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Abstract
Although oxygen transport (i.e. maximal cardiac output) is the usual determinant of
maximal exercise capacity (i.e. VO2UAX ) in healthy humans, it is not the sole
determinant of exercise performance. Whilst the potential capacity of the respiratory
system has been described as being 'over-built' for exercise, a number of respiratory
system functions have been linked with exercise limitation, in both trained and
untrained individuals. The purpose of this research was to examine the effect exercise
has on the functions of the respiratory system. For reasons which will be outlined
function of the respiratory system can be described, in part, by airflow profile and
breathing pattern. Initially, the tidal airflow profile and breathing pattern, at rest and
during exercise of various intensities was examined; specifically looking at how tidal
breathing variables are altered in response to increased metabolic demands. Initial
findings were that there is vast diversity in the resting tidal breathing profile (« =
148), with significant differences (p<0.05) being observed in a number of variables
between males and females. Onset of exercise alters the majority of tidal airflow
characteristics but the pattern of change is similar in both sexes. Over a range of
exercise intensities the termination of exercise and increased ventilation rates vary, as
does the magnitude of some of the respiratory profile changes, but many of the timing
changes are the same, particularly those of breathing frequency (fe), the ratio between
inspiration and expiration (ti/tToi) and the late occurrence of peak inspiratory flow
(tpir). This consistency of characteristic changes with exercise termination strongly
suggests that they may play an important role in exercise limitation.
Following maximal incremental cycling the majority of tidal breathing characteristics
returned to pre-exercise values within 10 minutes of the end of exercise, including the
rapid shallow breathing observed in a number of subjects, which has been associated
with respiratory muscle fatigue. Subsequent trails showed that both the inspiratory
and expiratory muscle's ability to produce maximum respiratory pressures was
significantly impeded post exercise, probably due to respiratory muscle fatigue. Flow
and volume characteristics of maximum exercise ventilation differed significantly
from those obtained by the maximum voluntary ventilation manoeuvre, highlighting
the inappropriateness of using the MVV as a measure of ventilatory capacity during
exercise. Changes in respiratory system functions are reflected in changes in airflow

profile. This thesis explores the use of profile measurements to detect and measure
factors that limit exercise.
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Common abbreviations
O2 -Oxygen
CO2 - Carbon dioxide
PaO2 - Arterial partial pressure of oxygen
PAO2 - Alveolar partial pressure of oxygen
PaCO2 - Arterial partial pressure of carbon dioxide
VE - Minute Ventilation
VE UAX - Maximum ventilation achieved during exercise
VO2 - Oxygen consumption
VCO2 - Carbon dioxide production
VO2MAX - Maximum oxygen uptake
VO2PEAK - Peak oxygen uptake
fo - Heart rate
VT - Tidal volume
EILV - End inspiratory lung volume
EELV - End expiratory lung volume
fs - Breathing frequency
ti - Inspiratory duration
tg - Expiratory duration
tjoi - Total respiratory cycle duration
ti/tioT - Ratio of inspiratory to total cycle duration, or duty cycle
PIF - Peak inspiratory flow
PEF - Peak expiratory flow
- Time to reach peak inspiratory flow rate
- Time to reach peak expiratory flow rate
- Time to reach peak inspiratory flow rate in relation to total inspiratory duration
E - Time to reach peak expiratory flow rate in relation to total expiratory duration
tpp£F20 - Change in post-peak expiratory flow at time 20%
tppEFgo - Change in post-peak expiratory flow at time 80%
MVV - Maximum voluntary ventilation
- Predicted maximum voluntary ventilation; using FEVi x 40 or 35 (see text)

IV

EFL - Expiratory flow limitation
EIAH - Exercise-induced arterial hypoxeamia
SaO2 - Arterial oxygen saturation
TLC - Total lung capacity
PPI - Peak to peak interval, the interval duration between IPIF and tPEF
MIP - Maximum inspiratory pressure
MEP - Maximum expiratory pressure
VC - Vital capacity
FVC - Forced vital capacity
FEVi - Forced expired volume in one second
PEFR - Peak expiratory flow rate measured via spirometry
IMT - Inspiratory muscle training
EMT - Expiratory muscle training
PLA - Placebo
RM - Respiratory muscles
RMT - Respiratory muscle training
RMF - Respiratory muscle fatigue
HG - Handgrip strength
O2 transport - the product of cardiac output, haemoglobin and arterial O2 saturation.
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Chapter 1
1.1 Study Aims and Overview
Properties of the heart and muscles rather than those of the lungs and blood are
predominantly responsible for exercise limitation and for differences in exercise
capacity between individuals. The structural capacity of the normal healthy lung is
considered to be somewhat 'overbuilt' and exceeds the demands for gas exchange in
healthy exercising humans. However, in some instances the respiratory system has
been shown to limit exercise performance, with gas exchange, lung mechanics, and
the respiratory muscles being linked to exercise limitation. The cause of such
limitations has been attributed to the fact that every component of the O2 transport
and metabolic system apart from the lungs, adapts to training, resulting in a
respiratory system that becomes more 'underbuilt' as the level of fitness increases.
Respiratory system performance has been measured by many means (FEVi, MW,
inspiratory and expiratory pressures).We (Kift and Williams 2007) and others (Clark
et al 1983; Folinsbee et al 1983; Scheurmann and Kowalchuk 1999; Yamashiro and
Grodins 1973) have described breathing in terms of duration of inspiration and
expiration, tidal volume, and in more detail as flow profiles during the phases of
breathing. I believe that these profiles contain unique and important information about
the properties of the respiratory system and its control (Kift and Williams 2007).
The focus of this research was to look at the effect exercise has on the respiratory
system. Specifically, to examine changes in the breathing pattern, not only in terms of
the commonly examined components of the respiratory cycle such as VT, fs and ti and
t£ but also in terms of time and flow domain parameters, in response to exercise. I
examined how the tidal airflow profile changed with increasing metabolic demands,
and determine whether these changes contributed to exercise intolerance in healthy
active adults.
Chapter 1 reviews resting breathing patterns, how breathing is regulated and describes
the muscles of respiration.

Chapter 2 reviews the ventilatory response to exercise and discusses the physiological
implications of exercise on the respiratory system.
Chapter 3 describes the relationship between anthropometric characteristics,
spirometric indices of lung function and the resting tidal airflow profile in healthy
adults. The lung function and resting tidal airflow profile characteristics of the healthy
adults are compared with those of patients with cystic fibrosis (CF) and chronic
obstructive pulmonary disease (COPD). The sample described 148 healthy adults, 25
patients with CF and 14 patients with COPD. The study cohort was representative of
the subject's tested throughout this thesis, and served as a baseline measure of the
tidal airflow profile at rest.
Chapter 4 describes how the breathing pattern adapts to an increase in metabolic
demand in young adults; specifically looking at the response of the tidal airflow
profile at the transition between rest and steady state exercise. This study served to
establish whether the tidal airflow profile changes with exercise.
Chapter 5 descibes how flow, volume and timing parameters interrelate and change
with maximal exercise; and whether these factors contribute to performance limitation
during exercise to volitional exhaustion in recreationally active adults. Specifically I
wanted to investigate whether specific time and flow domain factors are potentially
exercise limiting during the high ventilation rates achieved during maximal exercise,
and how limitations may differ in the inspiratory and expiratory phase.
Chapter 6 describes a study aimed to determine if the end point of exercise, at three
different intensity levels (maximal exercise, and sub-maximal exercise at 75 and 85 %
VO2PEAK ), coincide with the same respiratory timing characteristics. Similarities
between respiratory timing characteristics, such as period, phase and amplitude would
support the hypothesis that the development of a specific profile describes conditions
which terminate exercise.
Chapter 7 describes how the respiratory system recovers from maximal exercise,
exploring how the breathing pattern responds to the termination of maximum

incremental exercise in eleven healthy subjects. Specifically this study looked at the
response of time and flow domain parameters during 30 minutes of seated passive
recovery.
Chapter 8 describes how ventilatory capacity, measured by maximum voluntary
ventilation (MVV) manoeuvres with different postures and durations, is utilised
during maximal exercise in healthy untrained individuals.
Chapter 9 describes the effect maximal exercise has on the muscles of respiration,
describing both inspiratory and expiratory muscle strength for 15 minutes after
maximal cycling exercise in an attempt to determine whether respiratory muscle
fatigue (RMF) following maximal exercise is limited to the inspiratory muscles.
Chapter 10 describes the effects maximal respiratory muscle training has on
respiratory muscle strength, lung function and exercising heart rate, ratings of
perceived exertion and the tidal breathing profile.
Chapter 11 summarises the research findings established throughout this thesis, and
considers the implications that changes in respiratory system characteristics have on
exercise performance and its termination.

