations between July 2013 and September 2015. Partiogpants w

invited to take part in the testing regardless of previous diagnosis (Dx) of asthma/EIB.

Athletes were excluded if they had a chest infection within 4 weeks, did not withdra
from using their prescribed asthma medications or they had a currentvBiié of$

70% predicted. The study was approved by the University Ethics Committee (Reference
Number: Prop74_2012_13 and Prop82_2013 14) and all participants provided written

informed consent.

4.3.2Training environment

The boxing squad trained indoors in gyminans with moderate temperatures (121
iC) and relative humidity (40 50%) levels(Figure 4.1A). In contrast, theswimming
squad trained in indoor pools with air temperatures qZ2®ith relative humidity above

60% (Figure 4.1B.

Figure 4.1 Training environment
Panel A shows the GB Boxing training gym and P&nsthows one of the swimming pools
where GB Swimmers train
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All pools that swimmers trained in followed WHO Guidelin€d/orld Health
Organization, 2006for use of chlorinébased disinfectants. The free chlorine levels were
maintained at Ing/l or below. Combined chlorine (chloramines) levels were never more

than half the free chlorine, and never more thaml.

4.3.3Study measurement

Participants initially completed a questionnaire, addressing exercisategpsymptoms

and environmental triggers. They then completed measurements of FeNO and sgiromet
followed by an EVH challenge. Participants were requested to avoid higlsiipten
exercise and caffeine for four hours prior to the study. Participants with a Dx of
asthma/EIB were required to withhold inhaled asthma medisatiaccording to

recommendation@arsons et al., 2007)

4.3.3.1Fraction of exhaled nitricade (FeNO)

A NIOX analyser (NIOX MINO, Aerocrine AB, Sweden) was used to measure FeNO in
the exhaled breath at rest at a flow rate of 50 ml/min (Dweik.e2@11).FeNO was
performed prior to spirometry manoeuvres (Kharitonov et al., 1997) and taken as the mean

of duplicate measures.

4.3.3.2 Spirometry

Using digital spirometers (SpildSB™ and MicroLaB™, CareFusion, Germany),

participants completed a minimum of three forced maximal flow-volume manoeuvres
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(Miller et al., 2005) For each maximal flowolume manoeuviethe following
measurements were recorded in accordance to ATS/ERS 2005 Guiddiiter et al.,

2005) FEV1, PEF FVC and FEM/FVC.

4.3.3.3EVH Challenge

EVH challenge was conducted in accordance to methods outlined by Anderson et al
(2001). Briefly, participants were asked to attain a targebV85% of their predicted
MVV rate for 6 minutes and maximal voluntary flow-volume loops were measured at 3,
5, 7, 10 and 15 minutes (Parsons et al., 2013). The test was deemed positit#& ¥ the

fell by at least 10% from baseline at two consecutive time points (Parsons et al., 2013).

4.3.3.4 Statistical analysis

Normally distributed data were expressed as meaid unless otherwise stated. One-way
analysis of variance (ANOVA) was performed to compare baseline spironmelices
between EVH-positive and EVH-negative participants. Chi-squax8dafalysis was

used to evaluate the reported symptoms between EVH-positive and EVH-negative
participants. To assess the efficacy of self-reported symptoms, sensstpatificity and
diagnostic accuracy were calculated (Zhu et al.,, 2010). Assumptions of normal
distribution of FeNO data could not be made therefore SpearmanQOs correlatisedvas

to demonstrate the strength and the direction of the relationship betweerFei@n
values and the maximal fall in FE\ost-EVH challenge. The results were considered
significant if p$ 0.05. Statistical analysis was performed using statistical package for

social sciences (SPSS, Version 22, IBM).
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4.4 Results

4.4.1Participant characteristics

Participantcharacteristicsare shown in Tabld.1l. Thirty-eight boxers (5 females; 26
Caucasans) and fortsfour swimmers (19 females; 44 Caucasians) completed the study.
Ten participants (12%) were excludéd £ 6, under age of 18r; N = 3 resting airflow

obstructionN =1, equipment failure during testing).

Seventeen (21%) of the participaiiad a Dx of asthma/EIB. Of these, all were prescribed
shortacting #,-agonist for use prexercise, however in addition four (24%) were
prescribed inhaled corticosteroid, six (35%) were prescribed an inhaled
corticosteroid/loneacting #,-agonist combinan. One participant (6%) was not using

any regular asthma medication.

At baseline, when compared against swimmers, boxers had lower baseling FEV

percentage predicted FEWVC, percentage predicted FVC and REE¥YC (Table4.1).
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Table 4.1 Participart characteristics (mean + SD)

! GB Boxing GB Swimming
! Total EVH-positive  EVH-negative  Total EVH-positive  EVH-negative
N! 38 3 35 44 30 14
Gender Males 33 (86.8%) 3 (100%) 30 (85.7%) 25 (56.8%) 19 (63.3%) 6 (42.9%)
Females 5 (13.2%) - 5 (14.3%) 19 (43.2%) 11 (36.7%) 8 (57.1%)
Age (yr) 22+3 26 + 2 22+3 21+3 21+ 3.0 21+2
Height (cm) 179.8+ 115 183.3+12.1 1795+ 11.6 180.4 + 8.6 1808+ 7.4 179.7 +11.0
Weight (kg) 70.9+16.1 74.7 +14.4 70.6 + 16.4 745+ 10.1 73.7+9.4 76.2+ 115
FeNO (ppb) 40.7 £ 40.9 99.0 + 86.5 35.7+32.5 28.1+219 32.0+25.0 19.6 + 8.7
FEV1(L) 43+0.7 45+1.0 4.3+0.7 48+0.9 48+1.0 49+0.7
FEV1(% of predicted) 101 + 14 102 + 10 101+ 14 113 + 16 111+ 15 118 + 15
FVC (L) 51+0.9 5.3+1.2 5.1+0.9 6.2+1.1 6.2+1.1 6.2+1.1
FVC (% of predicted) 102 + 1% 103 + 10 102 + 12 124 + 12 122 + 13 128 + 10
FEV1/FVC (%) 83+ 7° 83+3 84 +7 77%+6 77%+6 79+8

aDifferent from EVHnegative boxers (g 0.05);” Different from GB Swinmers (p< 0.05);° Different from GB Swimmers (g 0.001)
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4.4.2Airway response to EVH Challenge and Dx of asthma/EIB

Eighty-two participants completed the EVH challenge, of which thihitge (40%) had a
positive EVH challenge. Twentyvo (67%) of thes subjects (three boxers and nineteen
swimmers) had no Dx of asthma/EIB. In contrast, six (12%) particigalhtswvimmers)

with Dx of asthma/EIB had a negative EVH result.

Six (12%) EVHnegative athletes (six swimmers) and ten (30%) Edditive athlete
(ten swimmers) reported hiag previously been diagnosed with asthma/EIB and were
using one or a combination of shauting! -agonists, longcting inhaled ,-agonists

and inhaled corticosteroids.

The maximum fall in FEYfrom baseline ranged fron11.6% to- 21.3% in EVHpostive
boxers and from 12.4% to- 56.1% in EVHpositive swimmers. Two boxers and one
swimmer presented with a FERall from baseline of 0% ¢ 10.1% and 10.5% for the
boxers and10.1% for the swimmer) at only osengletime point, deeming them EV\H
negative. Of the thirtthree positive EVH challenges three (7.9%) were elite boxers and

thirty (68.2%) were elite swimmers (Figute).
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Figure 4.2Maximal fall in FEV ;1 postEVH challenge showing tests that attained
60% MVV (vertical line) and tests,that were above and below the 10% fall in
FEV cut-off value (horizontal line) for a positive test.

Panel A represents GB Boxing and Panel B represeBtSwimming

There was no difference ianthropometric characteristiteetween EVHpositive and

EVH-negative participants (Tabk1).
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4.4.3Symptoms

Of the EVHvpositive participants, fourteen (43%; all swimmers) reported no exercise
associated respiratosymptoms. However, thirteen (93%) of the fourteen E\Adative

swimmers reported at least one ®e respiratory symptom.

There was an inverse relationship between the maximal fall in lung furiotiowing
EVH challenge and sefkeport of exercis@ssociated chest tightness( 0.25; p=0.02)
and wheezingr(=- 0.25; p=0.02) in EVHpositive participants. There was also an inverse
relationship between the maximal fall in FE¥Nd reportsof increased severity of

symptoms (=- 0.35; p=0.04).

Ten (23%) swimmers reported increased respiratory symptoms due to Obad pool air and/o
high chbrine concentrationsO and three (7%) swimmers reported exacerbation of
respiratory symptoms due to Ohot, humid climateO. There was no differendinaotike

of a positive EVH between these groups; i.e. five were fdgbitive and eight EVH
negative. Thusverall, the precision of symptoms for a positive EVH test in swimmers

was poor; specificity values ranging from 19.2% (cough) to 29.4% (breathing difficulty).

4.4 AFraction of exhaled nitric xide

Resting mean FeNO was similar between boxers andraetig) 40. 4 40.9 ppb vs. 28.1
+ 21.9 ppb; p= 0.08, respectively. EVHbositive boxers hadreater FeNO values when
compared to their negative counterparts (298%6.5ppbvs. 35.7+ 32.5pply p = 0.01).

There was no difference in FeNO values between {d@sltive andnegative swimmers
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(32.0£ 25.0ppbvs. 19.6+ 8.7 pply p = 0.08). There was a correlation between mean
FeNO values and the maximal fall in FEpoStEVH challenge in swimmersg(+ 0.32;

p = 0.04),but not in boxers {=0.24; p=0.15).

4.5 Discussion

It is proposed that the combination of training and performing in noxious environments
makes certain groups of elite athletes highly susceptible to tredogenent of airway
dysfunction (Price et al., 203). The findings fromthis study supports this notion,
confirming the very high prevalence of airway hypeactivity in elite level swimmers.
Indeed, to our knowledge, this is the highest prevalence (68%) of airway dysfunction
reported in an elite inteationally-competitive squad of athletes, screened using an
indirect stimulus for bronchial provocation. In contrast, in a cohort of athletes, who are
not exposed to the environmental stress of the pool environment (i.e. boxers), the

prevalence of airway dyunction was found to be nine fold lower (8%).

The training and competition environment that elite swimmers are expqsadady
differs from that of elite boxers. In this respect, boxers train indoors in gymnasithms w
relatively low levels of airbrne irritants (e.g. allergens {20 um) and ultrafine particles

(< 0.1um)) (Rundell & SueChu, 2013) moderate temperatures and moderate humidity
levels. In contrast, the elite swimmers we studied trainedigh temperature and
humidity. Revious studis (Helenius et al., 2005, Bernard et al., 2009, Bougault et al.,
2010, Seys et al., 201&)ggest that athlkes who regularly attend indoor swimming pools
are acutely and repeatedly exposed to high concentrations of inhaled surface suitant

as chlorine gaderivatives. Repeated exposure to airborne irritants and sensitizing agents
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can induce an airway inflamation and remodelling procedisat may lead @ the
development of asthma/EI@nderson & Kippelen, 2008, Bougault et al., 2000has

been suggeste(Bougault & Boulet, 2013}hat the increased occurrence of EIB in
swimmers may be caused by the combined effects of the inhalatiorpoddiycts arising

from disinfection and high number of training houfle cohortassessed in this study
may have had ewegreater exposure to triggers, as they were part of an elite squad, in
contrast to other studi¢Rarsons et al., 2007, Molphy et al., 2014, Mannix et al., 2004)
that have onyl tested welltrained and/or sublite athlets. Indeed, the mvalence of
EVH-positive elite swimmers andkers is notably greater than the only previous report
of the prevalence of asthma andBin GB Olympic Swimmers (41%Dickinson et al.,
2005) Although Dickinson et al(2005)used similar methods to confirm asthma/EIB,
they did not screen the entire 2004 GB Olympic Team, but only conducted indirect
bronchoprovocatiorchallenges with athletes who had a Dx of asthma/EIB or at the

request of a team medical officer.

Recently, Haahtela et a{2008) recommended distinguishing between two clinical
phenotypes of asthma in athlefBlse first phenotype is char&cised by early onset in
childhood, responsive to methatihe, atopy and signs of eosinophilic airway
inflammation, and increased FeNO levels. The second one is describedlatglonset

of symptoms during sporting activjtypronchial responsiveness to eucapnic voluntary
hyperventilation (EVH) but not nessarily to methacholine, with a variable @sge of
atopic markers and FeN@Bussotti et al., 2014)In the entire athleticcohort no
significant relationshipvas foundbetween FeNO values and the maximal fall in FEV
postEVH challenge. This is in keeping with prior publicatigh'®utilainen et al., 2013,

Parsons et gl2012)and indicates th&eNO is a poor predictor of airway hypeactivity
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and clinicalasthma in elite athleteft. also supports the hypothesis of Haahtela et al.
(2008) that when respiratory distress is causaay by extreme exercise and severe
airway cooling/drying, EIB may really be considered a physiological phenom@mon.
the other handwhenthis association was evaluated in swimmers altimere was a
correlationbetween FeNO antthe maximal fall in FEYpostEVH challengeindicating

that baseline airway inflammation may predict more severe response to EVH

One of the key findings of this study is the high number of athletes (93%) who reported
at least one exercise respiratory symptom, despite hagergtbsted negative on the EVH
challenge. The greatest benefit of the EVH test lies in its highyatailidentify athletes

who truly do not have EIB (Hull et al., 2016). Taking this into account, the high pnegale

of symptomatic EVH negative athletes in this study suggests thataaskesymptoms

and exercise-induced respiratory discomfort are not inevitably caused by underlying
pathology, but may be related to conditions that mimic EIB, such as DB, whittie in

lack of diagnostic strategies, may remain unrecognised and untreated.

In total, 22 out of 33 (67%) EVH-positive athletes had no Dx of asthma/EIB. Sixty-three
percent (19 of 30) of the EVH-positive swimmers had no previous history of EIB, whilst
none of the EVH-positive boxers had a Dx of asthma/EIB. Moreover, reports of exercise-
associated respiratory symptoms were not predictive for the presence of\aegogh

test.It is interesting to note that 26.09% (6 of 23) of the EVH-positive swimmers rdporte
of experiencing no respiratory symptoms during or after training. These findings are in
agreement with previous studies reporting impaired symptom recognition in sithlete

(Holzer et al., 2002, Bougault et al., 2009, Rundell & Jenkinson, 2002). Athletes may
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consider their exerciseduced symptoms as a normal effect of higfensity training,

therefore they do not report them and their conditions remains unrecognisedraatédn

Additionally, there wereig swimmers who had a Dx of EIB, bditd not have a positive
EVH challenge. Of these six athletes, four were using Salbutamol inkxalesieely,
one was also prescribed inhaled corticosteroid and one was prescribetabad
corticosteroid/loneading ! >-agonist combination. Although athletes stopped using
inhaler theapy prior to the EVH challeng®arsons et al., 2012his may not have been
adequate and athlete may still have received some protectiomfiatars. Furthermore,

a negative indirect airway challenge does not confirm the absence of ElBteAratd
test, such as Mannitol or sport specific exercise, may be appropriate to confejact

diagnosis of EIB.