1.2 Introduction
Ventilation, VE in the context of this thesis means breathing. The homeostatic purpose
of breathing is to exchange O2 and CO2 between lung and environmental air,
regulating alveolar VE appropriatly (Feldman and Smith 1995). VE is dependent on
the lungs and the activity of the muscles of respiration, mainly the diaphragm and
several intercostal muscles, and is controlled by a sensitive feed-forward/feedback
control system. Ventilation of the lungs brings about the elimination of CO2 from the
body and addition of O2 to the blood and thereby controls the partial pressures of O2
(PO2 ) and CO2 (PCO2 ) as well as the pH of arterial blood (Bayliss and Millhorn
1992). Increased demand for O2 delivery and CO2 removal, such as during exercise,

necessitates an increase in the amount of air that must be breathed in and out of the
lungs each minute, i.e. an increase i

The volume of air that is breathed in or out of the lungs each minute (i.e. VE ) is the
product of breathing frequency (number of times you breathe each minute), fB and
tidal volume (the volume of air that moves in and out of the lungs with each breath),
VT. At rest a normal healthy human breathes with an average frequency of 12
breaths.min"1, with each breath being around 0.5 L in volume. Therefore, resting VE
typically averages 6 L.min"1 . During exercise when the demand for O2 delivery and
CO2 elimination is increased VK can increase to over 20 times that at rest in untrained
individuals and by as much as 40 times greater in highly conditioned endurance
athletes.

1.3 Resting Breathing Patterns
Although average VE is typically stated as being ~ 6 L.min"1 (McArdle et al 2006),
resting VF can and does vary enormously (see Chapter 3). Similarly, there is a vast
diversity in breathing pattern, with values of VT ranging between 0.44 L and 1.55 L
(Dejours et al 1961) and fs ranging between 6 and 31 breaths.min"1 (Hutchinson 1850;
Quetelet 1842). Each individual appears to select one particular breathing pattern
among the infinite number of possible combinations of ventilatory variables and
airflow profiles (Benchetrit 2000), and these patterns of breathing (termed a
'ventilatory personality') are reproduced over long periods of time (Shea and Guz
1992).
There are an infinite number of possible combinations of the ventilatory components
and airflow shapes capable of achieving the same VE (Dejours et al 1961). Humans
can voluntarily control VE and can thus decrease fe and take deeper breaths, or vice
versa, to achieve the same total VE . However, involuntary override mechanisms are in
place whereby the respiratory control system balances the depth and frequency of
breathing to find the most efficient breathing pattern (Clark and Von Euler 1972; Hey
et al 1966; Mead 1960; Mcllroy et al 1954; Otis et al 1950; Vidruk and Dempsey

1980); with the system choosing the breathing pattern which minimises the work to be
done by the muscles of breathing (Vidruk and Dempsey 1980). During exercise at low
intensity levels breathing can be conciously controlled but as intensity increases the
involuntary control system dominates control of VE .

Otis et al (1950) showed that for any given VE there is an optimal fB and that if a
frequency greater or less than this is adopted (with corresponding changes in VT to
maintain VE ) the work of ventilating the lungs is greater. The naturally selected
combination of fB and VT, to attain a given VE , requires the least amount of energy;
any alteration in the pattern of breathing i.e. an increase in either fB or VT with a
concomitant decrease in the other to attain the same level of VK , results in an increase
in the energy cost of breathing (Mcllroy et al 1954). Mead (1960) suggested depth
and frequency are adjusted to keep the average force of the respiratory muscles
minimal, rather than limiting the work performed on the lungs. The results of Clark
and Von Euler (1972) indicate that the depth and rate of breathing are linked in a
definite way, and suggest the possibility that such optimisations may be laid down in
the neural system characteristics. Thus, the respiratory control system generally
governs the depth and rate of breathing to obtain a highly efficient breathing pattern.
This efficiency in selecting the breathing pattern is an automatic process, governed by
the respiratory control system. Hence, breathing is a spontaneous process which we
don't think about; when an individual thinks about breathing the pattern changes,
which makes its investigation difficult.
Measures of fB or VT alone conveys little meaningful physiological information, they
provide only partial insight into the underlying mechanisms of respiratory control
(Wientjes 1992; Wientjes et al 1998). Subsequently, measurements of VT and
durations of the inspiratory (ti) and expiratory (tE) phases of the ventilatory cycle
correspond to variables that can be used to characterise the neural regulation of
respiration (Caretti et al 1992). Two such indexes are the ratios of VT/ti and ti/tTOT,
which serve as indices of central inspiratory drive and respiratory timing, respectively
(Milic-Emili and Grunstein 1976). VT/ti represents the filling rate of the lungs with air
(sometimes called inspiratory flow rate), and ti/tToT (termed duty cycle) represents the
fraction of the respiratory cycle which is energetically active (i.e. actively involved in

inspiration) (Wientjes et al 1998) and has been described as the switch-off component
of VE (Lucia et al 1999). Research suggests that VT/ti and tj/tToT provide useful
approximations of the activity of particular control processes in the brainstem
respiratory centres (Bradley 1977; Von Euler 1977; Gautier 1980), and are widely
used because of their supposed physiological significance and relevance (Benchetrit
2000).
At rest the breathing pattern is a result of the complex interaction between matching
for metabolic requirements and the non homeostatic demands (Masaoka and Homma
1997). Breathing depth and frequency are adjusted in response to metabolic needs by
the respiratory control system. The primary control of resting breathing aims to
prevent reduction of VT below the level dictated by the prevailing chemical drive,
presumably to sustain metabolic requirements of the body. Respiratory timing on the
other hand is weakly controlled, which is consistent with the needs for speech and
other non-metabolic functions of breathing (Rafferty and Gardner 1996). At rest the
chemical state of the blood exerts the greatest control of pulmonary ventilation, CO2
partial pressure in arterial plasma providing the most important respiratory stimulus
(McArdle et al 2006).
In the early 1900's Haldane et al (1919) concluded that 'the effect of want of O2 is to
increase the rate of respiration rather than the depth, while CO2 increases the depth
rather than the rate'. The following section looks at how the investigation of how
breathing is regulated in healthy humans has developed since then.

1.4 The Regulation of Breathing
Although breathing is a rhythmic automatic process the respiratory system has no
intrinsic driving system like the heart; it is dependent on external neural drive. Thus,
the respiratory control system provides a periodic drive to the respiratory muscles so
that pulmonary VE is appropriate for the level of VO2 and VCO2 . Three components
make up the respiratory control system which regulates breathing; the control centres,
the sensors and their afferent nerves, and the efferent nerves and effector organsmuscles (Braman 1995). The control centres compare designed operation with how

the sensors indicate the system is actually working and are responsible for the
automatic control of breathing; the sensors and their afferents provide information on
what the system is doing and are responsible for afferent neural signals to the control
centres; and the efferent's and effector organs constitute the respiratory muscles
which carry out respiration i.e. move air in and out of the lungs to control gas
exchange (Braman 1995).
The control centres responsible for breathing are located in several areas of the brain
stem. The system that controls the depth and rate of VE is neural, neurons located
within the medulla oblongata being responsible for the generation of the respiratory
rhythm (Bayliss and Millhorn 1992). Several brainstem regions play a direct role in
the production of respiratory rhythm/pattern (Feldman and Smith 1995). The ventral
respiratory group (VRG), which provides respiratory drive to the muscles of the
respiratory pump, consists of the caudal VRG which contains mostly neurons with
expiratory discharge patterns, providing excitatory drive to motoneurons innervating
expiratory muscles, e.g. internal intercostal and abdominal; and the Rostral VRG
which contains mostly neurons with inspiratory discharge patterns, providing
inspiratory drive to motoneurons innervating inspiratory muscles, e.g. diaphragm and
external intercostal (Feldman and Smith 1995). The Botzinger complex and
preBotzinger complex also play a role (Feldman and Smith 1995). Under normal
eupneic conditions respiratory neurones switch on for approx two seconds and off for
three (Richardson 2003), thus generating a rhythmic pattern whereby expiration is
longer than inspiration.
The respiratory control system is responsible for ensuring that alveolar ventilation is
sufficient for the maintenance of blood gas homeostasis, ensuring VE changes at an
appropriate rate during increased metabolic needs or during exposure to different
environments. Normally, the level of VE is controlled to produce a gradient of 40-50
mmHg in O2 and CO2 between ambient air and alveolar gas; O2 and CO2 alveolar
gas tensions are about 100 and 40 mmHg respectively, compared to ambient tensions
of 150 and 0 mmHg, respectively (Haddad et al 1995). Numerous receptors are
responsible for sending messages to the control centres to maintain this homeostasis,
including chemoreceptors and mechanoreceptors including myelinated slowly

adapting stretch receptors (SARs), myelinated rapidly adapting stretch receptors
(RARs), unmyelinated C-fibre receptors (or J-Receptors), and peripheral receptors.
Specifically, three major receptor systems feed peripheral information to central
respiratory neurons in the process of maintaining homeostasis: the peripheral arterial
chemoreceptors, skeletal muscle and joint receptors, and the receptors distributed
within the lungs and airways (Kubin and Davies 1995).