There is a lack of data to indicaténether initiating treatment in this context has a
beneficial impact for health and performan@erice et al., 2014band indeed the
relationship between a positive EVH result and Oin the fieldO airvagotigs isnot
straightforward Castricum et al., 2010There has beg{Castricum et al., 2010¢ported

a discrepancy between different bronchial provocation tests when they were edtapar
field based exercise challenge tests in the diagnosis of EIB in swimitdle current
time initiation of treatment in asymptomatic EMidsitive athletes with no previous
history of EIB must be taken on a cdsecase basis. The transient natureEMH
positivity can be reduced and/or normalised in swimmers when intense traisioegsad
for a period of at least 15 dafBougault et al., 2011Yhese observations suggest that the
results of bronchial challeeg in swimmers may be dependent on training and resting

periods.
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4 .6 Limitations

Although participants were encouraged throughout the sesen athletes (9%) did not
attain the minimum required percentage of MVV (60%) during the EVH challenge,
outlinedas a criterion for the acceptance of a valid TEsis might have happened due to
three reasons: (1) athletes did not push themselves to attairadyeing thetest and/or

(2) did not feetomfortable breathing dry air at hiyfe and/or (3) did notinderstand the

test instructions.Despite these, the EVH challenge was able to identify positive
responders even though they failed to reach the 60% criterion; four of the seven athletes
had a significant fall in FEVpost EVH challenge confirming EIB. ®ke who did not
provide a positive challenge should be offered another opportunity to complete the EVH
challenge and achieve > 60% MVV. Alternatively, a different indirect chall¢age
mannitol challenge) or exercise may be preferred to use in orddetout EIB in low
performing individuals, especially if they also present wittegisting indications of EIB

(e.g. cough or environmental trigge(sjolphy et al., 2014)

Given the elite athletes have very stridtetule and do not all train at the same venue,
testing days had to take place at various locations and at differenitimeg the year.

The athletes that demonstrated higher FeNO values in this study wtyé tiring
summer time. It has been previoustported that FeNO levels are influenced by several
factors, such as environmental triggers (e.g. seasons), age, height, gender, allergen
exposure and nitrate intakBhe seasonal variation we detected in FeNO levels could be

explained by the variatiorf ambient pollution or outdoor allergens.

69



4.7 Conclusions

The resultsof this studydemonstrate a very high prevalence of airway dysfunction in
elite swimmers andveralla ninefold greater prevalence than elite boxers. The findings
support the notiorthat athletes who train and compete, for prolonged periods, in
provocativeenvironments have an increased susceptibilitiZI®. Additionally, a high
proportion of athletes repad symptoms in the lack obbjective evidence odirway
dysfunction highlighting thedemand foia preciseinvestigationof the causative factors
contributing to the exercisespiratory symptomand theneed for thelevelopment of an
extended diagnostic algorithim order to ensure that optimum care is delivered to this
specific population.Future research should investigate whetheurrently available,
validatedsymptoms questionnaifeve the sensitivity tmlentify athletes with a positive
EVH challenge and/odistinguishthese athletefrom those who may suffer from

functional breathing disorder
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Chapter 5. Prevalence of dysfunctional breathing
(DB) and its relationship with airway dysfunction
In athletic individuals
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5.1 Abstract

Introduction: Dysfunctional breathing may mimic and/or-erist withEIB. The use of
specifc questionnaires could improve the identification of DB in athldiee NQ has
been previously used to identify DB across several populations, but not among athletes.
Aims and objectives:To report the prevalence of DB in a cohort of physically active,
young adults. In addition, wiavestigated the factor structure of the NQ in a population
of recreational athleteé&\ secondary aim was to evaluate the relationship between NQ
score and the response to an indirect airway challenge.

Methods: Healthy, physially active young adults (N 500) aged 1835 years provided
informed consent and completed the NQ. Participants responses to each otehes16
was scored and a positive NQ score indicating DB was sgt2& out of 64. The
participants NQ responses wewused to investigate the construct validity through
principal components analysis (PCA). A separate cohdiféfathletes (eant SDage:

23+ 4 yr.; N =79 (76%) malesN = 63 (60.6%) elite athletasnderwent an EVH
challenge and completed the NThe agosssectional and convergent validity of the NQ
was tested through the PearsonOs correlation between the NQ total sdrsetind
FEV:1 (% of the predicted value), FVC (% of the predicted value), HEXC (%), MVV

(%) andFEV; fall following the EVH chdlenge. A p valué& 0.05 was deemed significant.
Results: Of the 500 questionnaires distributed, 436 (87%) were returned and 428 (86%,
N = 283 males) had complete datane percent (9%df the 428 participants had a NQ
scoret#t 23, with female predominaacFifty-two (50%) participants had a positive EVH
challenge and7 (16.4%) had a positive NQ scofide sensitivity, specificity, positive
predicted valugPPV) and negative predicted valy®&PV) of a positive NQ score

predicting EIB were 15.38%, 82.69%47.06% and 49.43%, respectivelgrincipal
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component analysisevealed a three factor solution with 11 items and 56.20% of
explained variability.

Conclusions:The prevalence ddthletes with a positive NQ score in athletic population
is similar to reportsn the general populatiomhe NQ score was a poor predictor of
identifying athletes who would present with a positive EVH challenge. Thedés not
appear suitable to detect DB in athletes; therefore, the development éraatae

guestionnaire maydtter assist the identification of DB in this population.
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5.2Introduction

The results of Chapter 4 highlighted a very important problem surrounding the diagnosis
of exercise respiratory conditiorfsrom all EVH negative athlete83% hal a complaint

of at least oneespiratorysymptomand12% had a previous diagnosis of EIB suggesting
that reports of exercisgssociated respiratory symptoms were not predictive for the
presence of a positive EVH tedthis finding supports previous studiéHanks et al.,

2012, Krieger, 2002)ndicating that many athletes who report exercise respiratory
symptoms have no objective evidence of bronchoconstriction, which is suggestive that

their symptoms are not related to EIB.

Taken together the findings from Chapter 4 and the reports in the existing literature
continue to confirm and underline the complex relationship between respiratory
symptoms and the presence or indeed lack of gidyafunction in thletes(Hull et al.,
2012) Furthermore, it supports the notion that exercise respiratomplaintamay occur

in the absence of oagic cardierespiratory diseag@oulding et al., 2016)

The term dysfunctional breathing describes a maladaptive breathing behaviaaethat
not sit within the traditional clinical diagnosiadcannot belefined through thetandard
assessment methodkerefore remains havirgn abnormalitylt can exist inisolation

as a conditiorwithout pathology or organic origjrbut as an entityit canalsoco-exist
with apparent organic disease causing respiratory andrespiratory complaints

(Depiazzi & Everard, 2016)
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Individuals with DB typically describe a myriad of respiratory symptoms including
variable breathlessness, chest discomfort and an uncomfortable breathing séagation
being unable to Oobtain a satisfying breathO). Spbgifataletic individuals of all
abilities, frequently report nociceptive and andortable breathing sensatigii@oulet et

al., 2005, Price et al., 2016, Price et al., 20TBgse symptoms are similar to those often
reported by athletes with asthma related condit{phdl et al., 2012, Price et al., 2015)
hence it is not uncommon for symptoms of DB to be attribigtékde presence of asthma
or EIB and thus for inappropriate &tinent to be prescribed, ssen in Chapter £rior

to diagnosis of DB, clinicians must first exclude, or adequately treat, orgaaasdiand
only then can dysfunctional breathing be com@dd€Morgan, 2002) It is therefore
recommended that objective tests, such as indirect bronchoprovocation te€¥ke.g.
testing are used in order to obtain a secure diagnafsésbronchoconstrictiomelated
condtion in athletic individualgParsons et al., 201andto excludethis organic caus

as the trigger oéxerciserespiratorydiscomfort

Identifying the cause of the perceived symptoms and distinguishing themtliase
originating from organic respiratory problems require careful evaluation, however, to
date there exists no clear consensus on a gold standard differential diagobsfithis

kind. Previous methods of diagnosishowever,include ETCO, measirement BHT,
MARM, theSEBQ andtheNQ (Boulding et al., 2016)Although, he latter has been the
most frequently utilised methg@oulding et al., 2016 assessindgB in the geneal
population (Courtney et al., 2011pXhose with anxiety disordefwan Dixhoorn &
Duivenvoorden, 1985and patients with cexisting respiratory diseases e.g. asthma
(Thomas et al., 2001, Thomas et al., 2003, Grammatopoulou et al., E&krdare no

reports evaluating NQ outcomesagohortof physically active individuals and athletes
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among whom the symptoms are very prevalent

This studywas therefore undertakeio investgate the prevalence of NQ positive
responses in a cohort of physically active, young adults. In addhm®specificymptom
constellation most commonly reporteglthose with and without El&as also evaluated
A secondary aim was to directly compare whether an NQ score wasd telte outcome
of an objectie testing for EIB and whether clear separation of DB fromgenuine

organic diseas¢eIB) can be madby the NQ

5.3 Methodology

The study took place at the School of Sport and Exercise Sciences (SSE8)sitynof
Kent and was conducted between September 2014 and December 2015. The study was
approved by the SSES Local Ethics Committee (Ethics Referdhonber: Prop

104_2014_2015).

5.3.1Study design and participants

Healthy participants (N = 500) aged-2B years and physically active were invited to
participate in a crossectional study and complete the NIwe gincipal componerst
analysis (PCA) that was used to emphasise variation in the datagdgrgge sample
procedure. Access to the (high) number of elite athletes, that satisfiegjtiirements of

this type ofstatisticaltest,was not possible within the scope of this study. Therefore,
participants were recruited from undergraduate and postgraduate sports science and

sports therapy lectures and practical seminars or from the testing laboratory.
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A separateohort of elite (N = 13; cyclists, N = 49; swimmers) and recreationateshle
(N =42; from various sports¥elected based upancessnd availabilityalso completed

the NQ but in addition underwent an EVH challenge to diagnose EIB.

Participants from either of the studied groups werespreened for any diseases and

history or supicion of underlying respiratory conditions were not part of any inclusion

criteria.

5.3.2Questionnaire

The questionnaire completed by the participants consisted of two sectionfirsThe

section asked for demographic information such as gender, agi®, and physical

activity. The second section was the NQ.

5.3.2.1Nijmegen Questionnaire (NQ)

The NQ is a useful tool to quantify and assess the normality of subjsetngations.
Participants, differently from the standard, validated format oRtQewere asked to rate
their symptoms as experienced during bouts of exercise. The NQ consists ofslthée
include symptoms common to both anxiety and asthma and relate to differentssyste
such as cardiovascular, neurological, respiratory, gaststinal and psychological
factors. For each of the 16 items participants rated their experience gfrthtos on a
five-point ordinal scale (where 0 is never and 4 is very often). In keeping with previous
literature a score o# 23/64 was considered idence of DB (van Dixhoorn &

Duivenvoorden, 1985).
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5.3.3Spirometry and EVH challenge

Using a digital spirometer (SpidSB™ and MicroLaB", CareFusion, Germany),
participants completed a minimum of three forcexkimal flow-volume manoeuvreBor

each maximal flowolume manoeuvre the following measurements were recorded in
accordance to ATS/ERS 2005 Guidelir(®4sller et al., 2005) FEV,;, PEF, FVC and

FEV./FVC.

An EVH chalenge was conducted in accordance to methods outlined by Anderson et al.
(2001) Briefly, participants were asked to attain a targetof 85% of their predicted
MVV rate for 6 minutes (calculated by multiplyingtiag FEV, x 30).After completing

the EVH challenge, maximal voluntary flewolume loops were measured at 3, 5, 7, 10
and 15 minutes. The test was deemed positivihe FEV; fell by at least 10% from

baseline at two consecutive time poi(Rarsons et al., 2013)

5.3.4Statistical Analysis

The statistical package for the social sciences (SPSS Version 22)ssd for data
analysis. Normally disibuted data were expressed asan + SD unless otherwise stated.
Thevalidity of the NQ was tested through construct validity usifRfC4, in accordance
with methods outlined by van Dixhoorn et @985)and Grammatopoulou et #2014
Principal components analysis is a variatdduction technique that is aimed to reduce a
larger set of variables into a smaller set of Oartificial® variablesi (pencipal
components) in order tduster the most highly related items of the quesizre(Abdi

& Williams, 2010)and thus, to exclude those questions that do not measure anything
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clinically important in the particular studyo identify the number of extracted factors in
the NQ, the following critea were used: (1) Eigen values above 1.00, (2) scree plot, (3)
percentage of explained variability (%) and (4) content of extracted factors. Thia crite
used to retain the respective items were high factor loading (> 0.30) and contynunali
above 0.30.The sample adequacy was detected through KasrerOlkin (KMO)
measure and Bartlett's test of sphericyonbachOs Alphas were computed for each
proposed scale to measure internal consistency-wageANOVA was performed in
order to compare baseline spmetric indicebetween EVHpositive and-negative and
NQ-positive andnegative athletes. The cressctional and convergent validity of the NQ
was tested through PearsonOs correlation between the NQ total score laredFizde

(% of the predicted valgeFVC (% of the predicted value), FE¥#VC (%), MVV (%)

and FEV\ fall following the EVH challenge. Sensitivity, specificity and diagnostic

accuracy were calculated.

5.4Results

5.4.1 Part | BPrevalence of DB and construct validity of the NQ

Of the 500questionnaires distributed, 436 (87%) were returned and 428 (86%, N = 283
males) had complete data. The majority of participants were studen®3® €1%) and

Caucasian of origin (N 278, 65%). The cohort had a&eant SDage of 21+ 4 yr.

Participans engaged in 49 different sports, of which the five most popular were football
(41.1%), basketball (7.0%), strength and conditioning (6.5%), netball (5.4%), and

running (3.5%). Slightly less than half of the cohort (47.7%) had participated in their main
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sport for over 10 years. All participants included in the study considered themselves
physically active; 256 (59.8%) trained one to two days a week, 127 (29.7%) trained three
to four days a week and 45 (10.5%) trained five to seven days a week. Of the 428
participants, 110 (25.7%) reported to have a previous diagnosis of an asthma related
condition at some point in their life, of which, 53 (12.4%) reported a current diagnosis of

an asthma related condition.

The mean total NQ score was 11.1 + 7.7 and rabgédeen 0 and 37There was a
difference in mean NQ score between females and males, with fesnalasy higher
than males (13.1 £ 7.8 vs. 10.0 = ©5 0.001). There was no relationship between NQ
score and parameters such as age, ethnicity, typegthlef sport engagement or weekly

training time.

A positive NQ score# 23/64)was found in 38 (8.9%) participants. When normalised
against the total cohort more female (18/145; 12.4%) than male (20/283; 7.1%)
participants scored above this threshdldere was no difference in mean age between
NQ positive and negative respondents (20.5 £y8.6s. 20.7 £ 3.8yr; p = 0.74).

Descriptors and component scores from the NQ are detailed in Table 5.1.
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Table 5.1Affirmative response rates toNQ components (%)

TOTAL NQ-negative | NQ-positive
N 428 390 38
NQ1l Chest pain 206 (48%) 168 (43%) 38 (100%)
NQ2 Feeling tense or agitated 236 (55%) 200 (51%) 36 (95%)
NQ3 Blurred vision 145 (34%) 113 (29%) 32 (84%)
NQ4 Dizziness 233 (54%) 197 (51%) 36 (95%)
NQ5 Confusion 74 (17%) 51 (13%) 23 (61%)
NQ6 Fast or deep breathing 302 (71%) 264 (68%) 38 (100%)
NQ7 Shortness of breath 279 (65%) 242 (62%) 37 (97%)
NQ8 Chest tightness 191 (45%) 154 (40%) 237 (97%)
NQ9 Bloated abdominal feelingl 132 (31%) 108 (28%) 24 (63%)
NQ10 Tingling fingers 152 (36%) 120 (31%) 32 (84%)
NQ11 Cannot breathe deeply 128 (30%) 93 (24%) 35 (92%)
NQ12 Stiffness in fingers or arm{ 102 (24%) 79 (20%) 23 (61%)
NQ13 Stiffness around the mout|, 47 (11%) 31 (8%) 16 (42%)
NQ14 Cold hands 193 (45%) 160 (41%) 33 (87%)
NQ15 Thumping of the heart 226 (53%) 188 (48%) 38 (100%)
NQ16 Anxiety 221 (52%) 185 (47%) 36 (95%)

In NQ-negative respondents, the symptoms with the highest response ratestvare fa
deep breathing (NQ6) (67.7%) and shortness of breath (NQ7) (62.1%). All NQ-positive

participants reported having experienced chest pain (NQ1), fast or deep breathing (NQ6)

and thumping of the heart (NQ 15; Table 5.1).

5.4.1.1 NQ structural analysis

In the present study, the recruited sample size (N = 428) was adequatepte-the
determined factor analytic criteria. To achieve a simple structure QRheitems that

loaded into more than one component following the preliminary analysis, were removed.
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The removed items were NQ1, NQ10, NQ11 and NQ14. One item (NQ9) in the third
component had lower correlations than the other items in that set andeneisre also

removed.

Inspection of the correlation matrix of the remagniiil items showed that all variables
had at least one correlation coefficient greater than 0.3. The sample adegsaetected
through KMO measure (KMO= 0.80) and Bartlett's test of sphericitp € 0.001)
indicating hat the data was likely factoalsle A Varimax orthogonal rotation was
employed taninimise the number of variables that have high loadings on each component

and, as such, to aid interpretability.

Visual inspection of the scree plot (Figiré¢) indicated that three components should be

retained; these three components jointly accounted for 56% of the total variance.

Eigenvalue

Component Number

Figure 5.1Scree plot of 3component structure of the overall sample
The retained components are marked with a full dot
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The factor structure of the NQ, eigen values, plercentage of explained variance and

CronbachOs alpha values of each component are shown in Table 5.2.

Table 5.2 Structure Matrix of the 3-component NQ

Components
1 2 3
NQ7 Shortness of breath 0.86 0.11 -0.08
NQ6 Fast or deep breathing 0.85 0.04 0.02
NQ8 Chest tightness 0.70 0.20 0.10
NQ15 Thumping of the heart 0.64 0.23 0.18
NQ3 Blurred vision 0.07 0.77 0.07
NQ4 Dizziness 0.27 0.72 -0.09
NQ2 Feeling tense or agitated 0.22 0.65 0.20
NQ16 Anxiety 0.16 0.60 0.24
NQ5 Confusion 0.00 0.59 0.24
NQ13 Stiffness around the mouth 0.08 0.12 0.84
NQ12 Stiffness in fingers or arms 0.04 0.24 0.79
Eigen values 3.66 1.76 1.09
Variance explained (%) 33.28 15.96 9.90
CronbachOs alphas 0.78 0.73 0.60

Component 1B Cardiorespiratory symptoms, Componenb®sycheneurological symptoms,
Component ®Exerciseinduced fluid retention symptoms

5.4.2 Part Il - Relationship between NQ and EIB

A separate cohort of 104 athletes underwent an EVH challenge (Tables 5.3 and 5.4). Al
participants were able to maintair ¥f > 60% predicted MVV to obtain a satisfactory

test
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Table 5.3Participants demographic characteristics

TOTAL EVH -positive EVH-negative NQ-positive NQ-negative

N 104 52 52 17 87
Gender

Male 79 (76.0%) 38 (73.1%) 41 (78.8%) 7 (412%) 72 (82.8%)

Female 25 (24.0%) 14 (26.9%) 11 (21.2%) 10 (58.8%) 15 (17.2%)
Ethnicity

Caucasian 93 (89.4%) 47 (90.4%) 46 (88.5%) 17 (100%) 76 (87.4%)

Non-Caucasian 11 (10.6%) 5 (9.6%) 6 (11.5%) - 11 (12.6%)
Age (yr) 23+ 4 234 24+ 5 23+ 4 235
Height (cm) 179.27 + 8.21 179.85 + 6.97 178.69 + 9.33 177.65 + 8.02 179.59 + 8.26
Weight (kg) 73.22 £9.77 72.21 £ 8.97 74.23 £10.49 71.65 £ 10.33 73.53 £ 9.69

84



Table 5.4Participantsrespiratory characteristics (mean+ SD)

TOTAL EVH -positive EVH-negative NQ-positive NQ-negative
N 104 52 52 17 87
FEV1(L) 4.64+0.86 4.63%+0.91 4.64+0.82 4.63% 0.90 4.64+0.86
FEV1 (% of predicted) 109+ 14 108+ 15 109+ 13 115+ 14° 107+ 14
FVC (L) 5.81+1.10 6.00+£1.10 5.62+1.09 5.81+1.08 5.81+1.12
FVC (% of predicted) 115+ 14 118+ 13° 112+ 15 124+ 11° 114+ 14
FEV1/FVC (%) 80+8 77+7° 8317 79+ 6 80+8
PostEVH FEV 4 (L) 3.97£0.91 3.59+ 0.85 4.34+0.80 4.09%+1.03 3.94+0.88
PostEVH FEV ; fall (%) -15+11 -22+11 -7+£3 -13+9 -15+12
MVV 125.59+ 24.39 127.08+ 23.93 124.10+ 24.97 126.18+ 22.43 125.47+ 24.87
MVV (%) 90+ 14 92+ 15 87+13 92+ 16 89+ 14
NQ 13+9 13+9 12+ 10 28+ 6 9+6

asignificanty different from EVihegative athletes (p < 0.05)Significantly different from EVidegative athletes (p < 0.001:Significantly different from N@egative

athletes (p <0.05).
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No participant had evidence of airflow obstruction at rest howevestfiftyparticipants

(50%; N = 43 elite, N = 9 recreational) had a positive EVH test (Figure 5.2).

EVH positive, NQ positive (8)
O EVH negative, NQ positive (9)

10+ : ¢ EVH positive, NQ negative (44)
: <& EVH negative, NQ negative (43)
0 O
%
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Figure 5.2 Relationship between EVH result and NQ total score
Maximal fall in FEVf postEVH challenge showing tests, that were above atahbthe 10%
drop in FEV; cut-off value (horizontal line) for a positive test and NQ total scotes,were
above and below the 23 eatf value (vertical line) for a positive total score. The number of
participantsin each group is presented in brackets.

The peak fall ilFEV; from baseline ranged from11% to- 57% in EVHpositive and

from - 0.6% to- 10% in the EVHnegative participants.

The mean total NQ score was 12.5 + 9.3, a positive NQ sc@&§4)was found in 17
(16.3%) participants, out of which, 15 (88%)revelite athletes. When normalised against

the total cohort more female (10/25; 40%) than male (7/79; 8.9%) participants scored
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above the cubff threshold.There was a difference in mean NQ score between females
and males, with females scoring higher thaades (20.7 + 8.6 vs. 9.9 + 7[9< 0.001).

We found no relationship between NQ score and parameters such as age or ethnicity.

Elite athletes scored higher on the NQ when compared to the recreationa{lgk@up
10.4 vs. 9.8 £ 6.8 = 0.01).The ramge of scores obtained by elite athletes 4@) was

also greater in comparison to the recreational respondengj0

Baseline spirometric indices were greater in the NQ positive group; spdgifiFEV;
(107 £ 14 % predicted vs. 115 £+ 14 % predicfed 0.05) and FVC values (113.51 +

14.27 L vs. 123.59 + 10.78 L; p = 0.01).

There was no difference in ventilation achiedadng the EVH test between NQ positive
and negative athletes (126.18 + 22.43 L/min vs. 125.47 = 24.87 L/min; p = 0.54). The
maximum fall in FEM from baseline ranged froml.9% to- 37.5% in NQpositive and

from - 0.6% to- 57.2% in NQnegative participants.

There was a weak relationship between average NQ score and the niakimdfEV;

postEVH challenge in the recreationgdoup (r = 0.32; p = 0.04), however, in the elite

athletes there was no statistically significant correlation-(©.80; p = 0.54).

Sensitivity, specificityPPV, NPV, and predictive values for the total screened population

and for the specific grougge shown in TablB.5.
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Table 55 Discriminant validity.

A. TOTAL Elite athletes Recreationals
Prevalence (%) 16.35 24.19 4.76
Sensitivity (%) 47.06 53.33 0.00
Specificity (%) 49.43 25.53 77.50

PPV (%) 15.38 18.60 0.00

NPV (%) 82.69 63.16 9394
Accuracy (%) 49.04 32.26 73.81
Likelihood ratio (LR+) 0.93 0.72 0.00
Likelihood ratio (LR) 1.07 1.83 1.29

B. TOTAL Elite athletes Recreationals
Prevalence (%) 50.00 69.35 21.43
Sensitivity (%) 15.38 18.60 0.00
Specificity (%) 82.69 63.16 93.94

PPV (%) 47.06 53.33 0.00

NPV (%) 49.43 25.53 77.50
Accuracy (%) 49.04 32.26 73.81
Likelihood ratio (LR+) 0.89 0.50 0.00
Likelihood ratio (LR) 1.02 1.29 1.06

Panel A shows the efficacy of the EVH challengedulicting a positive NQ score. PanesBows
the efficacy of the NQ in predicting EIB.

In the assessment of the efficacy of the NQ in predicting a positive éhéalenge,
sensitivity, specificity, PPV and NPV were 15.38%, 82.69%, 47.06% and 49.43%,

respectively.

5.5 Discussion

This study reveals that approximately one in ten physically active, young esjudis
troublesome symptoms suggestive of DB. Despite asking our participants to respond the
NQ specifically to exercise, the number of those that had a NQ positixe s 23) was

similar to that reported by Thomas and colleagues (Thomas et al., 2005). The dstimate

prevalence of NQ positive individuals in their adult population was 9.5%.

88



In our cohort of recreational athletes, females tended toobe likely to score higher on

the NQ, which is similar to previous reports of female participants providingriifDe
scores when compared to ma(@2.4% vs. 7.1%, respectivelgJhomas et al., 2001,
Grammatopoulou et al., 2014, Thomas et al., 200bas beernlemonstrateLamprecht

et al., 2013}hatfemales report more dyspnoea and cowgen compared to mal@sth

the same dege of lung function impairment. One possible explanation may be a varying
anatomyin the size of the lungs, airways and respiratory musculatitvgeen the two
genders. These differencascount for a relatively reduced maximum ventilatory reserve
capaciy, lower inspiratory and expiratory pressures and smialigngeal dimensions in
females(R¢ ksund et al.,, 2015, Lamprecht et al.,, 2013, Weiss & Rundell, .2D09)
addition, neurobiological studies have demonstrated females have a higher intrinsic

sensitivity to noxious somatsensations, including dyspnogamprecht et al., 2013)

Athletes are more susceptible EdB than he general populatio(Bonini & Palange,
2015)and as outlined above, the-eristence of DB may confound diagnostic accuracy.
We therefore undertook a sghudy to evaluate the relationship between a common DB
questionnaire and solid objective evidence of EIB, from an EVH challdndhis study,
thirty-five (74.5%) of the NQ negative athletes tested positive on the EVH. ThdsegB

are in line with previous repor(Runddl et al., 2001xhat demonstrated that only half of
athletes who had EIB reported any respmatesymptoms and that only 28.6%f
symptomatic athletes could provide objective evidence of as(horal et al., 2009)
Furthermore, the NQ appears to have a low levedeoisitivity (15.38%) but a greater

degree of specificity (82.69%) predicting a positive EVH challenge
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Eight (47.1%) NQ positive individuals (all elite athletes) had a positivéti@s the EVH
challerge. In contrast, none of the NQ positive recreational athletes had a pB§itive
challenge suggesting that to a certain extent, NQ may have a greaterapatent

differentiating EIB from DB in recreational athletes than in high level sports.

Killian et al. (1984) previously demonstrated a positive relationship between lung
volumes and the perceived magnitude of respiratory effort and breathlegstiness
individuals They found there was an increase in thesarpaters when the tension
developed by the inspiratory muscle increased and when the muscle was Wehlene
to shortening of its operating lengtKillian et al., 1984) A positive correlationsimilar

to those deteted byKillian et al. (1984) wasobserved irthis present study, however the
finding was novel in thathis positive correlatiowas foundoetweenrather than within
individuals.Within-person variatioshows wiether anchow quickly one is adapting to

a transition or stressobut in contrast, betwegrerson variation reflects on individual
differences. In this study, athletes with a positive NQ score had significantly higher lung
function values when comparedtteir NQ negative counterpartspwever, thelinical

implication ofthis, if there existany,is yet to badetermined.