The initiation and regulation of VE is primarily controlled by chemoreceptors that
sense changes in body fluid composition, e.g.O2 , CO2 and pH (Gonzalez et al 1995).
Chemoreceptors are responsible for ensuring that arterial pressures of O2 and CO2 are
maintained within narrow limits despite large changes in consumption and production
(Richardson 2003). There are two types of chemoreceptors, the peripheral arterial
chemoreceptors and the central chemoreceptors. They respond to chemical changes in
the blood and cerebrospinal fluid (CSF) respectively and send impulses to the control
centres to alter breathing pattern by affecting the respiratory muscles (Braman 1995).
Central chemoreceptors in the central nervous system are responsive to arterial
PaCO2 by way of hydrogen ion concentration in CSF.

Indeed, the single most

important stimulus of VE isPaCO2 , acting on the central chemoreceptors by altering
CSF hydrogen ion concentration. A small rise in arterial CO2 triggers the central
chemoreceptors to increase VE , both the depth and rate of breathing are increased and
the excess CO2 is blown out of the lungs (Richardson 2003). The advantages of this
are that CO2 production is related to VO2 and pH and also PaCO2 is linearly related
to content over the physiological range (Braman 1995). Central chemoreceptors have
widespread brainstem locations, and focal stimulation at any one of these locations
increases whole respiratory control system output, suggesting that central
chemoreceptors are involved in the regulation of regional brainstem pH via a
ventilatory feedback loop (Nattie 1995).
Peripheral arterial chemoreceptors in the aortic arch and the carotid bodies, have
afferent pathways in the glossopharyngeal nerve that synapse in the dorsomedial
medulla in the region of the nucleus of the solitary tract (Feldman and Smith 1995).

They are responsive to PaO2 and PaCO2 and hydrogen ion concentration (i.e. they
detect blood levels of O2 , CO2 and pH). They are predominantly sensitive to arterial
O2 levels and hence, are primarily responsible for the hyperventilation that occurs
during hypoxia. These sensors increase their discharge as O2 levels are decreased,
with steep increases below ~50mmHg; the increased discharge stimulates breathing
(Feldman and Smith 1995). They are also involved in the hyperventilatory response
accompanying respiratory or metabolic acidosis (Gonzalez et al 1995). Although they
respond to falls in PaO2 the response to increased levels of CO2 and hydrogen ion
are approximately linear and are more than additive to the effects of a low
PaO2 (Braman 1995). When O2 levels are low the depth and rate of breathing
increases until O2 levels return to normal (Richardson 2003). However, because of
the shape of the oxyhaemoglobin dissociation curve a substantial fall in PaO2 is
needed before peripheral chemoreceptors are stimulated (Richardson 2003). Thus,
under normal conditions, O2 sensors account for only a small part of the chemical
drive to breathe (Feldman and Smith 1995); it has been estimated that these
chemoreceptors contribute only 10-15% of respiratory drive at resting ^(Braman
1995).
The neural mechanisms that generate the rhythm and pattern of breathing are
modulated by several afferent inputs that integrate to set central respiratory drive.
During eupnea under normoxic conditions, a primary determinant of respiratory drive
is thought to come from the central chemoreceptors, with the peripheral
chemoreceptors also providing a varying amount of chemical drive (Bisgard and
Neubauer 1995). Although peripheral chemoreceptors are the only O2 sensors in the
respiratory control system, their function is to some extent redundant because of the
central chemoreceptors. Central chemoreceptors, stimulated by blood or cerebral
spinal fluid acidity, can alone drive the respiratory rhythm generator (Haddad et al
1995).
Sensory receptors, which are predominantly mechanosensitive, are located in the
airways, lung and respiratory muscles, and have a marked effect on the respiratory
pattern (Braman 1995). Mechanoreceptors in the lungs and airways are critical to

respiratory efficiency, matching respiratory muscle activity to lung mechanics.They
are necessary for detection of circumstances that require special respiratory reflexes,
such as coughing, sneezing, sighing, gasping etc. (Feldman and Smith 1995). The
lungs of mammals contain fast and slowly adapting receptors responsive to wall
tension and other physical phenomena. Proprioceptive information is transmitted over
the vagus and regulates VT by means of its influence on inspiratory time and on fs by
influencing the duration of expiration (Tenney and Leiter 1995).
There are 3 important classes of tracheobronchial receptors with afferent input via the
vagus nerve, including the SARs, RARs and the C-fibre receptors (Braman 1995).
SARS are mechanoreceptors and are activated by increases in lung volume. They are
believed to be situated among the smooth muscle cells in both intrapulmonary and
extrapulmonary airways and adapt very slowly to stretch of the lung (Tenney and
Leiter 1995). SARs in bronchial airways send afferent information to respiratory
centres and help terminate inspiration (the Hering-Breuer response). This HeringBreuer reflex is an inspiratory-stopping reflex which contributes to the timing of
inspiration and expiration and limits VT by terminating diaphragmatic activation
(Tenney and Leiter 1995). It is not considered important at rest in adult humans but it
is important during moderate and strenuous exercise when VT is increased. Inspiratory
termination also affects feRARs (irritant or cough receptors) respond to mechanical and chemical irritation, and
are involved in reflexes causing coughing, sneezing, bronchoconstriction, and
increased airway secretions, and they may also produce hyperpnea (Braman 1995). A
major role of RAR's in the timing of respiration is to terminate expiration (Davies and
Roumy 1982). RARs are thought to be present superficially within the airways
epithelium. Most of the RARs are located at points of branching of the proximal
tracheobronchial tree (Braman 1995). The C-fibre receptors have been called
deflation receptors, J receptors and nociceptive lung receptors. The majority of
afferent fibres emerging from the lungs are unmyelinated C-fibres. There is evidence
that stimulation of C-fibre afferents are involved in certain protective reflexes such as
cough. They also result in certain local reactions via release of their neurotransmitters.
These neuropeptides, which are released from the nerve endings, include calcitonin
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gene related peptide (CGRP). The main effect of CGRP is to increase local blood
flow (Braman 1995).
Pain receptors which affect breathing are found in the muscles and skin, in
proprioceptors in muscles and tendons and joints, and in muscle spindles of the
diaphragm and intercostal muscles. Stimulation of peripheral receptors increases
inspiration. The two main types of peripheral receptors are the muscle spindles and
the tendon organs. Muscle spindles are mechanoreceptors that are sensitive to muscle
stretch and are predominantly found in the intercostal muscles. Tendon organs are
found in the diaphragm as well as in the intercostal muscles and are also
mechanoreceptors that may be involved in the control of breathing during resistive
and elastic loads (Braman 1995).