The PPV (47.06%) and NPV (49.43%) of saported symptoms on the NQ
demonstratednly modest value in predicting clinical diagngsigdich might be due to
impaired symptom recognition in elite athletespecially in swimmers, wheportedly
consider their exerciseduced symptoms as a normal effect of kigiensity training,
therefore they do not report theffiurcotte et al., 2003)Additionally, symptoms (e.g.
cough) may manifest in relation to cold air inhalation or only in provocative enviroeament

(e.g. chlorine exposure in swimming pools). Given the fact that the NQ urieatform
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is OnorspecificO, the aforementioned factors may have impacted the outcome of this

study.

The construct validity of the NQ was originally reported for a relatively Issaaiple of
adults (N = 75) from the general population with and withid\iS, with 16 items
classified under three factors (shortness of brgshpheral and central tetanggan
Dixhoorn & Duivenvoorden, 1985)n contrast, our saple size was adequately larfgpe
the PCA as defined by Corey and lee(1992)and differently from previously studied
populations, consisted of physically active, yoawaglts. Therefore, by determining the
dimensional structure of items included in the questionnaire, we aimedatdisbés

whether the same factorial structure was evident for our sample of participants.

In comparison to previous reports, that aimed to investigate the efficacy ohNQ i
recognising HVSvan Dixhoorn & Duivenvoordg 1985)and hyperventilation among
asthmatics(Grammatopoulou et al.,, 2014)n the physically active young adult
population assessed in this studgsults showed a different pattern both in terms of
dimensonal structure and items loadinBrincipal componentanalysisin our cohort
revealed three components, that differ from those described by van Dixhoo{a@8%).

In this study, the first component comprisefifour items, namelghortness of breath
(NQ7), fast or deep breathing (NQ6), chest tightness (NQ8) and thumping of the heart
(NQ15), which having been tightly linked to either the respiratory or cardiovascular
system, we labelled a®Cardiorespiratory syptomsOAnxiety (NQ16) with the
perception of feeling tense (NQ2) comprises the major asthmaoduidity, increasing

the risk of hyperventilation in the disease. Dizziness (NQ4) and confusion (NQ5) are

symptoms related to disturbances in the nervousisyahd may be linked to anxiety and
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hypocapnia. Blurred vision (NQ3) was previously reported by patients with aikema
symptoms withat physiological sign of asthm@rammatopoulou et al., 2014)he
secondcomponent was formed by these five items and duthéonature of these
symptoms, they got labelleas OPsychaeurological symptoms®@rolonged sweating,
excessive fluid consumption during exercise may result in an increase tioiyaluid

and a de@ase in plasma sodium concentration leading to péysiological changes
that may be responsible for the two items that loaded into the third compoaerly
stiffness around the mouth (NQ13) and stiffness in fingers (NQ12), which we lalzlled a
@Exercseinduced fluid retention symptoma®e third component only contained two
items and had low reliability compared to the first two components, inuictat it may

not reliably measure DB dimensions; this component could be improved in the future by

adding more items to it to increase its internal consistency estimate.

In many cases the triggesf breathing discomfortwhich can be related to a specific
episode of stress such as excessive aerobic gdDaurtney, 2009)initiates a transition

from an intermittent, appropriate adoption of an altered breathing pattern to an
inappropriate maintenance of disordered breatlAitgred motor recruitment pattern of

the respiratory muscles can lead to increasexklovads, reduced mechanical advantage
and inceased ventilatory requiremen{€haitow et al., 2014a)Consequently, an
inefficient breathing pattern may lead to breathlessness that may betivedich
suboptimal @inction elsewhere than in the lungs and/or the larynx and may not even

represent pathological conditi¢hohansson et al., 2015)

Dysfunctional breathing is thought to be a key cause of exertional dysovezye,

due to the lack of establishgdld standard diagnostic method for the differentiation of
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DB from other, often c@xistent respiratory diseases, difficulty arises when trying to
untangle which conditions are contributing to a given individualOs ex¢gionptoms.

Many of the studies assessing the epidemiology of DB use the NQ ashadnodt
diagnosis, however, we have shown that several NQ questions are not releuhfgtior a
populations. We useBCA to reduce the original set of variables intaraléer set of
uncorrelated components in order to provide an adequate representation of the
information in this specific cohort of participants, with a smaller number ohblag
constructed as linear combinations of the origin@lst analysis suggests,shortened
11-item model of the NQepresents the information found in the original set of variables

andshows a novel pattern in symptoms that are most likely related to exercise.

Although factor analysis suggested the possibility of reducing the NIQ items, it
would be premature to simply produce a shortened i W@ for athleticpopulations.
Additional itemssuch as psychosocial attributes and sport specific respiratory symptoms,
shouldbe added to ake the NQ specific to exerciaad reflectie of all possible aspects

of DB (e.g. origin, onset and manifestation of the conditiBased on the above)e
obvious next step in thikésis vould have been developing a nquestionnairghowever

in the absence of established diagnostic method fqgitDi#uld not have beefeasible

to validate the questionnaire and evaluate whether it measures whatiiposed to
measurand performs as it is designed to perfoHance, gold standard diagnosticol

for DB should be identified prior to undertagi further work towards the elaboration of

a symptom assessment instrument.
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5.6 Limitations

Selfreported questionnaires have a number of commonly recognised limitations that
reduce their usefulness in a research or clinical setting. In particulartsrepsymptom
measures reflect subjective experience and symptom perception rather thdéineobjec
health status; symptom reports do not necessarily reflect ilimaasWijk, Cecile MT
Gijsbers et al.1999) Underreporting may also be a concern, as it relies on the recall of
respondents, who although employ a wide range of cognitive processes in formulating
their responses, may not pay attention as they answer the quéstiosisck, 2000)r

have trouble understanding the terms used in the questio(ffagaler et al., 2000)

Although the 16 items of the questionnaire remained unchanged, participantskedre as

to ratetheir symptoms as experienced during bouts of exercise, differently from the
original questionnaire, in which specific circumstances related to symptounreace

were not defined. Although this slight modification of the NQ presumably addety clari

for respondents without sacrificing the questionnaireOs psychometric properties, a

validation study may need to be performed in the future to confirm this.

5.7 Conclusions

In this study, a DB prevalence of 9% was observed in an athletic populationeFema
athetes tended to be more likely to report symptoms of DB. The NQ score p@as a
predictor of identifying athletes who would present with a positive EVH cigdle
Although the development of a new questionnaire may enable a better recognit®n of D

and consequently lower the cost associated with inappropriate diagnosis apy, tfeera
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date, there exists no gold standard clinical assessment fortdBalidate a new
questionnaire againstvithout which its application would not belinically justified.
Therefore, instead of focusing exclusivebn symptoms investigations should be
undertaken in ordeto discernwhetherthe presence of respiratory complaints of -non
organic origin isaccompaniedy anyphysiologicaland/or biomechanicalterationsand

if so, to identify the best available clinical todig assess theshanges
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Chapter 6. The impact of upper thoracic posture
on respiratory performance and symptoms during

exercise
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6.1 Abstract

Introduction: The posture an athlete holdsrohg exercise maglter breathing pattern
and increase reports of exercise induced respiratory symptoms

Aims and objectives:The purpose of this study was to investigate the effediffefent
postural positions during hightensity cycling on breathg frequency (BF), tidal
volume (VT), rating of perceived exertion (RPE) and dyspnoea.

Methods. Fifteenhealthy male athlete@nean + SD age: 26 + yt) performed al0-
minutecycling testat 70% of their peak power in two conditions, in a randomised:order
with normal shouldeposition(C1) and withhunchedshoulders (C2). BF and VT were
continuously monitored during exerci$®?E and dyspnoea wegaugeddy using Borg
RPEand BorgCR10 <ales, respectively.

Results: BF and VT showed no significant differee betweenconditionsat any time
point, howeveran alteration in BF was observed in C2gnificant main effects of time
emerged foBF, RPEand dyspnoem both conditions (all p values < 0.001).
Conclusions Cycling with hunched shoulders at higheinsities over a prolonged period
leads to altered breathing mechanics and as a consequence, an incpeaseived
exertion and dyspnoea. These findings suggest that posture may contribute to reports of

respiratory symptoms during exercise in the absehcardiopulmonary disease.
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6.2 Introduction

Interest has increased in incorporating questionnaires into clinical prastidey are a
quick and more importantly cesffective way of assessing medical conditions. They
have strong evaluative a@mliscriminative properties and if designed well, they minimise
bias and maximise precision in the estimates of treatment effiain Wwudget. Although
using a questionnairas an assessment toebuld be beneficial in establishing an early
diagnosis ofDB, Chapter 5 highlighted that NQ in its current format is inadequate in
identifying DB and/or differentiating it fromtherexerciserespiratory conditios and the
development of a new questionnaire is not feasible due to current gaps in dagnosti
measues These findings suggett shift the research focus frasgmptom recognition

to the aetiology of DB by primarily exploring the physiological and biomechanical

properties othe condition

Exertionaldyspnoeas reported to be the most common symptlmiting performance
and/or enjoyment of sporting activities amaitfletic indivduals of all abilities and ages
(Welsh et al., 2004)indeed, some describe the sensation of exedyispnoeaas the
main barrier to grticipation in physical actiwtand/or high performance spgwilliams

et al., 2008)It is oftenaninterrelated symptom in athlet€Smoliga et al., 201@ndmay
manifest as hyperventilation, or symptoms that oac@ssociation withypocapnia and
respiratory alkalosi@Boulding et al., 2016)it is likely to arise as the result of a complex

interplay of factors includingli@red subjective awarenefldayen et al., 2017)

Dysfunctional breathing (DB) isow thought to be a key cause of exertional dyspnoea

and can be defined as inappropriate breathing pattern, which is persistent enough t
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cause symptoms without evidenoe despite optimisation ofny underlyingorganic
cause, e.gEIB (Bradley & Esformes, 2014)Currently there is no gold standard
diagnostic method for the differentiation of DB rinather, often coexistentespiratory
diseases, and therefore difficulty arises when trying to untangle which conditens a

contributing toa given individualOs exertiorsgimptoms.

Hodges& Gandevia(2000) previausly reportd that a deviation away from aptimal
breathingpattern can affect the pressure, ventilatory volumes, stability and ultyntiael

work of breathingThey suggested that once the maladaptive pattern is established, the
impaired breathing moweent becomes habituated and thuseldperpetuatingentity

(Hornsveld et al., 1996)

Anecdotally, athletes with DB often appear to ride in hunched aerodynamic ptsition
minimise their frontal area in order tcamimise speed. It has been shown that breathing
efficiency is likely to be compromised in this position and has a negatipact on

respiration and grformancgChaitow et al., 2014f)

In a recent studyHayen etal. (2017)used functional neuroimaging to identify the neural
correlates of the conditioned response to breathlessness and their modulatiomiy the
opioid receptoragonist shoracting synthetic opioid analgesicudr Their findings
suggest that opioids palliatedathlessness through an interplay of altered associative
learning mechanisms, independent of or in addition to effectsranstem respiratory

control(Hayen et al.2017)
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As described abovegltered breathing patterns have immediate negative effects on
postural stabilityln many cases the trigger, which can be related to a specific episode of
physical stress such as excessive aerobic tra{@ogrtney, 2009)initiates a transition

from a sporadic, altered breathing pattern to a sustained disordered brefsthimggh
exercising in sitting or supine positigndue to mechanical differences, have been
reported taesut in significant differences iWg and VT (Takahashi et al., 1998jttle is

known as to whether a change in body position alters respiratory parameters or indeed
perception of breathingThus Chapter 6 aimed to establish whether this phsmnon
profoundly influenceahe physiologyand perceptiomf respirationduring high intensity

exercise Specifically, the parameters of interest wéfe BF, Vg, TiTo and BorgCR10.

6.3 Methodology

6.3.1Study design and participants

Based on observanal experienceathletes with DBregardless of the type of sport they
are engaged in, aoharacterised blgunchedshoulders with an anteriorly tipped staer
blade and forward head, typically exhibitindheeze andightness ottheir upper chest
when eaching high intensities during exercifae b the difficulties of recruiting a
sufficient number of individualsf this kind healthyparticipantsvere invited to take part
in the study with the aim of reprodag an experimental set up, whighsimilar to that

seen in realife DB.

According to the originastudy planson an additional visiteflectivemakersnvould have

been placedn thebarechestof the studied participants in order to investigate chest and
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abdominal motion using OEP vibuld have been technically morehallengingo perform
the assessment on femal@gikie to markers placement and difficulty in recruitment)

therefore onlymaleparticipants were includad thestudy.

Recreational athletesvho exercised at least twice weeklygre invited to take parf.o
ensure that participants were at good respiratory headflnsion criteria included a score
less than 23 on tHeQ and a negative response to H\H test. Participants were excluded
from study measurementbthey had a cést infection within 4 weeks, any other illnesses
within 2 weeks prior to the tests, had any respiratory or cardiovascular problems,
metabolic diseases, neurological conditions, they were injured or had any corttidtons

limited mobility.

On test daysyarticipants were instructed &ttendthe laboratory in a rested state, having
abstained from higimtensity exercise within the previous 24 hours, and abstained from
food, alcohol, sports drinks or caffeine intake for the preceding 3 hours. Visits were

separated by at least 48 hours but no longer than 1 week.

The study was approved by the University of Kent Ethics Committee (Ethichédum

Propl7_2013 14) and all participants provided written informed consent.

6.3.2Experimental design

Participantsattended thdaboratoryon four separateccasions within a-2veek period.
On the first visit, participants completed ti€ and underwent spirometry measurements

followed by an EVHchallenge test{Anderson et al.,, @1) On the second visit,
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participants performed an exercise test to volitional exhaustion on a cgolaeter to
determine peak aerobic power (PAP) av@®, peak The final two visits required
participantdo completéwo 10-minutes cycling tests at 70% of their PAP in two randomly
ordered cycling positions; either with normal shoulder position (C1) or with hunched
shoulders (C2)Hunched shoulder positimng waschosenas an experimentalondition

in orderto replicate the body posture observedtinletes with DBAn overview of the

experimental design is provided in Figure 6.1.