1.5 Muscles of Respiration
Breathing involves the coordinated performance of several respiratory muscles which
induce chest wall and diaphragm displacements to move air in and out of the lungs
(Ratnovsky et al 2003). The process of breathing involves spatially and temporally
coordinated contraction and relaxation of various muscle groups, which function to
provide the necessary pressure driving forces and airway stability that enable inspired
gas to flow into and expired gas to flow out of the lungs (Berger and Bellingham
1995). The continuous rhythmic activation associated with respiration places the
respiratory muscles among the most active muscles in the body (Rowley et al 2005).
Respiratory muscles are skeletal muscles, but they have unique physiological
demands. Whilst they are controlled by a system whose concern it is to produce
adequate and efficient VE , these muscles are also used for purposes which have
nothing to do with breathing (Vidruk and Dempsey 1980). Many of the muscles
involved in respiration are also involved in other functions, such as coughing,
sneezing, swallowing, phonation and postural adjustments of the trunk and chest wall
(Rowley et al 2005).
The muscles involved in respiration can be broadly categorised as ventilatory pump
muscles and muscles that modulate upper airway patency (Rowley et al 2005). The
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respiratory muscles can be viewed as belonging to 3 main functional groups. Firstly,
the diaphragm acts like a piston moving up and down within the ribcage, and is the
most important pump muscle (Rowley et al 2005); Secondly, there are several pairs of
muscles, including the internal and external intercostal, scalene, elevator costae, and
abdominal muscles (sometimes called accessory muscles) which play an important
role by stiffening the ribcage, improving the efficiency of the diaphragmatic
contractions; Thirdly there are the upper airway muscles, including the laryngeal,
pharyngeal and genioglossus muscles, which control the rhythmic opening and
closing of the upper airways, and regulate the rate at which the air flows in and out of
the lungs in much the same way as a valve (Hilaire and Pasaro 2003).
The muscles of respiration are skeletal muscles, composed of different fibre types,
and are therefore subject to the same principals of control as are skeletal muscles in
general (Vidruk and Dempsey 1980). The fibre types are described as slow and fast
twitch fibres. These muscle fibre types are organised by their innervation into
different motor unit types; a motor unit being defined as motoneuron and the muscle
fibres it innervates (Rowley et al 2005). Muscle fibres within a motor unit share
common contractile protein composition and metabolic enzyme activities that
influence their contractile and fatigue properties (Burke et al 1971; Sieck et al 1996).
Motor units composed of slow twitch (type I) fibres have greatest oxidative enzyme
activity, display slower contractile properties and are thus more fatigue resistant
(Rowley et al 2005). There are three forms of fast twitch muscle fibre of which a
motor unit is composed, namely type Ha, lib and IIx fibres. Whilst type Ha fibres
exhibit intermediate fatigue resistance type's lib and IIx are easily fatigable (Polla et
al 2004).
Respiratory muscles contain both slow and fast twitch muscle fibres suited to the
functional tasks placed up on them i.e. during quiet breathing slow twitch muscle
fibres are predominantly active whilst during increased rates of breathing, such as
during exercise, fast twitch muscle fibres are recruited to meet the increased demand
(Polla et al 2004). At rest breathing is brought about by the activation of the muscles
of inspiration, with expiration being largely passive, resulting from the elastic recoil
of the lung and chest wall. The muscles of respiration can, therefore, be divided into
two groups, those that are activated during inspiration and those only activated during
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expiration. During inspiration activation is found in the diaphragm, scalenus,
sternomastoid, parasternal, internal intercostals and external intercostals muscles,
during active expiration the internal intercostals and abdominal muscles (rectus
abdominis and external oblique muscles) are activated (Polla et al 2004).
The work of breathing at rest is achieved predominantly by the major muscle of
inspiration, the diaphragm, which is innervated via the phrenic nerve. Just like cardiac
muscle, the diaphragm is engaged in continuous rhythmic activity which means it has
no time to rest and must therefore consist of muscle fibres which are resistant to
fatigue. The adult human diaphragm has been found to be a mixed muscle composed
of all fibre types (Fournier and Sieck 1988; Sieck et al 1989, 1995), containing equal
proportions of both slow and fast twitch fibres (Polla et al 2004). Muscle fibres of the
diaphragm are characterised by a small fibre size, with an abundance of capillaries
and high aerobic oxidative enzyme activity allowing them to resist fatigue and work
continuously (Polla et al 2004). Diaphragm muscle fibres have a smaller cross
sectional area than limb muscles, but because they have a similar number of capillary
vessels surrounding each fibre the diffusion distance is reduced, making the oxygen
supply more efficient in the diaphragm than in other muscles (Mizuno 1991).
Breathing is therefore most efficient when it maximally utilises the diaphragm
(Vidruk and Dempsey 1980). Activation of the diaphragm muscle is unique in relation
to most other skeletal muscles. The daily duty cycles for hindlimb muscles ranges
from -2% for the extensor digitorum longus muscle (EDL, predominantly composed
of type lib fibres) to -14% for the soleus muscle (type I fibres) (Hensbergen and
Kernell 1997). In contrast the duty cycle of the diaphragm in most species is -32-37%
(Kong and Berger 1986) making it one of the most active muscles in the body
(Rowley et al 2005).
Although the expiratory phase of the respiratory cycle can be passive, resulting from
passive elastic recoil of the lung and chest wall, O'Donnell et al (1987) suggests that
there are 4 possible breathing strategies that might be adopted during tidal expiration;
a fully relaxed (passive) expiration with no respiratory muscle activity; expiration
with continued inspiratory or laryngeal muscle action; expiration with expiratory
muscle action alone; or expiration during which both inspiratory and expiratory
muscles are active (O'Donnell et al 1987). In a passive expiration, flow is driven by
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recoil pressures of the respiratory system only, but this flow will be slowed if there is
inspiratory or laryngeal muscle activity (Green and Neil 1955). In healthy subjects
with normal lung function there is considerable braking of flow and expiration is
passive only towards the end of expiration (Petit et al 1960; Green and Howell 1959;
Shee et al 1985). Thus, although the expiratory muscles themselves are not activated
during resting expiration in normal healthy individuals (Ninane et al 1992) active
expiratory flow braking is used to slow lung emptying (Agostoni et al 1979; Citterio
and Agostoni 1981). Expiratory braking can be produced by persistent activity of the
inspiratory muscles, by increasing expiratory resistance by laryngeal adduction, or by
loss of laryngeal abductor activity (Tuck et al 2001). Braking occurs throughout the
first third of expiration during quiet breathing, lengthening the time taken to reach
peak expiratory flow (tpEp) and thus lowering peak expiratory flow rate (Colasanti et
al 2004).
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Chapter 2
2.0 Exercise
A range of integrated cardio-respiratory adjustments occur with the increased
metabolic demands of exercise to maintain homeostasis (Whipp 1994). The lungs and
chest wall are centrally involved in these adjustments because they provide the
functional and structural basis for external gas exchange (Neder et al 2003).

2.1 The Ventilatory Response to Exercise
The ventilatory response to exercise is well established (Hey et al 1966; Gallagher et
al 1987; Neder et al 2003), with VE initially increasing in proportion to workload. An
increase in VE during exercise is fundamental to maintain arterial blood gases and
acid-base homeostasis under conditions of increased metabolic demand (Ross et al
2003), ensuring alveolar and arterial gas pressures are maintained relatively constant
throughout a broad range of exercise intensities (McArdle et al 2006). VCO2 , more
than VO2 , closely relates to VE during exercise, with the level of CO2 returning to the
lungs setting the level of VE (Wasserman et al 1977). From rest up to ~ 60-70 %
VO2MAX VE increases in a nearly proportionate manner to the increase in VO2 and
VCO2 (Dempsey et al 1995), as exercise intensifies (>75-80 % VO2MAX ) VE increases
disproportionly to VCO2 , decreasing PaCO2 . Hence, the respiratory system begins to
hyperventilate in response to heavy exercise increasing alveolar O2 tension, and
therefore PaO2 (Lovering et al 2005). As a result, the relationship between VE and
VO2 and VCO2 during exercise is curvilinear (Pearce and Milhorn 1977; Dempsey
and Rankin 1967; Dempsey et al 1971).

2.1.1 Exercise Breathing Patterns
Exercise-induced increases in VE are achieved through increases in both the depth and
frequency of breathing (Pearce and Milhorn 1977; Dempsey and Rankin 1967;
Bisgard et al 1978). Initial increases in VE are achieved via increases in both VT and
fB, with VT being the dominant factor (Hey et al 1966; Younes & Kivinen 1984;
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Gallagher et al 1987). As exercise intensity increases further increases in v,, are met
by an increase in fB, with VT reaching a plateau (typically at ~ 50-60% vital capacity)
or declining slightly (Hey et al 1966; Clark et al 1983; Gallagher et al 1987). Overall
the change in fB contributes relatively more to the increase in VE than the change in
VT (Dempsey et al 1995).