Visit 1 Visit 2 Visit3& 4
Respiratory |:> Peakaerobic power |:> 10-minutes cycling
Assessment test(VO,peatest) tests at 70% of PA

Figure 6.1 Overview of the experimental design

6.3.3Study measuremen

6.3.3.1Nijmegen Questionnaire (NQ)

Participants completed the modified NQ questionnaire described in Chapter 5.

6.3.3.2 Spirometry and EVH challenge

Forced maximal flow-volume manoeuvres and the EVH challenge were conducted in

accordance to methods outlined in Chapter 3.
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6.3.3.3Peak Aerobi®Power (PAP) test

Participants performed a standardisecremental exercise test on a cycle ergometer
(Lode - Corival, Groningen, The Netherlands) volitional exhaustion in order to
determine PAPEXxpired air was analysed breath-by-breath using Cortex Metalyser 3b
(CORTEX Biophysik GmbH/ eipzig, Germany)The exercise protocol was preceded
with a 2-minute rest period followed by unloaded pedaling for 3 minutes. Power output
was then increased by 25 W every minute; participants were instructechtaimtheir
preferred cadence throughout the test (range 60 - 90 RPM). The test was terapoated
volitional exhaustion or when the required cadence could no longer be maintained (i.e.
dropped by > 10 RPM). Throughout the test participatis®as monitored usingRolar
RS400 watch (Polar Electro Oy, Kempele, Finlai@gpillary fingertip blood samples (5

- 10 ul) were taken at rest and within 1 minute of exercise cessatimeie exertion

and perceived dyspnoea were assessed at the end of each testing stsigg Byrg
ratings of perceived exertion (RPE) (ratings between 6 - 20) and Borg-CR10 scales
(ratings between O - 10), respectively (Borg, 1998). The RPE scale is used to\alpjec
determine exercise intensity levels. In contrast, the Borg-CR10 scalenisralgaethod

for measuring most kinds of perceptions and experiences, including pain and other
sensations (e.g. discomfort) (Borg, 1998). The scale is commonly used for measuring

dyspnoea and other kinds of somatic symptoms.

All participants fulfilled! 2 secondary criteria for a valid assessment of the maximal

aerobic capacity, as reaching a RER.10, end-exercise blood lactate concentrdti@n

mmol/L and a RPE 17 (American College of Sports Medicine, 2013).
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6.3.3.4Exercisetest at 70% of PAP

Participants performed an aerobic exercise test on a cycle ergometer (Codeal,
Groningen, The Netherlands). Protocol started with a 2-minute rest period folbywed
unloaded pedaling for 3 minutes. Participants were then asked to maintainraptpue

of 70% of the PAP for 10 minutes. During this period, participants were asked taimaint

a selfselected cadence between 60 - 90 RPM. The protocol ended with a recovery period

of 5 minutes with no resistance.

Participants completed the 10-minutes cycling challenge under two conditioagural
shoulder position (C1) and with hunched shoulders (C2). Participants completed the
exercise trials under C1 and C2 conditions in random order, assigned using simple
randomisation procedures (computerised random numbers). The trials were performed at
the same time of the day (within 2 hours) to minimise diurnal variation ircisge
capacity. An overview of the experimental protocol of Visit 3 and 4 is providexdung~

6.2.

Figure 6.2 Overview of the experimental protocol (Visit 3 & 4)
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Electranyographic (EMG) signalsAcknowledge, Version 4.1 for MP Systems, Biopac
Systems Inc., Goleta, USAyere used to monitor muscular activity of shoulder negio

and provide biofeedback to the participants throughout the cycling tests (Eigure

Figure 6.3Experimental set up during the 10minutes cycling test
Panel A shows the participant sitting on the exercise bike and Panel B shows the
computer sagen with the EMG signals recorded during muscular contraction and
relaxation

The electrodes were placeser the upper left and right trapezius midway between the
acromion and vertebra prominenReference electrodes were placed on the mastoid
behind theears. Participants were instructedronitortheir shoulder movement on the
computer screen connected to the EMG unit and placed in front of the cycle engome
When shoulders were relaxed and there was no muscle contraction, a ftefclime=d
and wlen shoulders were contracted, meatoit action potentials (MUAPS) were

displayed on the screen aiding the participants to perform the tasks (C1 and d@reondit

as instructed
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Participants@R was monitored using Rolar RS400 watch (Polar Electro ®§empele,
Finland) Capillary fingertip blood sample (3.0 ul) was taken at rest and within 1 minute
after finishing exercise. Tidal volum&F, Vg, TiTo, VO, VCO,, HR and RER were
recorded by th8bB analyser. Perceived exertion, perceived dyspnoea and leg pain were
assessed during exercise by usingdBRPE Borg-CR10and Pain sales (ratings between

0- 10), respectivelyBorg, 1998)

6.3.4Statistical Analysis

Assumptions of statistical tests such as normal distribution and sphefidata were
checked. The depdent variables analysed welT, BF, Vg, TiTo, VO,, VCO,, HR,
RER, perceived exertion, perceived dyspnoea and leg Pained {tests were used to
assess differences of the variables between condifiansmally distributed Two-way
repeatedneasures ANOVAvere conducted to test the et of the two conditions (C1,
C2) and time 3, E5, E7 andE10 of the 16minute cycling testwhere E3 represents the
third, E5 the fifth, E7 the seventh and E10 the tenth minutes of the cyclingretste
dependent variableStudentsed residuals wengsed to assess normalitydaihe presence
of outliers (x 3SD). Greenhous&seisser correction to degrees of freedbm .75) was
applied when violations of sphericity were pres&ngnificant main effects of time with
more than two levels and signifidainteractions and main effects were followed up with
simple main effects of time or condition (pairwise comparisons) using Bonferroni
adjustment. Significance was assumed#f(p05 (twotailed) for all analysesStatistical
analysis was performed usiBgatistical Package for Social Sciendéssion 22 for Mac

OS X (SPSS Inc., Chicago, IL, USA).
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6.4 Results

6.4.1Participants characteristics

Fifteen participants completed the studarticipantsO demographics ardpiratory

parameterare shown irmable6.1.

Table 6.1- Participants demographics and physiological characteristics at rest (Visit

1)

Parameter (at rest)N =15 mean +SD
Age (yr) 26+ 7
Height (cm) 178.5 5.9
Weight (kg) 745 £12.7
NQ score 6 £5

FEV (L) 459 +0.71
FEV . (predicted %) 106 +12
FVC (L) 5.45 +0.90
FVC (predicted %) 106 + 14
FEV1/FVC (%) 84 +6
PostEVH change in FEV; (%) -5+3

6.4.2 Participants characteristics at peak exercise

ParticipantsO physiological and perceptual parameters assessed during tlee aerob

endurance test are shown in Table 6.2.



Table 6.2 - Participants physiological characteristics andoerceptual parametersat
the peak exercise (Visit 2)

Parameter (at maximal exerciseN =15 mean +SD

VO3 pear /kg (ml/kg/min) 49.6+ 8.4
VO3 peax (L/min) 89.6+ 14.3
\[CO; (L/min) 125.6+ 24.4
HR max (bpm) 181+ 11
VE (L/min) 133.3+21.8
VT (L) 3.0+0.7
RER 1.23+ 0.9
BF (/min) 46.7+9.2
WR (W) 283+ 47
RpM (/min) 71+ 8

La (mmol/L) 11.01 +2.04
RPE 18+ 2
Borg-CR10scale 7519

6.4.3 Cycling trials at 70% of maximal aerobic power

6.4.3.1 Effects of posture on respiratory parameters (VT, BBnd TiTo)

The C2 had no effect on any of the respiratory parameters (Table 6.3 and Figure 6.4).
There was a significant time effect for B ®nd TiTo (all p values < 0.05), meaning

that hunched position had a significant effect on the listed dependent vaoiadaidisne.
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Table 6.3 Physiological angerceptual parameters(mean+ SD) during the 10-minute cycling test (at minutes 3,5, 7 & 10) in Cl andZ

Normal position (C1)

Hunched position ()

Response minute 3 minute 5 minute 7 minute 10 minute 3 minute 5 minute 7 minute 10
variables (E3) (E5) (E7) (E10) (E3) (E5) (E7) (E10)

VT (L) 2.6+ 0.6 2.7+0.7 2.7+ 07 2.7+08 2.7+0.7 2.7+0.7 2.7+08 2.6+0.8
BF (/min) 294+ 6.4 33.2+6.9 35.7£ 8.0 39.6+10.9 29.6+£6.2 33.5+7.6 36.9+ 8.9 42.1+11.4
Ve (L/min) 74.3+ 13.9 85.2+ 13.2 92.2+15.9 99.7+ 20.3 75.1+ 13.6 85.5+12.9 93.9+ 15.0 103.5+ 15.9
TiTo (%) 47.7+2.0 47.9+2.6 48.3+2.8 49.0+2.6 47.1+ 3.8 47.1+ 3.6 47.8+ 3.3 48.7+ 3.2
HR (bpm) 147+ 11 157+ 12 164+ 13 171+ 14 149+ 10 160+ 11 167+ 12 172+ 12
VO, (L/min) 2.7+ 04 29+ 04 3.0+ 04 3.1+ 04 2.7+ 04 29+04 3.0+£04 3.1+ 04
\Cco, (L/min) 29+ 05 3.2+ 04 3.2+ 04 3.3+ 04 29+ 05 3.1+ 0.5 3.3+ 0.5 3.3+ 05
RER 1.11+ 0.07 1.10+ 0.05 1.08+ 0.05 1.06+ 0.04 1.11+ 0.07 1.10+ 0.06 1.08+ 0.05 1.07+ 0.04
Borg-CR10score 3.1+1.6 42+ 1.7 51+1.9 6.4+ 2.4° 3.3+20 4.7+2.0 58+21 7.4+22
RPE score 12+ 3 13+2 15+ 2 15+ 3 12+ 2 13+2 15+ 2 16+ 2
Pain score 3%+2 4+2 5+2 6+2 32 4+2 5+3 6+3

2 Different from OC20 at corresponding time poirt (h05).



Figure 6.4 The effect of body position on respiratory parameters.
Panels: tidal volume (A), breathing frequency (B)nute ventilation (C) rad ratio between
inspiratory time and total breath time (C)ata are presented asaan + SEM. ** Significant
main effect of time (p < 0.001). C1 represents @ifion 10 (normal shoulder position) and C2
represents OCondition 20 (hunched shoulder pdsE®NES, E7, E10 represent minutes 3, 5, 7
and 10 of the 1@ninute cycling test.

6.4.3.2Effects of posture on heart rate and gas exchange parameters (HR{GER,

VO,)

Heart rate increased in a similar pattern over time in both conditiogsré6.5). HR,
\MCO, and VO, did not show any significant interaction or main effect of condition,
however they changed significantly over time (all p values < 0.001) (Figure 6.5). There
was a statistically significant mean difference in RER between togvin time points:

E3 and E10 (0.44 0.12; p = 0.01), E5 and E7 (0.200.06; p = 0.03) and E5 and E10

(0.34+ 0.05; p < 0.001). Data are expressed as mezEM.
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Figure 6.5The effect of position on cardio and respiratory gas parameters
Panels: heart rate (A), respiratory exchange rgf), oxygen uptake (C) and carbon dioxide
output (D). Data are presented asean + SEM. ** Significant main effect of time<(j0.001).
## Significant main effect of time (p < 0.001), except in C1 (E3,(EB),E7) and (E7, E10).

C1 represents OCondition 10 (normal shoulder pdsitiehC2 represents OCondition 20
(hunched shoulder position). E3, E5, E7, E10 represenutes 35, 7 and 10 of the 1finute
cycling test.

6.4.3.3 Effects of posture on perceptual parameters (perceived exertion, perceived

dyspnoea, leg pain)

Ratings of perceived dyspnoea (as indexed by the Borg-CR10 scale) significantly differed
in the two conditions in the final minute of the cycling test 6245 vs. 7.4+ 2.3, in C1
and C2, respectively;'p0.05) (Table 6.3), but RPE and Pain scores were not affected by

the posture (Table 6.3, Figure 6.6).
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Figure 6.6 The effect of body position on perceptal parameters
Panels: perceived dyspnoea (A), perceived exe(@jrand leg pin (C). Data are presented as
mean + SEM. * Significant difference between C1 @&adp" 0.05). ** Significant main effect
of time (p < 0.001). ## Significant main effectiofd (p < 0.001), except (E3, E5) and (E7,
E10) in C1. C1 represents OCondition 10 (normaldsrgosition) and C2 represents
OCondition 20 (hunched shoulder position). E3, EE1B7#epresent minutes 3, 5, 7 and 10 of
the 18minute cycling test.

There was a significant conditietime interaction between time across conditions and
both perceived exertion {F 30.5= 3.529; p= 0.04) and perceived dyspnoea (t= 3.753;

p =0.02). The variable of interest was the difference between trials at s\Byuie 7 and

10 (E3, E5, E7 and E10, respectively). There was a significant time effect feivperc
exertion in both normal @,=38.113; p< 0.001) and hunched positiong (f= 63.134;

p <0.001) and for perceived dyspnoea in hunched positionid== 30.192; p< 0.001).
There was also a significant increase in perceived dyspnoea in normalarohditonly

between time points E3 and E7 (183.28; p< 0.001), E3 and E10 (3.G70.51; p=
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0.001), E5 and E7 (0.870.17; p=0.001) and E%and E10 (2.1@& 0.41; p=0.01), where

data are expressed asant SEM.

6.5Discussion

This study suggests that cycling for ten minutes with hunched shoulders doesihot res
in a significant change in physiological markers of respiratory fundbiatit does lead
to an increase in perception of breathing sensation, such as dysgsssssed by using

a BorgCR10 scale irthis study.

The development of exertional dyspnoea is multifactorial. It may derive from both
physiologtal and environmental faate(Wabhls, 2012)butpsychological factors such as
affective state or attentional focus have also been demonstrated to cdhgioepact

the perceptin of respiratory sympton{¥on Leupoldt et al., 2010)

In this study, ratings of dyspnoea increased with the duration of the exercise @1both

and C2, including the lowest work rate, where no increase in ventilation occurred.
Towards the end of the cycling triahn intensification of dyspnoea was observed in the

C2 position when compared to C1. Previous studies (el-Manshawi et al., 1986a, Leblanc
et al., 1988) have shown that in a healthy population, the increase in respféddry
assessed by oesophageal pressure measurements, represents the ingredse in
command. Gigliotto et al. (2010) previously reported that the effort required to sustain
any given power increases with the duration with which the activity i&ised.
Although neural drive was not assessed in this study, the observed phenomenon may be

a reflection of an increase in motor command and inspiratory muscle effort ifGrtzz
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al., 2005) due to the decreased respiratory volumes and shortened inspiratory time
detected in hunched position. Previous studies have shown that in healthy humans the
increase in effort dictated by exercise is related to the length ofstremnidrepresents the
increase in motor command (Grazzini et al., 2005). The effort required to saisyain

given power increases the longer the activity is sustained (Grazzini et al., 2005).