The relationship between VE and VT is linear during quiet breathing and hyperpnea
with VT reaching -50% of vital capacity; further increases in V,. result from further
increases in fB (Hey et al 1966). Hence the VT-VK relationship is curvilinear whilst the
fs-Vfi relationship is linear. The relationship between VE and its components (VT and
fB) are relatively unchanged by wide variations in PaCO2 and PaO2 that occurs as a
result of metabolic acidaemia or by moderate levels of exercise (Hey et al 1966). The
type of exercise is an important determinant of the fB and VT responses (Dempsey et
al 1995); at equivalent VO2 , fB will be higher and VT lower for treadmill running than
for cycle ergometry (Smith et al 1983; McMurray and Ahlborn 1982; Forster et al
1984; Hanson et al 1982).
Tidal Volume

Although changes in VT are primarily responsible for the early changes in VE during
exercise, changes in VT accompany reciprocal changes in fB (Younes 1995); VT
increases despite a reduction in respiratory cycle duration (trcx)- Early changes in VT
are brought about by increases in EILV, and thus an encroachment on the inspiratory
reserve volume, IRV; EELV is initially maintained around resting levels by a
reduction and/or termination of expiratory airflow braking and activation of
expiratory muscles (Bishop and Bachofen 1972; England and Bartlett 1982) which
serve to increase expiratory flow despite reductions in IE', in most subjects the
expiratory muscles are recruited as VK exceeds ~ 40 L.min"1 (Grimby et al 1976).
As exercise progresses the phasic and tonic activation of expiratory abdominal
muscles, together with the increased diameter and reduced resistance in the upper
airway, results in an increase in expiratory flow rate that is sufficient to reduce EELV
despite a coincident progressive shortening of tE (Dempsey et al 1995).

16

There are many functional advantages of abdominal muscle recruitment and reduced
EELV during exercise. Reduced EELV lengthens the inspiratory muscles to more
optimal levels for force generation (Levering et al 2005) and protects against very
high levels of EILV and therefore against incurring high elastic loads as VT increases
with increasing work rate (Dempsey et al 1995). The expiratory effort stores energy in
the chest wall that is released at the onset of inspiration sparing the work of the
inspiratory muscles (Levering et al 2005). This ensures that the mechanical work of
breathing is optimised during exercise (Levering et al 2005). VT rises by encroaching
on both inspiratory and expiratory reserve volumes thereby allowing lung volume
changes to occur over the most linear and mechanically efficient portion of the
pressure: volume relationship (Dempsey et al 2006).

As VT reaches -50-60% of FVC further exercise-induced increases in VE are
produced by increasing fs, with VT reaching a plateau or even declining slightly. This
plateau in VT has been called the tachypnoeic shift. It is postulated that this breathing
pattern limits lung stretch and allows the lung to operate on the linear portion of the
pressure-volume relationship, minimising the elastic work of breathing (Hey et al
1966). Henke et al (1988) suggests that VT plateaus to optimise diaphragm length and
limit the excessive elastic load associated with high and low lung volumes. Vidruk
and Dempsey (1980) suggest that VT occurs in the range of lung volumes for which
compliance is greatest. Dynamic lung compliance is reduced by -10-20% during
exercise at maximum workloads, possibly due to the encroachment of VT on the
upper, alinear portion of the pressure: volume relationship as VT exceeds 50% vital
capacity (Dempsey et al 1995). In healthy humans dynamic lung compliance is not
markedly reduced as a result of the careful regulation of VT and fs contributions to the
ventilatory response (Dempsey et al 1995).
As the lungs expand from a small starting volume it becomes progressively harder to
expand them further because the surface-tension reducing effects of surfactant
decreases; however the surface tension of the alveoli lining increases during exercise.
Therefore as exercise progresses, the effect of surfactant in reducing surface tension
becomes less and inspiration becomes more difficult. Thus large inspirations
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obviously involve more work than small ones (Davies et al 2001), which results in VT
plateauing at -50-60% of FVC with fB becoming the sole determinant of increased^.

Breathing frequency
At rest expiration occupies almost two thirds of the respiratory cycle, and is
determined by expiratory flow being slowed by braking mechanisms (see 1.5). The
increased fe that accompanies the increased VK of exercise results in a decrease in
respiratory cycle duration, with both inspiratory and expiratory durations being
reduced. The difference between ti and tE is reduced markedly by a greater decrement
in tE (Folinsbee et al 1983). Askanazi et al (1979) reported changes in ti and tE with
increasing exercise load which were not proportional, IE decreased more than ti so that
ti occupied a larger fraction of the respiratory cycle (i.e. increasing the ti/tTOT ratio).
During heavy exercise there is an even greater fractional decrease in tE so that ti/troT
increases from ~0.4 at rest to 0.5-0.55 at maximal exercise (Clark et al. 1983;
Folinsbee et al. 1983; McParland et al 1992; Lucia et al 1999). Reducing tE has been
suggested as being the most efficient way to increase f^ (Folinsbee et al 1983)
because both the expiratory pause and the active expiratory 'braking' exerted by the
inspiratory and pharyngeal muscles are eliminated without increasing ventilatory
work (Younes and Remmers 1981; Folinsbee et al 1983). Thus, at high levels of VE ,
the reduction in tE makes a significantly greater contribution to the increase in fs than
the decrease in ti (Clark et al 1983), with tE becoming slightly shorter than ti in many
instances during heavy exercise (Clark et al 1983; Folinsbee et al 1983).
As a result of the greater decrease in tE, there is a greater increase in mean expiratory
flow rate than there is in mean inspiratory flow rate (Ross et al 2003). Thus whilst at
rest the peak inspiratory flow (PIF) rate is greater than the peak expiratory flow rate
(PEF) (see 3.4), however during exercise PEF increases more than PIF and if exercise
is performed at a high enough intensity PEF becomes greater than PIF (see 5.4); both
PIF and PEF may increase by more than 10 times the resting levels during heavy
intensity exercise (Dempsey et al 1995). The timing of peak flow within the
respiratory cycle is of interest, the time taken to reach peak expiratory flow decreases
as a result of the loss of expiratory flow braking and the activation of the muscles of
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expiration with increasing levels of VE ; the time taken to reach peak inspiratory flow,
on the other-hand, increases (see section 5.4 & 6.4).
The change in breathing pattern during exercise occurs as a result of the respiratory
control system adopting the most mechanically efficient pattern. The naturally
selected breathing pattern (fB and VT) for a given level of VK is the one which
requires the least expenditure of energy or muscle tension (Hey et al 1966; Mcllroy et
al 1954; Otis et al 1950). Jensen et al (1980) suggested that with increasing VE a
critical VT is reached because further increases in VT would necessitate an increase in
respiratory cycle duration (both tj and IE) and/ or an increase in peak flow rates.
However, with increasing lung volume and increased inspiratory flow rates the
capacity of the inspiratory muscles to generate pressure falls (LeBlanc et al 1988).
The fact that exercising VT typically plateaus at -50-60% vital capacity (Gallagher et
al 1987) may be attributed to the fact that the capacity to generate esophageal pressure
is preserved between 30 and 55% of TLC but declines by 1.7% for each 1% increase
above 55% TLC, with maximal VT seen during exercise of 50-60% of vital capacity
being equivalent to -40% of TLC (LeBlanc et al 1988).

2.2 Mechanisms of exercise-induced hyperpnea
The exact mechanisms responsible for the ventilatory response to exercise remain
controversial (Eldridge et al 2006; Secher et al 2006), with no single factor mediating
the hyperpnea associated with exercise (Dempsey et al 1995). This section briefly
reviews some of the proposed mechanisms responsible for exercise-induced
hyperpnea. For more detailed reviews see: Dempsey et al (1995), Mateika and Duffin
(1995), Ward (2000).
The regulation of breathing is generally viewed as having a homeostatic CO2 set
point, whereby VE increases in proportion to CO2 production (Poon et al 2007);
consequently, at rest or at low levels of CO2 production, CO2 delivery to the lungs or
some factor related to it provides an important contribution to the regulation of
breathing (see 1.4) (Dempsey et al 1995). However, the available evidence suggests
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that chemoreceptors and pulmonary afferents do not provide the primary drive to
exercise hyperpnea, with this information or factor (prepotent at rest) being
superseded or overwhelmed by a distinct, non-CO2 stimulus related to some other
aspect of physiological exercise (Dempsey et al 1995).
A complex variety of feed-forward and feedback mechanisms are involved in the
regulation of exercise hyperpnea (Dempsey et al 1995). It has been suggested that
exercise hyperpnea is the result of some exercise stimulus that feeds forward to the
chemoreflex feedback loop (Grodins 1950). The proposed origin of the exercise
stimulus includes a neurohumoral origin, a somatic neurogenic origin, and a central
neurogenic origin (Dejours 1964; Wasserman et al 1986). The neurohumoral and
somatic neurogenic hypotheses ascribe the hyperpnea to feedback control via specific
central or peripheral reflexes (Poon et al 2007). Neurohumoral feedback stimulates
VE via changes in blood-borne factors such as CO2 , hydrogen ion concentration,
plasma potassium ion concentration, lactate, etc, which activates peripheral or central
chemoreceptors or possibly venous chemoreceptors (Poon et al 2007); afferent
feedback from receptors in the carotid bodies, exercising muscles, lungs, and heart
have also been associated with mediating exercise-induced hyperpnoea (Fink et al
1995).
Somatic neurogenic theory suggests that hyperpnea results from stimulation of
ergoreceptors or metaboreceptors sensitive to tension or movement in the working
muscles (Haouzi 2006). This theory is supported by the fact that passive leg
movements increase VE (Bell and Duffin 2004) as a result of stimulation of
mechanically sensitive, lightly myelinated or non-myelinated afferent fibres in
skeletal muscles (Kaufman and Forster 1996). The central neurogenic theory
postulates that forebrain signals that command locomotion concomitantly drives VE
and circulation in parallel (Poon et al 2007), providing a feed-forward stimulus
matched to exercise intensity (Fink et al 1995). Dempsey et al (1995) suggests that the
primary exercise stimuli are feed-forward, with feedback chemoreceptor mechanisms
'fine-tuning' breathing to meet metabolic demand. The feed-forward concept requires
activation of the respiratory muscles from higher central nervous system structures
(Fink et al 1995).
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2.3 Exercise Capacity
Exercise represents one of the greatest stresses that the body can encounter (especially
in highly conditioned athletes with exceptionally high exercise capacities), with the
ability to perform exercise being dependent on the interaction of the major organs of
the body. An individuals capacity for exercise is typically determined by maximum
oxygen uptake, VO2MAX which is defined as the maximal rate at which O2 can be
taken up and used by the body during exercise (Hill and Lupton 1923); it is highly
dependent on the functional capacity and integration of the physiological systems
necessary for O2 supply, transport, delivery and utilisation i.e. the integrated response
of the pulmonary, cardiovascular, neuromuscular and metabolic systems (Day et al
2003; McArdle et al 2006). The cardio-respiratory system and skeletal muscle
determines O2 supply and demand during exercise; thus the ability of the system to
deliver O2 and the capacity of the muscles to utilise the delivered O2 are major
factors which govern exercise capacity.
Since the early 1920's it has been accepted that there is a maximum rate at which the
body can utilise O2 (Hill and Lupton 1923; Hill et al 1924). Hill and Lupton (1923)
noted that as exercise intensity increased O2 requirement increased, resulting in a
linear relationship between intensity and uptake; however a point was reached where
O2 uptake reached a plateau, or a maximum value. It was proposed that O2 uptake
may attain its maximum and remain constant merely because it cannot go any higher
owing to the limitations of the circulatory and respiratory system, i.e. the heart, lungs,
circulation and diffusion of O2 to active muscle fibres have attained their maximum
activity (Hill and Lupton 1923).
Although most physiologists believe the capacity of the central cardiovascular system
to transport O2 to the tissues (i.e. cardiac output) is the principal determinant of
VO2MAX (Bassett and Howley 1997, 2000; Rowell 1986) the final determination of O2
delivery is the peripheral extraction of O2 (Sutton 1992) and the metabolic capacity
of the working skeletal muscle (Bassett and Howley 1997). Thus, VO2MAX depends on
the optimal linkage between all components of the O2 transporting system from the
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lungs to the capillary network (Sutton 1992); both on a functional and structural level
the response of the cardiovascular system and skeletal muscle are closely linked
during exercise (Richardson et al 1999). Rahn (1988) argued that the effect of cardiac
output on peripheral diffusion can limit VO2MAX , with a reduction in cardiac output
resulting in a reduction in diffusion capacity (Sutton 1992).
Exercise involving large muscle groups (i.e. running and cycling) is limited by the O2
transport system (Blomqvist and Saltin 1983; Margaria et al 1965) because the
oxidative capacity of the muscles surpasses the ability of the cardiovascular system to
deliver O2 (Poole and Richardson 1997). Hence, at whole body VO2MAX muscle
perfusion is limited by maximal cardiac output which constrains the VO2 of the
exercising muscle to only a fraction of its maximum capacity (Poole and Richardson
1997). A number of studies have shown VO2MAX can be increased by increasing O2
delivery (Gledhill 1982, 1985; Knight et al 1993; Peltonen et al 1995; Powers et al
1989; Spriet et al 1986), providing further evidence that O2 supply is the primary
determinant of VO-,
'2MAX

In an attempt to determine whether O2 delivery limits aerobic power and capacity
Mortensen et al (2005) measured systemic haemodynamics, O2 transport and VO2
during incremental and constant intensity cycling to exhaustion in 8 trained male
subjects. They also measured systemic and leg haemodynamics and VO2 during
incremental cycling and knee-extensor exercise in 10 active male subjects. Systemic
O2 delivery was found to be impaired during both the incremental and constant load
tests, as a result of a decline or plateau in cardiac output, with arterial O2 content
rising throughout. The authors deemed the inability of the circulatory system to
sustain a linear increase in O2 delivery to the locomotor muscles to restrain aerobic
power and hence provide evidence for a central limitation to aerobic power and
capacity in humans (Mortensen et al 2005).
Saltin (1985) observed maximal exercise using only a small muscle mass (knee
extensions with one leg). The highest VO2 was 2-3 times higher in an isolated
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quadriceps muscle group than that measured in the same muscle group during
maximum whole body exercise; leading the authors to conclude that skeletal muscle
has a tremendous capacity for increasing blood flow and VO2 which far exceeds the
pumping capacity of the heart during maximal whole body exercise (Saltin 1985).
Rowell (1986) found the O2 content of femoral vein blood draining active leg
muscles during maximal exercise falls to very low values of about 2ml/100ml"1,
showing that almost all of the O2 delivered to the working skeletal muscles is
removed. Thus numerous studies have shown VO2MAX to be constrained by O2
delivery, not by the mitochondria's ability to consume O2 (Bassett and Howley
2000).
The haemoglobin content of the blood, and hence the O2 carrying capacity, can be
increased through blood doping. The re-infusion of 900-1350ml blood elevates the
O2 carrying capacity of the blood and has been shown to increase VO2MAX by 4-9 %
(Gledhill 1982; 1985). Spriet et al (1986) measured the arterial O2 content, cardiac
output and VO2MAX in highly trained runners (VO2MAX 77.5ml kg min-1) given up to 3
units (500ml each) of additional blood; they observed a large increase in O2 delivery
(up to 30 %) was accompanied by only a slight increase (<7 %) in VO2MAX . The
authors noted that increasing the O2 carrying capacity of the blood resulted in O2
extraction decreasing from over 90 % to under 75 %, suggesting that O2 delivery
exceeded the capacity of the mitochondria in exercising muscles to utilise the
delivered O2 (Spriet et al 1986), and hence that muscle power output was unable to
profit from the available O2 (Lindstedt and Conley 2001). When O2 delivery is
reduced VO2 drops accordingly yet when it is increased more O2 is available to the
mitochondria than can be utilised (Lindstedt and Conley 2001), supporting the notion
that the diffusion of O2 between the red cell and the mitochondria determines
VO2MAX (Richardson et al 1999).
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Honig et al (1992) suggests VO2MAX is a distributed property, dependent on both O2
transport and mitochondrial O2 uptake. Although an increase in O2 delivery can
increase VO2MAX , the interaction between the convective and diffusive components of
O2 transport may ultimately set the maximal metabolic rate (Richardson et al 1999;
Wagner 1992). Exercise involving large muscle groups in healthy athletes with a high
aerobic capacity is limited by the cardiovascular system, such that muscle metabolic
capacity exceeds the capacity of the circulation to provide oxygen (Astrand 1992).
Alternatively, in untrained subjects with a lower aerobic capacity VO2 is mainly
determined by the metabolic limits of the working muscles (Wagner 2000).
In summary, it is clear that there is an upper limit on the body's ability to take up and
utilise O2 (Bassett and Howley 1997) and although O2 transport is a major
contributor, no single limitation to VO2MAX exists (Lindstedt and Conley 2001). Just
as exercise results from the integrated response of the pulmonary, cardiovascular,
neuromuscular and metabolic systems, each of these components also has the
potential to limit performance. The strength of the chain is its weakest link and in
different individuals under different conditions different links may be weakest.