Although it is important to assess the statistical significancheotlifferences between

the evaluated conditions, another important factor to consider is, especialty whe
investigating health and wellbeing, whether the findings provide information about the
clinical relevance. With a large enough sample size, even the antales differences
between groups can become statistically significant. Although ratings of dyspamea
statistically significantly higher in C2 condition in this study, it is clear whether this

differenceis clinically important or meaningfub athleesor to their health suppoteam.

Quantifying dyspnoea through specific scales is essential in order to delseribedl of
discomfort and also to assess changes after intervention. A minimahkgyimnportant
difference (MCID) shows whether an intervention provides a minimum level of perceived
benefit and moves beyond the concept of statistical differences (Cook, 2008). Although
the Borg-CR10 scale has been widely used to assess breathing discomfort and dyspnoe:
in a sport setting, its MCID has not yet been defined. As highlighted in the®yuse
chapters, the presentation of DB and the perception of breathing discomfort vammgs am
athletes and therefore they should be evaluated on a case-by-case basishdhehes,

are average estimates obtained in groups of patients and may not be aefleciens

of an individualOs perceived benefits.
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During exercise, an increase in VT generates an increase-inggichtory lung volumes,
which forces the individual to breathe at higher volumes in the flat part pfélssure
volume curve, but also increases the inspiratory pressurergath, that a function of
maximal inspiratory pressure (MIRl-Manshawi et al., 1986b, O'Donnell et al., 1997)
At high lung volumes, the maximal pressgeneratingcapacity dea@ases with the
increase in velocity of muscle shortening for any given lung volume. In turn, during
progressive exercise, pressure per breath to maximal pregneeating capacity ratio

increases in propaan to the sense of effof©'Donnell et al., 1997)

The results of this studghow that in both conditions, the increase in ventilation was
accomplished by increased respiratory frequency, howeMeunched position both the
ventilation and the respiratofyequency reached a higher peak vallieis could be
explained by the biomechanics of the altered positiyeling with hunched shoulders,
by utilising the motor units that are best suited to the movemaats changéhe motor
recruitment pattern of theespiratory muscleswhich can possibly leado increased
respiratory work and reduced mechanicgberformanceof the respiratory system
(Chaitow et al., 2014a)Consequentlyan inefficient breathing pattern mayate to
breathlessness that may be indicative of suboptimal function elsewhere thahungs
and/or the larynx and may not even repregatholgical condition(Johansson et al.,

2015)

During spontaneous bre#&ty normal inspiratorsexpiratory ratio is 1:2, indicating that
under normal circumstances the exhalation time is about asiteng as inhalatiotime
(Van Diest et al., 2014Increases in breathing frequenceg drought about by reductions

in both inspiatory and expiratory timg3ipton & American College of Sports Medicine,
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2006) In this study, as expectedjTo in both conditions increased slightly, but most of
the total breath time remained in expiration and the inspiratory time wagaired at

less than 50% of the total breath time.

6.6 Limitations

The nonsignificant differences observed between the two conditions may be due to one
or a combination of the flowing three factors. Firstly, our participants were requested

to maintain the altered body position throughout the cycling test, unlike inli&®©&DB,

where athletes may only hunch their shoulders in the inspiratory phase of thengreathi
cycle. Seondly,the study was performed on a cycle ergometer, where athletes are placed
in a position with prolonged back flexion and rounded shoulders compared to a treadmill
test where upright posture is guarantekdding to it, Costa et al(2011)reported that
simple arm elevation modifies ventilatory and postural muscle recruitneméefare,
altering the mechanics of the ribcage and abdominal compartments. They found that
inefficient movement pattern of paradoxicaleéithing, due to the consequentially
modified rib cage position, results in an alteration in respiratory function and
intensification of exercise efforThirdly and most importantlyas differences were
observed towards the end of the cycling trials, wespme, that it is possible that the
length (10 minutes) of the cycling trial was not sufficient to trigger an atiaran VT

and BF, therefore in future a time trial or prolonged exercise test would be prefierabl
order to see the differences betweernditions increase and potentially become

significant.
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6.7 Conclusions

Cycling with hunched shoulders at high intensities, ovel-mihute period at 70% PAP
is associated witthigher ratings on the BorGR10 scale, howevgethe increased
perception oflyspnoea was na@iccompanied bglterations in physiological markers of
respiratory function. These findings suggest thafpttesence of respiratory discomfort
may notbe initiated by a ventilatory impairmetutlikely to berelatedto the alterations
of biomechanicaproperties caused by the distinctive body posture. Henoesath by
breath gaanalyser may not be useful as a diagnostic tool in the assessmentraftix@
studies should investigatehetheraltered shoulder positiarg during exerciseentails
modifications in chest and abdominal motion and whetheng volume

compartmentalisation techniques (&P candetectthese changes.



Chapter 7. Optoelectronic plethysmography
(OEP) Iin the assessmdn of dysfunctional
breathing (DB) in athletes
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7.1 Abstract

Introduction: Ventilatory pattern and thoracic excursion, can vary during exercise and
impact on ventilatory performancé deviation away fromanoptimal trunk lumbepelvic
recruitment pattermay affect lung volums, work of breathingand may be relevant in
the development of exertional dyspnoea.

Aims and objectives: The aim of the study was to investigate the effecatlifierent
postural positionsn theventilatory excursion usin@EPand a spirometer.

Methods:. Fifteenhealthy male athletgsnean £SD age: 3@& 7 yr) completed the study.
Ninety reflective markers were placed on the chest, abdomen andRztkipants
performed baseline spirometric measurementsl®inutes cyting challenges at an
RPE of 17in two conditions, in a randomised order: (C1) with normal shoplogtion

or (C2) with hunchedshoulderswhile undergoingsimultaneous OEMata collection
Forced vital capacitandFEV; were measured by the spirometehijlst VT, BF and\g
were assessed by the BbB analyser and data was gathered on the chetimal(CW)
and the compartmental volumes of the rib cage (RC) and the abdomen (AB) by OEP.
Results The correlation between the two instrumentsneasuring FVC was godd
both normal(r? = 0.89)andhunchedr? = 0.84) positionsEVC was significantly lower

in hunched position during both spirometB/22 + 0.69 L vs. 5.35 £ 0.69 ph;= 0.03)
and OEP measurements.22 + 0.62 L vs. 5.42 = 0.69 Ip, = 0.01). When volume
contributions in the two conditions were compardte RC/AB ratio was significantly
lower in hunched positioriL(84 + 0.74 vs. 2.12 =+ 0.7p;= 0.01). During the exercise
challengeRC contribution was decreased and AB contribution was increased in C2
throughouthe test, although significant difference between the two conditionsonire

observed athe fifth minute of the cycling trialg5) with RC values of 59.06 + 10.01 %
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vs. 57.23 £ 9.38 %; p = 0.0ity C1 and C2 respectivend AB values values of 41.56 +
10.32 % vs. 43.24 £ 9.33 %; p = 0.01C1 and C2 respectively

Conclusions: These findings suggest tha¢spiratory excursion anduig volume
compartmentalisation at both rest and during high intensity exenasaffected by the
position of the shoulds. Specifically, a hunched should position leads to increased
abdominal motion to vital capacity and decreased lung volumes. OEP maysb&ub

tool to detectltered parameters associated wiglvelopment of exertional dyspnoea
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7.2 Introduction

Chapter 6suggestshatcycling with hunched shoulders at 70%RAP over a 10minute
periodis associated withncreases in the perception of dyspnoea, without any alterations
in physiological markers of respiion Our findings also highligted that posture may
contribute to development of heightened exercise respiratory symptoms in the absence

cardiopulmonary disease.

The functional performance of the respiratory system during exercise is usuadiyeabs
with analysis of expired aiptcalculateBF, VT, g, VO, and MCO,. Although his
method is commonly used andvaluable in the quantification of fitness status and
diagnosis of a range of cardi®aalar and respiratory diseas@slbouaini et al., 2007)
they povide no information of breathing pattern and/dung volume recruitment

parameters, thamhay be of interest in the assessment of DB

Until recently the movement of the chest and abdomen during exercise has mot bee
considered in either the understargliof optimal breathing pattern or in relation to
exercise respiratory diseasg@sull et al., 2009)Although norcontact (e.g. SLR)Levai

et al., 2012)and contact (e.g. Respioay inductive pethysmography; RIP breath
measurement metho@¥ensen et al., 2014ave been utilised in recent years, they have
limitations, such as requiring individuals to remain very still during the uneasnts,

which make their application in exercise challenging.

Optoelectronic |lethysmography is an innovative method of indirect estimation of

pulmonary ventilation, capable of bredirbreath, thre@limensional, realime
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assessment of absolute lung voks and their variations in the three compartments of
the chest wall (pulmonary rib cagégdmminal rib cage and abdomgParreira et al.,
2012) Optoelectronic fethysmography uses an optical reflectance motmalyais by
computing the 3D coordinates of physical markers fixed on the chest and abdomen of
studied subjects and allows the measurement of variables of breathing pattatimng
asynchrony, and contribution of each chest wall compartment and hexithona tidal
volume(Parreira et al., 2012The OEP system has been used in a variety of conditions
including COPD, neuromuscular diseases, following thoracic surgical interventions, but
also in intensive careapents and in newborr(#lassaroni et al., 2017The literature
available on the use of OEP in exercise related respiratory kinensatizsently sparse.
Investigations using OEP during exercise may assist @arstanding of the relationship
between posture, chest wall movement and exertional dyspnoea not explaineddy cardi

pulmonary diseases.

The aim of this study was therefore to investigate the effect of differenirglsbsitions
on the respiratory syste usingOEP in conjunction with a spirometer (during forced

expiratory manoeuvres) andaB analyser (during exercise).

7.3 Methodology

7.3.1Study design and participants

As previously mentionedDEP measureants were planned to be undertaken asqgfart

the study described in Chapter However, @ OEP system was not available my

departmenat the time and setting up a shtatm rental agreement with the provider of
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the motion capture system took considerable time. This resultednmath delayn the
project, during which a good number of participantsdragped oubf the study and had

to be replaced with newly recruited volunte&mnilar to the study in Chapter Ggdthy

male participants aged between-#® years, who took part in endaoc exercise at least
twice a week were recruited through emails and poster advertisemeke: fmatain the
study. Endurance exercise is defined as a physical activity that inchessésate and
breathing frequency, such as running, swimming and cycling. Inclusion criteria included
a score less than 23 on tRE and a negative response to E)MH test, i.e. no evidence

of airways hyper-reactivity or symptoms of DB.

Individuals were excluded from the study if they had a chest infection withiekswany

other illnesses within 2 weeks prior to the tests, had any respiratory or cactileva
problems, metabolic diseases, neurological conditions, or if they were injured amyhad
conditions that limited mobility. On the test day, participants wereuictstd to come to

the laboratory in a rested state, having abstained from high-intensity exeitbisethe
previous 24 hours, and from food, alcohol, sports drinks or caffeine intake for the
preceding three hours. The study was approved by the University Ethics Committee
(Reference Number: Propl7_2013_14) and all participants provided written informed

consent.

7.3.2 Experimental design

Due to the limited time available for the assessments (the @&&hswas only loaned
for a 2-weeks period) the study protocol used in Chapter 6 had to be modified in order to

make its application feasible. Specifically, (1) participants did not hgwes-screening
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visit, rather egative resuton a previou€VH test undertakerwithin onemonth was
accepted as prod of airway health (2) Participantsdid not perform a standardised
incremental exercise testdeterminePAP. hsteagda power outputeachedat an RPEL7

level was assumed complywith 70% of PAP.

Participantsattended théaboratoryon a single oasion during which theycompleted

the NQ, andperformed baseline spirometric measurements Hhdhinutes cycling
challenges at an RPE of 17. Both tests were performed in two different shouldenposit
in a randomised order. Prior to starting the, teatticipants were given information on
using the Borg 6 20 RPE scale. An overview of the experimental design is provided in

Figure 7.1.

Figure 7.1 Overview of the experimental design

7.3.3Study measurements

7.3.3.10ptodectronic gethysmographyOEP)

Ten IR cameras (Qualysis AB, Sweeden) were set up in a circular patter86dve
degrees, between 1 - 3 m from the participant (Figure 7.2) to capture the brea#itet rel

chest wall motion during exercise (Massaroni et al., 2015, Cala et al., 1996).
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Figure 7.2Camera set up in the test laboratory

Using anatomical reference poirdsefined preiously by Aliverti & Pedotti(2002) 90
passive IRrefledive markers with diameters ofd@hd 9 millimetresvere placed on the
chest, abdomen and badikhe markers were placemh a grid on the skifFigure 7.3)

usingbi-adhesive hypoallergenic tagaliverti & Pedotti,2014)

Figure 7.3Reflective markers placement on the torso

The grid consi®dof seven horizontal rows between the clavicles and the anterior superior
iliac crest with additional bilateral columns in the raixillary line to crete the anterior

view. The rib caggRC) wasseparated from the abdomékB) by the line of markers
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placed on the lower edge of the chest. Seven posterior horizontal rows (betweeh C7 a

the posterior axillary lines) contribut¢o the coverage of the da@_ayton, 2013)

The RC was subdivided into two main compartments, namely ghhénonary rib cage
(RCp ard the abdominal rib cagdRC3g, by the transverse section at tlewdl of the
xiphoid. RCp extendefitom the clavicles to thine of markers spreading trarssgely at
the level of the xiplsternum, while RCa extded from this line to the lower costal
margin. The AB division coveredhe caudal parts of the frontal torso, from the lower

costal margin to the level oféhanteriorsuperior iliac crestLayton, 2013)

Once the markerswere positioned, theparticipant wasseated on armpright cycle
ergometer(Lode - Corival, Groningen, The Netherland$hrms were positioned on
supports 890 degreeto the torso in the scapular plane in order to minemupper body
motion that could interfere with OEP data acquisition, and to maintainab®alegrees
of hip flexion. ThelR camerasverepositioned to ensure that all markersrev@isible by
at least two infrared cameras, so the markersO-dimeasional position and
displacementould bereconstructed for thoraeambdominal volume calculatior{igure

7.4).
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Figure 7.4Three-dimensional markers placement
Panel A shows the mikars placement on the front and Panel B shows tir&ens placement
on the back of the torso
OEP breathingassessmentsere performed ancespiratory parameters were measured
during forced expiratory manoeuvrassing a spirometer (Figure AY and a flow
measuringBbB analy®r (Metalyzer© 3B,Cortex Biophysik GmbHGermany)(Figure

7.9B) andin the kst 30 seconds of minutes 5, 7 and 10 of thenitiites cycling test at

RPE 17 (Figure 7.5B).