2.4 The Respiratory System and Exercise Performance
The role of the respiratory system during exercise is to provide sufficient O2 to
satisfy the demand of exercising muscles (Lindstedt and Conley 2001). The ability of
the system to transport O2 to the working muscles has not traditionally been
considered as an exercise limiting factor (Sheel et al 2001; Sheel 2002) because in
both untrained and trained individuals there is considerable reserve in the respiratory
systems ability to transport O2 and hence allow O2 demand to be met (Dempsey
1986; Prioux et al 2003).
Whilst the capacity of the system is never reached (even highly conditioned athletes
reach only -90% of their MVV) a number of other components of the system have
been shown to contribute and/or cause exercise intolerance (such as dyspnea, EFL,
ELAH, RMF). Although the majority of these confounding factors have been reported
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in trained athletes, some may contribute to exercise termination in untrained
individuals. Indeed, both trained and untrained individuals may experience respiratory
muscle fatigue which in turn negatively influences exercise performance and capacity
(Perlovitch et al 2007).
It has recently been accepted that although the major universal contributors to
exercise limitation in health reside primarily in the relatively 'weak links' to
O2 transport and utilisation provided by limitations to skeletal muscle blood flow and
O2 utilisation by skeletal muscle and their sequel (Saltin and Calbet 2006), under
some circumstances the functions of the lung (in highly trained) and/or the respiratory
muscles (trained and untrained) will impede performance (Dempsey 2006). The
following section looks at how the respiratory system may contribute to and/or cause
exercise intolerance, examining how the capacity of the system is determined and
discussing components of the system that have been associated with exercise
limitation.

2.4.1 Ventilatory capacity
Traditionally it has been accepted that in healthy untrained adults the respiratory
system is well designed for delivering O2 to meet O2 demands. Even during maximal
exercise the system is able to accommodate all demands virtually without
compromise, because it has been engineered biologically throughout evolutionary
history, via natural selection, to meet or exceed the demands of exercise (Lovering et
al 2005). Whilst significant increases in both inspiratory and expiratory muscle work,
and in the resistive and elastic work of breathing occur as a consequence of the
hyperventilation associated with heavy exercise (Harms 2006), a substantial reserve
exists for increases in VE even at maximal exercise (see Chapter 8).

Although there is no precise way to determine ventilatory capacity during exercise
(Babb and Rodarte 1993), the working capacity of the respiratory system to generate
airflow is usually estimated from maximum voluntary ventilation manoeuvres, MVV
with ventilatory reserve estimated by the difference between the measured MVV (or
estimated MVV-see below) and the maximum ventilation achieved during exercise
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(see Chapter 8). The structural capacity of the respiratory system is deemed as being
somewhat 'overbuilt' for exercise, capable of exceeding^ the demand for 0.2. and CO,,2
transport in healthy exercising adults (Dempsey et al 2003) because maximal
exercise Vg never exceeds MVV. Theoretically, a considerable ventilatory reserve
exists in healthy exercising adults because peak exercise ventilation, VEMAX typically
reaches only 60- 80% of MVV (Blackie et al 1981; Habedank et al 1998; Johnson et
al 1999; McClaran et al 1998; Neder et al 2003; Olafsson and Hyatt 1969; Ross et al
2003), with reserves of between 40 and 60% being reported (Blackie et al 1991;
Habedank et al 1998). However, it is debatable whether this ventilatory reserve is
actually attainable during exercise; even elite athletes with very high VE rates during
heavy exercise have been found to use only 85-90% of their MVV (Folinsbee et al
1983; Lucia et al 1999, 2001).
The MW manoeuvre

The MW tests the overall function of the respiratory system (Neder et al 1999),
measuring the status of the respiratory muscles, the mechanical properties of the lung
and chest, the flow resistive properties of the system, and the condition of the
ventilatory control systems (Neder et al 1999; Kor et al 2004). It also reflects the time
required for flow reversal which is dependent, in part, on rates of change of muscle
force and speed of shortening (Forte et al 1997). The manoeuvre is not only
influenced by airflow resistance and by respiratory muscle strength, but also by the
fact that it is highly effort dependent and thus subject to wide variability due to
motivation.
Specifically, the MW describes the largest volume of air that can be breathed
voluntarily into and out of the lungs during a certain time, typically 12 or 15s.
Although there is a lack of standardised criteria for the performance of the MVV (Kor
et al 2004) subjects are usually instructed to breathe as deeply and quickly as possible
for the given test duration. For example, Neder et al (1999) instructed their subjects to
breathe deeply, with a volume greater than VT but lower than VC, and rapidly for 15s.
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Because the measurement of the MVV is highly dependent on subject cooperation,
effort and performance technique, accurate reproducible results are sometimes
difficult to obtain (Kor et al 2004). Consequently, MVV is sometimes predicted
indirectly from other spirometric measures, such as FEV]. Published data suggests
that FEVi multiplied by a factor of 35-40 is approximately correct, and the calculation
most generally used to estimate MVV (Gandevia and Hugh-Jones 1957; Campbell
1982). Although it is recommended that directly measured MVV is used rather than
indirectly measured ones to estimate ventilatory reserve during exercise (Campbell
1982; Dillard et al 1993), the indirect method is still often used, because of the
relatively close published relationships between the spirometric determinants and the
MVV(Kor et al 2004). The estimated or predicted MVV is also move convenient,
with greater potential for repetition during testing, and because of problems arising
from the reproducibility of directly measured MVV. The use of the predicted MVV
does however disregard the evidence that MW is influenced by other physiological
variables besides airflow resistance, such as inspiratory muscle strength (Kor et al
2004). Some studies have questioned the accuracy of FEVi alone in predicting
maximum ventilation. Dillard et al (1993) found the inclusion of maximum
inspiratory flow rate improved the calculation of indirect MW compared with FEVi
alone; however the study did reaffirm aspects of previous studies showing an
association of other expiratory variables, especially FEVb on MW (Kor et al 2004).
The use of the MW as a measure of ventilatory capacity during exercise is somewhat
limited because it is a voluntary manoeuvre performed for typically 12-15s, and then
extrapolated to 1 minute (Babb and Rodarte 1993). The manoeuvre is generally
performed at higher lung volumes, utilising smaller VT and larger fB, and generating
higher pressures than during exercise (Jensen et al 1980); resulting in the capacity to
voluntarily produce maximal ventilation being greater than what is actually attainable
during exercise. The MVV is performed voluntarily at rest, begging the question of
how it can be related to peak exercise VK which is achieved involuntarily. Not only
are they two hugely different physiological states, but also the pattern of breathing
during each state is also very different. Indeed, during the MVV VK is as much as, or
as little as, the subject wishes it to be, during exercise the level of VE is driven by a
variety of stimuli and is appropriate for the level of physical work (Freedman 1970).
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The appropriateness of the MVV manoeuvre as a measure of ventilatory capacity is
reinvestigated in Chapter 8.