Figure 7.5Study set up
Panel A shows the participant dudrsimultaneous spirometry measurements and Panel B
shows the patrticipant during simalieous breatiby-breath analysis

7.3.3.2Spirometry

Using a digital spirometer (SpitdSB™ and MicroLaB", CareFusion, Germany 234
GmbH), participants completed a minimum of three forced maximal flow-volume
manoeuvres (Miller et al., 2005). For each maximal flow-volume manoeuvre, the
following measurements were recorded in accordance to ATS/ERS 2005 Guidelines

(Miller et al., 2005) FEV; and FVC.

7.3.3.3 Compartmental measurements

The following indexes were used to evaluate the relationship between therdiffe

compartments of the torso: pulmonary rib cage and the abdominal rib cage (RCp/RCa),
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the abdominal rib cage and the abdominal division (RCa/AB), the pulmonary rib cage and
the abdominal division (RCp/ABAliverti et al., 2004, Kenyon et al., 1993jlvatti et
al., 2012) A new index to measure distortions between the rib cage and the abdominal

division (RC/AB)was also used

7.3.34 Exercise test at RPE 17

Participants performed two aerobic exercise tests on a cycle ergometer (Codeal,
Groningen, The Netherlands). Participants were tested in two conditionsigcwith
relaxed shoulders (C1; normal position) and cycling with lifted shoulders (C2; hunched

position). The order of the cycling conditions was randomised.

The test started with 2minutes warm up exercise at 50 W. During the first of the two
cycling trials, the power output displayed on the screen of the exercise &skenly
visible for the research team and participants were asked to choosestlamceslinded.
After the warm-up, participants (without being able to see the display sarektherefore
having relied solely on their perception of effort) were instructed to incrbaggotver
output to a resistance that equals to OSomewhat hardO exercise EE)(RMRis stage
lasted for 2 minutes, after which participants were asked to increapewlee so they
reached an exercise level of OHard, HeavyO (RPE 15). They were instructéel 20 cyc
minutes at this level, before they increased the power output again torya HaveO
exercise level (RPE 17). When patrticipants reached this stage, they weretedsto
cycle for 10 minutes at their previously set power output. The test endedithrautes
recovery period. For the second cycling trial, the power outputs chosen by the pasticipant

in the first trial were used. Participants were instructed to maithi@inpreferred cadence
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(60 - 90 RRV) throughout the tesPhysiological markers of respiratory function were
assessed throughout the test by usMgtalyzer© 3B (Cortex Biophysik GmbH,
Germany)BbB analyserTaking smultaneous measurememias very muclchallenging.

It required asistance: one person to operate the OEP system and another to run the CPET
test, adjust the power output and enstirat markerswere in place throughout the
assessmenhlso, prompt timingwas crucialjn order to be able to sync the CPET data
with the OEP outputthe exact same time periods hadbe recorded on both devices.
Thus it was not feasible to takany further measurementsr collect any additional

information (e.g. BorgCR10 scoresjluring the cycling trials.

An overview of the experimental protoadl Visit 3 and 4 is provided in Figure 7.6

2-min 2-min 5 min
Warmup |5 | Pedaling | 5> | Pedaling | &> |:> Recovery
at 50w (RPE 13) (RPE 15)

Figure 7.6 Overview of the experimental protocol C1 & C2 conditions)

7.3.4 Satistical Analysis

Data was assessed foormal distribution and sphericity of data were checkad
parametric or nojparametric tests applied thereafter, as approprigtte dependent
variables analysed werét) Spirometer: FEY, FVC; (2) BbB analyser VT, BF, \lg,
TiTo, VO,, VCO,, RERand (3) OEP: RCRCp, RCaandAB. Paired ttests were used to
assess differences of the variables between condisteusstical analysis was performed

using statistical package for social scien¢ésrsion 22 for MacOS X SPSS Inc.,
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Chicago, IL, USA).Normally distributed datavere expressed asean+ SD unless

otherwise stated. The results were considered significarit @.95.

7.4 Results

7.4.1Participant characteristics

Fifteen male participants (N = 13 Casiamns) completed the study. Participant

characteristics are presented in Table 7.1.

Table 7.1 Participant characteristics

Parameter N = 15 mean + SD
Age (yr) 30£7
Height (cm) 1785+ 5.8
Weight (kg) 73.0+75

7.4.2 Lung volumes and compartmental contributions during forced expiratory

manoeuvres

Mean FVC values showed a difference between the normal (C1l) and hunched (C2)
shoulder positions with higher values in C1 (5¢38.69 L vs. 5.22 0.69 L; p = 0.03).
During the forced expiratory manoeuvres, RC and AB contributions differed between
conditions; RC showed lower values (66:224.48 % vs. 63.8% 8.01 %; p = 0.01) and

AB showed higher values (33.267.48 % vs. 36.1% 8.01 %; p = 0.01) in C2 when

compared to C1 (Table 7.2). When RC compartments were examined separately, RCp
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contributions differed between conditions and showed lower values in C2 ¢2.26

% vs. 39.75 7.94 %; p=0.01) (Tabler.2).

Mean FEV values did not differ between conditions, however RC contribution was lowe
(65.76x 9.77 % vs. 62.1% 11.18 %; p< 0.001) and AB contribution higher (34.23

9.77 % vs. 37.8% 11.18 %; p< 0.001) in C2 (Tabl&.3). When RC compartmentgere
examinedseparately, we found that RCp contributions differed between conditions and

showed lower values in C2 (41.%MP.32 % vs38.85 + 10.66 %; p = 0.04) (Table .2

Table 7.2 FVC and FEV values and related compartmental contributions
(meanz SD) during the forced expiratory manoeuvresn C1 and C2

Normal position (C1) Hunched postion (C2)

FVC (L) 5.35+ 0.69 5.22 + 0.69
OEP Contributions
RC (%) 66.2 + 7.5 63.9+8.0
RCp (%) 422+ 7.6 39.8+7.9
RCa (%) 240+41 24.1+5.1
AB (%) 33.8+7.5 36.1+8.0
FEV:1 (L) 4.36 £ 0.65 435+0.71
OEP Contributions
RC (%) 65.8 + 9.8 62.2+11.2
RCp (%) 41.2 +9.3 38.8 +10.7
RCa (%) 246+ 4.6 23.3+5.3
AB (%) 34.2+9.8 37.8+11.9

2 Different from OC20 (p0.05)
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7.4.3Lung volumes and compartmental contributions during exercise

VE and BRncreased in a similar pattern over time in both conditwaitisslightly higher
values in CqTable7.3). When the two conditions were compared, VT was lower in C2
at the measured time points, however the difference was only signifidast(2t80 *
0.65Lvs. 2.68 £0.58 L; p=0.01, in C1 and C2 respectively). Shoulder positioning had

no effects on gas exchange parameters (Table 7.3).
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Table 7.3Physiological paraneters (mean+ SD) during the 10minute cycling test (at minutess, 7 & 10) in C1 and C2

Normal position (C1)

Hunched position (C2)

Response minute 5 minute 7 minute 10 minute 5 minute 7 minute 10
variables (E5) (E7) (E10) (E5) (E7) (E10)

VT (L) 2.8+0.72 2.7+0.7 2.7+0.6 2.7+0.6 2.6+0.6 2.6+0.6

BF (/min) 33+8 37+9 39+9 35+8 39+9 42 + 10

Ve (L/min) 89.4+17.9 96.9 + 19.6 100.3 + 23.2 91.7+20.2 98.9+205 103.8 + 24.9
TiTo (%) 49+ 5 48+ 3 49+ 3 49+ 3 49+ 3 49+ 3

VO, (L/min) 2.8+04 29+04 3.0£0.5 2.9+0.5 3.0+£0.5 3.0+£0.5
\VCO; (L/min) 3.0+£0.5 3.1+0.5 3.1+0.5 3.0+£0.5 3.1+0.5 3.1+0.5
RER 1.05+0.05 1.04 = 0.05 1.03+0.04 1.04 + 0.05 1.03+0.04 1.02 +0.05

@ Different from OC20 at corresponding time poinit (p05)
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RC contribution was decreased and AB contribution was increased in C2 throughout the
test, although significant difference between the two conditions were obsatyed E5

with RC vdues of 59.06 + 10.01 % vs. 57.23 = 9.38 %; p = 0i01C1 and C2
respectivelyand AB values values of 41.56 + 10.32 % vs. 43.24 + 9.33 %; p =i0.01;

C1 and C2 respectivelfable7.4). At this time point, both RCp (39.90 + 8.59 % vs.
36.64 + 8.36 %; g 0.001,in C1 and C2 respectivglgnd RCa (19.16 + 3.21 % vs. 20.59

*+ 3.37 %; p = 0.0d4n C1 and C2 respectiveldliffered significantly between conditions

with RCp contributing less to the RC in C2 (Table 7.4).

At E7, both RCp (39.90 + 8.59 % vs. 36.6 8.36 %; p < 0.001lin C1 and C2
respectively and RCa (19.16 £.31 % vs. 20.5% 3.37 %; p= 0.02,in C1 and C2
respectively differed significantly between conditions, however this difference did not

affect their contribution to the RC in either G1GR (Table7 4).
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Table 74 Compartmental contributions (mean* SD) during the 18minute cycling test (atminutes 5, 7 & 10) in C1 and C2

Normal position (C1)

Hunched position (C2)

minute 5 minute 7 minute 10 minute 5 minute 7 minute 10
(E5) (E7) (E10) (E5) (E7) (E10)
Compartments
RC (%) 59.06 + 10.01 57.38+£9.92 60.58 + 8.92 57.23+9.38 57.31+£9.70 57.97 £ 10.29
RCp (%) 39.90 + 8.59 38.99 + 8.24 40.83 + 8.18 36.64 + 8.36 37.08+7.71 37.14+ 8.6
RCa (%) 19.16 + 3.2F 18.89 + 3.36 19.76 + 3.11 20.59 + 3.37 20.24 £ 3.75 20.83+4.31
AB (%) 41.56 + 10.32 42.69 + 9.90 40.06 + 8.99 43.24 + 9.33 43.73 + 10.60 4254 + 10.44
Indexes
RCp/RCa 2.11 + 0.44 2.10 + 0.46' 2.10 +0.49 1.82 +0.49 1.87 £ 0.43 1.83+0.48
RCa/AB 0.50+0.17 0.47 + 0.16 0.52 +0.16 0.50+0.16 0.50+0.19 0.53+0.21
RCp/AB 21.21 + 8.96 21.83 + 8.60 20.79+£9.44 26.50 + 13.11 25.25+11.62 25.38+12.40
RC/AB 1.56 + 0.61 1.46 £ 0.54 1.65+ 0.57 1.42 £ 0.52 1.43 +£0.56 1.38+0.69

@ Different from OC20 at corresponding time poinit (p05)
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7.5Discussion

The results of this study suggest that there is a difference in meas\s@isoaietric
indicesand compartmental contributiorsetween the two shoulder positions with a
significant decrease FVC andRB motionwhen subjects hunahg their shoulders his
phenomenon was seen not only during maximal lung funcgsessmentbut also

captured during exercise.

The reduced vital capacity measured in hunched position indicates tha¢satnizy
achieve larger lung volumes during expirg manoeuvres when in normal body position
with straight back and relaxed shouldériseseresults are in line with previous research
of Chang et al(2005) who demonstrated that an increase in energy expeaditia to
hypertonic respiratory muscles may reduce ventilatory capacities. Our finding ofdeduce
lung volumes iglsoin agreement with literature where McKeough e{2003)reported

that arm movements could eéltlung volumes; they suggested that arm position may

changeRB expansion and affect respiration.

Forward shouldeposition (FSP)s described as abduction and elevation of the scapula
and a forward position of the shoulder, giving aexhin appearancef the chest
(Savadatti & Gaude, 2011)t can result from shoulder being pulled forward by
overdeveloped, shortened and tighspiratory muscles such as the serratus anterior,
pectoralis minor and intercostate other shoulder girdle muscles, such as pectoralis
major and upper trapezius musc(&avadatti & Gaude, 2011Qur findings also support

the results of the studies comtied by Ghanbari et a)2008)and Savadatti et 2011)

who found there was a significant correlation between FSP and respiratory values;

respiratory parameters dee with increasing FSP degré@hanbari et al., 2008T hey
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suggested that FSP may decrease tparssion of thdRC during inspirationGhanbari
et al., 2008) increase the energy expenditure and the imalof the diaplhagm to
descendSavadatti & Gaude, 201and reduce the compliance of the respiratory system

(Ghanbari et al., 2008)

Haas et al(1982) and Appel et al(1986) reported that altering the orientation of
accessory muscles of respiration (as seen in FSP) has marked effectoper#tiag
length and function of the diaphrag@ur results differ from thse findings in thaRCa

did not change by the altered shoulder position, suggesting that either the diapbragmat
region was not affected by the change in upper body posture in our experimental set up
or the upright cycling position with arnpesitioned a supports at 90j to the torsught

have placed the participants in such ateredbody position that the difference in
compartmental contributions could not be detected betviermaDand hunched
conditions. Diaphragm electromyogram (EMGdi) is a vdilea technique for the
recording of electricactivity of the diaphragr(Estrada et al., 2016} he analysis of the
EMGdi signal amplitude is an alternative approach for the indirect quatdtficaf
neural respirmry drive which reflects the loadn the respiratory muscléSstrada et al.,
2016) Using this method during the exercise tests in order to confirm diaphragmatic

activity would have been beneficial and recommeride future studies.

In this study,ventilationincreased in a similar pattern over time in both conditidhg
ventilation in hunched position was achieved at a slightly redu@ednd a higheBF
without any alterations in gas exchange parametersrBlaghing motion in C2 is similar
to that assessed in restrictive lung disease, where due to the redupkdramnthe work

of breathing increases and individuals have to work harder to ventiéatenggBrown
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et al., 2006)

RC and AB contributions were significantly different in hunched position at the first
assessed time point (E5), but not at later stages of the test. When RButontwas
divided into RCp and RCa, boffarametersliffered significanty between conditions,
however RCp contributed less to the toR(C volume in hunched position. This
phenomenon may be explained by previous woikiadt al. (2013)who reported that in
altered body posture, thespiratory and expiratofRC muscles have greater activation
whencomparedo the diaphragnfllli et al., 2013) At E7, both RCp and RCa differed
significantly between conditions, however this difference did netatheir contribution

to the totalRC volume in neither of the cycling trials. No further differences were
observed between conditions dgithe test, whichmight be due tothe limitations

described irv.6.

Although results were nabnclusive the pecentage contributions and the coordination
between compartments during breathamg assumed to lmdinically and diagnostically
relevant inDB, especially when the focus of interest is the optimisation of breathing
mechanicsn order to resolve symptoms is important to highlight, thagach individual
possesses their own afacteristic breathing patterthereforewhen DB is suspected,
assessment should be cadriout on a casiey-case basisnd treatment should aim to

achieve breathingatternthat isoptimalfor thegiven individual
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7.6 Limitations

Although OEP provides important physiological information regarding chest wall motion
and therefore it is the most promising approach in the assessment of D&;hihigjuie

has a number of limitationq1l) Marker placements extremely time consuming,
especially inindividuals, in which landmarks are difficult to identify(2) Although
markers are attached to the skising btadhesive tapedue to the extensive motion
(especially at high intensitieahd a consequent sweating during exercise, madftss

fall off and aredifficult to be physically replaced3) In our setupin order to acquire
optimal data with all markers visible for the duration of the test, paaiits were required

to sit compléely upright with arms in the scapular plane. Most participants found this
position unnatural and difficult to maintain during prolonged, high intensity exefsse.

a consequenceyitical markers were blocked from camera view, resulting in data that
wasunable to be reconstructed and requiringual markers to be usedhi unnatural
position did not represent normal breathing, hence the difference between C1 and C2 may

have been greater had we been able to allow the arms to move their natural way.

7.7 Conclusions

These findings suggest thraspiratory excursion and lung volume compartmentalisation
are affected by the position of the shoulders. Specifically, a hunched ashoodition
leads to increased abdominal motion to vital capacity and dedrkasy volumes. OEP
despite of its limitationgnay be a useful tool to detesdtered parameters associated with

development of exertional dyspnoea and-sptimal breathing mechanics.
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Chapter 8. General Discussion
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8.1 General Discussion

It is clea that the findings from this thesis contribute to the limited availalgleture
surrounding DB and highlight particular areas that warrant further research. Spgcificall
the main results of this thesis were threefold: (1) Chapter 4 demonstrateyl Faghe
prevalence (68%) of airway hypegactivity in elite level swimmers and revealed that
high proportion of athletes experiences exerskeice respiratory symptoms in the lack
of objective evidence of airway dysfuncti¢@) Chapter 5 showed tha&ttNQ,which at
present ishe most commonly applied diagnostic method for B a low sensitivity in
predicting a positive EVH challenge and differentiating EIB from DB in athl¢8)s
Chapter 6 and 7 suggested that cycling for a prolonged periodhatnbémsities with
hunched shoulders does not result in significant changes in physiological markers of
respiratory function, but triggers increased abdominal contribution to vital capadity a

a subsequent increase in perception of breathing sensation.

Athletes are pé#cularly liable to injuries to the airway epithelium when they are
requested to sustain high level exercise, with consequent high ventilatiomdjema
especially when additionally exposed to unfavourable environmental conditions (i.e. cold
dry air or chlorinatedndoor pools)Carlsen et al., 2008, Weiler et al., 2007, Moreira et
al., 2011, Fitch, 2012, Dickinsaat al., 2005)The findings from Chapter 4 support this
notion, confirming the highest prevalence (68%) of airway dysfunction reported in elite
swimmers. In contrast, in elite boxers, who are not exposed to the environnrestl s

of the pool environmerthigh concentrations of inhaled surface irritants such as chlorine
gasderivatives) the prevalence of airway dysfunction was found to be nine fold lower

(8%). It is important to note, that our cohort may have had greater exposure to triggers,
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as they wex part of an elite squad, in contrast to other stu@#essons et al., 2007,
Molphy et al., 2014, Mannix et al., 200dhat have only tested wellained and/or sub

elite athktes. It is also possible that some athletes, with a positivetesttldn the day of
testing, could have a negative EVH result on a subsequent or second test. This
acknowledged, the majority of the athletes tested positive had a f&IMn>15% (N =

24; 73%) and in prior studies, test repeatability is improved in those wih af this

severity or abovéPrice et al., 2015)

Itis claimed that dyspnoea is a prominent and disabling clinical chasdictof execise
induced airways dysfunction, such as Efarsons et al., 2011Although it can be
diagnosed and managed effectively, the care that athletes suffering from thtgonondi
receive is often suboptimal. lhis respect, it is apparent that the diagnosis of EIB is often
made without objective evidence and in order to improve symptoms, athletelsemay
advised to reduce exercise intensity. At elite levels, this can resuithdrawing from

competitive eventsral ultimately ending oneOs sports career.

Research in the past 20 years has highlighted an important, yet often overlookbdtfact,
there exists a weak association between the presence of conventio@gta@aniric
symptoms (e.g. cough, wheeze and dyspnoea) and objective test confirmation of EIB
(Rundell et al., 2001, Ansley et al., 2012, Nielsen et al., 2013). This poor relatibaship
been reinforced by the results of Chapter 4, that demonstrated a high prevalence of
athletes, who reported respiratory complaints, despite having been tested reygtise

EVH challenge. The fact, that half of these symptomatic EVH negatiVetes had a
previous diagnosis of asthma/EIB and were using one or a combination of short-acting

I »-agonists, long-acting inhaléd-agonists and inhaled corticosteroids, highlights an
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important problem that health professionals, who encounter athletes with unekplaine
respiratory symptoms or synaphs that are OrefractoryO to treatment, face with and warns
about the OdangerO of using solely a syrmsed method for diagnosihe reason for
this discrepancy has not yet been fully understood, but may relate to conditionsnittat

EIB and not inevitably caused by underlying pathology.

Identifying the cause of the perceived symptoms and distinguishing them from those
originating from organic respiratory problems require careful evaluation, however, to
date there exists no clear consensus on a gold standard assessmekihdf thi€hapter

5, when evaluating the diagnostic performance of the NQ in distinguishing DB from EIB,
selfreported symptoms on the NQ demonstrated only modest value in predicting clinical
diagnosis. Three quarters of those athletes who scored under the cut-off value Qn the N
tested positive on the EVH challenge. One explanation for this might bapaired
symptom recognition including faulty perception of dyspnoea in elite athletesijatiypec

in swimmers, who reportedly consider their exercise-induced symptoms as a normal
effect of high-intensity training and consequently fail to report them (Turcot,et
2003). Additionally, symptoms such as cough, wheeze and chest tightness maytmanifes
in relation to cold air inhalation or only in provocative environments (e.g. chlorine
exposure in swimming pools). Nearly half of all NQ positive individuals had &iyosi
result on the EVH challenge, all of whom were elite athletes. In contiage of the NQ
positive recreational athletes tested positive on the EVH challemgggesting that to a
certain extent, NQ may have a greater potential in differentiating EIB fromnDB

recreational athletes than in high level sports.
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Although many bthe studies assessing the epidemiology of DB use the NQ as a method
of diagnosis, the questionnaire in its current form is Oneither disease or populati
specificO. The analysis in Chapter 5reagaled a novel pattern of principal components
both in tems of dimensional structure and items loading in physically active adotsesce
and suggestedthe possibility of removing five of the original questions from the
questionnaire. In order to make the NQ specific to exercise and presumably more
sensitive in dentifying DB in athletes, a new questionnaire should be developed based
on the previously described shortened version of the NQ and with the addition of

questions related to psychosocial characteristics and sport specifictoeg@yanptoms.

In orderfor a questionnaire to become clinically useful, it is important to adsaté¢hie
instrument consistently measures what it purports to measure, when properly
administered(Del Greco et al., 1987When the focus ofnterest is in determining
whether the scores satisfy a diagnosis, the questionnaire has to bechagassst a well
established existing standard, a specific diagnostic criterion (e.g. objedtlence of a
condition). In this context, to ensure tlatewly developed symptoms questionnaire has
the ability to predict DB in athletes, it should be stack up against anogteiment or
predictor. However, due to the lack of gold standard diagnostic tool for the idertificat
of DB, a validation proceda of this kind is currently not possible. These findings suggest
that, instead of symptom recogniti@ssessments should initially focus on the evaluation
of the physiological and biomechanical characteristics of DB and the sktablit of a

gold standed diagnostic method.

As highlighted in previous chapters, a high proportion of young athletes present with a

breathing abnormality, which does not sit within the traditional clinicajrehais and
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cannot be defined through the standard assessment melthodcent years, it has been
proposed that certain triggers (e.g. high intensity aerobic exercise) can attatsition
from a sporadic, altered breathing pattern, to a sustained disordered breathing, causing

symptoms that are similar to those seekIB, but not linked to underlying pathology.

It has been previously suggesi&hvid et al., 2012jhat stability of the body may be
compromised in situations, in which respiratory demand increases and reqluregary
control David et al.(2012)claimed that a functional link may exist between ventilation
and posture control centres. They reported that an increase in tidal volume &mddprea
frequency during hyperwlation, is much more likely to change mass repartition of the
trunk and to disturb posture. Although these findings suggest that voluntarily
hyperventilation induces a wide range of posturographic perturbations, it is not known
what happens to the resgiory parameters when an altered breathing pattern is
maintained for a longer period of timéhus Chapter 6 aimed to establish whether an
alteration in body positiang profoundly influences breathing function and respiratory

effort, when ventilatory ragrements are increased.

The results of Chapter 6 demonstrated that body posture during cycling at high intensity
levels for a set period of time, has no significant effect on physiological maoke
respiratory function, however it may lead to an inseeh perception of breathing
sensation, such as dyspnoea. The intensified awareness of breathing deteiststlity

in the lack of physiological disturbancasay be indicative of suboptimal function
elsewhere than in the respiratory tract and may vext eepresnt pathological condition
(Johansson et al., 201%)efficient breathing pattern with increased workloads, reduced

mechanical advantage and increased ventilatory requirements may occur dueyés cha
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in the optimal motor control of the respiratory musdl@Donnell et al.,, 2017)but
detecting these alterations usingdith by breath gas analysis technigugs proven not

to befeasibleand suggested thassassing the movement pattern changes related to body
posture during exercise by using lung volume compartmentalisation techniques may be a

better way to detect DB.

Until recently the movement of the chest and abdomen during exercise has mot bee
consideredn either the understanding of optimal breathing pattern or in relation to
exerci® respiratory diseas€blull et al., 2009, Massaroni et al., 201A&)though both
noncontact(Levai et al., 2012and contac(Jensen et al., 2014yeath measurement
methods have been utilised in recent years, they have limitations, suefuasng
individuals to remain very still ding the measurements, which make their application in
exercise challenging. In the last decade, OEP has taken the leadse tifenvestigating
chest wall kinematics and volume changes in the tlemapartments of the torso
(Massaroni et al., 201.7This technique allows the study of both breathing volumes and
biomechanical indexes for a better comprehension of the work of breathing without

interferences usminvasive instrumentatiofMassaroni et al., 2017)

Chapter 7 demonstrated that spirometric indices and compartmental contribufems di
when body position is altered; a significant decrease in FVC and rib cage meats
observed when participants hunched theirusders during the assessment. This
phenomenon was seen not only during the maximal lung function tests but also captured
during exercise. Furthermore, a significant difference in rib cage and abdominal
contributions was detected when shoulders were hurdtvady cycling. Illi et al(2013)

previously reported that in altered body posture, the inspiratory and expiratory rib cage



muscles have greater activation when compared to the diaphragm. This phenongnon wa
suppated by our findings at the beginning of the assessment. When rib cage contribution
was divided into two compartments (pulmonary and abdominal rib cage), we found that
they both changed significantly with the alteration of body position, with the pulmonary
rib cage contributing less to the total rib cage volume in hunched positiofatat atage,

the motion of both rib cage compartments differed significantly between conditions,
however this difference did not affect their contribution to the totalage c/olume in
neither of the cycling trials. These findings suggest thspiratory excursion and lung
volume compartmentalisation are affected by the position of the shoulders. igcifi

a hunched shoulder position leads to increased abdominal niotistal capacity and
decreased lung volumes. Although OEP provides important information regarding chest
wall motion and therefore it is the most promising approach in the assesgrbd, the
techngue has a number of limitations, which must be resbbreat least reduced prior

to undertaking further work in this field.

8.2 Future directions

Precise dtection of distortions between compartmental contributions in exercising
individuals may be a key element ihetidentification of DB and could potentlly
contribute towards the establishment of a gold standard diagnostic tbi® condition
Future research may want tonsider the inclusion of additional cameras in order to
assestdividualsin a more natural cycling position and by doing sdltmaathe precise
detection of distortions between compartmental contributions. Additionally, in arder t
support tle easy application of the setapd reduce the processing tinaenew marker

set with lower number of markers would be beneficial to be dpeel
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Once a gold standard diagnostic method is established for theficdiain of DB,
research couldocus on the development of a DB specific symptom recognition
instrument. Thisnew questionnaireshould be designedto have higher accuracy in
identifying symptoms associated with exercise induced breathing impaiemernb be

more suitable for an athletic population

8.3 Conclusions

Athletes who train and compete in provocative environments at a sustained high
ventilation have an increased susdaipty to airway dysfunctionAdditionally, ahigh
proportion of athletesreports exerciseinducel respiratory symptomsn the lack of
objective evidence of airway dysfunctigkithoughNQ is currently the most commbyn
useddiagnostic method for DBt has a low sensitivity in predicting a positive EVH
challenge and differentiating EIB from DB in athlet€ycling with hunched shoulders

at high intensities over a prolonged peridoes not result in significant changes in
physiological markers of respirayofunction, butleadsto altered breathing mechanics
and a consequential increase ingbasation oflyspnoeawithout the presencef cardic
pulmonary diseas@®ue tothe nature of thealterations, it has been concluded, that DB
may be best assessky using lung volume compartmentalisation techniques, such as

OEP.
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