2.4.2 Blood gas homeostasis
During exercise the primary role of the lung is to maintain arterial partial pressures of
O2 (PaO2 ) and CO2 (PaCO2 ) near normal resting levels (Lovering et al 2005).
Increased O2 demand and CO2 production during exercise requires an efficient
response by the ventilatory control system if blood-gas homeostasis is to be
maintained. The linear relationship between cardiac output and exercise intensity
means there is a decrease in the time available for gas exchange equilibrium in the
pulmonary capillaries during exercise, which has the potential to disturb blood gas
homeostasis. However, during exercise up to 60-70% VO2MAX VE is tightly coupled to
metabolic demand and closely related to CO2 production, so arterial O2 content is
maintained. Consequently PaO2 , PaCO2 and arterial pH (pHa) are generally
maintained close to resting levels (Dempsey et al 1971; Dempsey et al 1995;
Dempsey and Rankin 1967; Pearce and Milhorn 1977; Sheel et al 2004; Young and
Woolcock 1978).
As exercise intensity increases (>75%VO2MAX ) gas exchange becomes even more
important to homeostasis as CO2 and H+ ion concentrations increase (Dempsey et al
1995), and the respiratory control system begins to hyperventilate (Pearce and
Milhorn 1977; Dempsey et al 1971; Holmgren and Linderholm 1958) with VE
increasing out of proportion to CO2 production. The hyperventilation is temporally
inversely related to plasma lactate concentrations. A rise in PaCO2 is observed before
PaO2 or PaCO2 decrease because of the extra CO2 formed by the buffering of lactic
acid by HCO3 (Dempsey et al 1995). In healthy humans PaCO2 is often decreased
from rest by more than lOmmHg during maximal exercise, suggesting that lungs are
capable of removing CO2 efficiently. Also blood O2 saturation and content are kept
near baseline levels despite some widening of the alveolar-to-arterial O2 difference
(PAO2 is increased whilst PaO2 is maintained at resting levels) (Johnson et al 1991).
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Even during maximal exercise arterial 02 saturation (SaO2 ) is maintained at around
95% (Powers et al 1989).
Whilst arterial O2 content is generally maintained in healthy exercising adults a
number of studies have found evidence of exercise-induced arterial hypoxemia, EIAH
(% SaO2 84-92%) during sustained, heavy-intensity exercise to exhaustion (Dempsey
and Wagner 1999). EIAH is characterised by a decrease in the PaCO2 sufficient to
impair O2 transport and a marked increase in the alveolar-arterial difference in partial
pressure of O2 (PAO2 -PaO2 ), with little accompanying alveolar hyperventilation
(Hopkins 2005). Hypoxemia can be considered from the perspective of O2 delivery,
with SaO2 the primary variable of interest. Mild EIAH is defined as an SaO2 of 9395% (3-4% < rest), moderate EIAH as 88-93%, and severe EIAH as <88% (Dempsey
and Wagner 1999). When discussing pulmonary gas exchange, however, PAO2 PaO2 and PaCO2 are of primary importance (Hopkins 2005). A PAO2 -PaO2 of
greater than 25mmHg can be considered as representing a mild gas exchange
limitation, with values greater than 35mmHg representing a severe gas exchange
limitation (Dempsey and Wagner 1999). Similarly, because in normal non-athletic
humans, PaCO2 is 30-35mmHg at maximal exercise, a PaCO2 of 35-38mmHg
represents borderline hyperventilation, whereas a PaCO2 greater than 38mmHg at
maximal exercise suggests an inadequate hyperventilatory response (Hopkins 2005).
EIAH is common in individuals with a high aerobic capacity; with the average PaO2
at V°2MAx falling as VO2MAX increases, with a corresponding increase in PAO2 PaO2 (Hopkins 2005). Indeed, the prevalence of EIAH near sea level has been
estimated at -50% of young adult, highly fit male athletes (Powers et al 1988). Large
collated data sets (Hopkins and Harms 2004) indicate that in subjects with a VO2MAX
greater than 55ml.kg.min"1 -67% have a PAO2 -PaO2 greater than 25mmHg,
indicating a mild gas exchange limitation during maximal exercise; of this population,
28% experience severe gas exchange limitations, with a PAO2 -PaO2 greater than
35mmHg (Hopkins 2005). Whilst the correlation of EIAH to VO2MAX is usually
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significant within the various groups studied, it is important to remember that large
numbers of highly fit male and female endurance athletes of all ages do not
experience significant EIAH, even at their very high peak work rates (Dempsey et al
1984; Harms et al 1998; Powers et al 1992). Indeed, the severity of EIAH varies
considerably among healthy subjects and with the type, intensity and duration of
exercise (Romer et al 2006a). However, increasing fitness levels increases the
likelihood of experiencing gas exchange inefficiencies (Dempsey 2006).
A consequence of EIAH is that it may have a significant detrimental effect by limiting
O2 transport and use during maximal exercise (Harms et al 2000; Powers et al 1989)
and thus limit endurance exercise performance (Nielsen et al 2002). Both peripheral
and central mechanisms have been proposed to explain how EIAH effects exercise
performance. An excessive PAO2 -PaO2 gradient and inadequate compensatory
hyperventilation are commonly associated with EIAH, as are acid- and temperatureinduced shifts in O2 dissociation at any given PaO2 (Dempsey and Wagner 1999).
An excessively widened PAO2 -PaO2 during exercise is the most consistent
contribution to EIAH, and hyperventilation is the major compensatory mechanism
(Dempsey et al 2002). However, this hyperventilatory response is sometimes not
sufficient to compensate for the widened PAO2 -PaO2 and further contributes to
EIAH; the hyperventilatory response may also be constrained by mechanical
limitations to inspiratory and expiratory flow rates (Dempsey et al 2002). Other
possible mechanisms which have the potential to result in EIAH include
intrapulmonary or extrapulmonary shunting, ventilation-perfusion (VA-Q) inequality
and failure of end-capillary diffusion equilibrium for O2 (Hopkins 2005).

It is beyond the scope of this thesis to fully examine the mechanisms responsible for
EIAH, a number of recent publications explore this phenomenon (Dempsey et al
2002; Dempsey and Wagner 1999; Hopkins et al 2005; Hopkins and Harms 2004;
Levering et al 2005) in detail.
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2.4.3 Lung mechanics
Whilst the healthy respiratory system has a remarkable capacity for meeting the
metabolic demands placed upon it during strenuous exercise, the associated increases
in VE increases the work of breathing, which in some instances can result in a number
of limitations to the healthy respiratory system (Guenette and Sheel 2007). Two such
limitations associated with an increased work of breathing are expiratory flow
limitation and exercise-induced diaphragmatic fatigue. Here I briefly look at the effect
flow limitation and lung mechanics have on exercise capacity.
Although a substantial reserve exists for increases in VE in healthy untrained and
trained individuals even at maximal exercise (see section 2.4.1 & 8), in some highly
conditioned endurance athletes who reach very high levels of VB ventilatory capacity
may limit performance, whereby ventilatory demand begins to approach and
sometimes even reach the mechanical limits of the lungs and chest wall for inspiratory
and expiratory pressure and flow development (Dempsey et al 1995; Johnson et al
1992). The earliest indication of this encroachment on the mechanical reserves is the
occurrence of expiratory flow limitation, EFL (Dempsey et al 1995).
EFL refers to a functional condition in which expiratory flow cannot increase under
the prevailing conditions (Tantucci and Grassi 1999). The degree of EFL is a balance
between ventilatory demand and ventilatory capacity, combined with the way in
which subjects 'choose' to regulate EELV (Johnson et al 1999). In the presence of
EFL any increase in expiratory flow can only be achieved by raising EELV back
toward or even above resting levels, allowing tidal breathing to occur at a higher
absolute lung volumes (Tantucci and Grassi 1999); an increase in EELV limits
inspiratory muscle function by shortening the inspiratory muscles, which reduces
maximum inspiratory pressure and thus the force-generating capacity of the
inspiratory muscles (McConnell and Romer 2004b; Sutton 1992). The increase in
EELV causes a concomitant increase in the elastic work of breathing, with inspiratory
muscle work approaching 85-95% of the capacity of the inspiratory muscles to
produce pressure (Johnson et al 1992).
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The degree of EFL (or impending flow limitation) during exercise is typically
expressed as the percentage of VT that meets or exceeds the boundary of the maximal
volitional flow: volume loop (Johnson et al 1991, 1995). It has been suggested that
mechanical limitations are more likely to affect athletes using ~90% of MVV
(Folinsbee et al 1983); around 10% of VT experiences flow limitation during
expiration at a VE of -120 L.min"1 , increasing progressively to 55-65% of VT at VE
of 160-170 L-muT^Dempsey et al 1995). Johnson et al (1992) reported that during
maximal exercise in highly trained athletes EFL was reached over 27-76% of VT and
end inspiratory lung volume averaged 86% of TLC. They found the mechanical limits
of the lung and RM for producing VE are reached at VO2MAX , with the greater the
ventilatory response the greater the degree of mechanical limitation. McClaran et al
(1998) found VT andV^ to be mechanically constrained during maximal exercise in
many highly trained oarswomen, with the demand for high expiratory flow rates
encroaching on the airways maximal flow-volume envelope. Using the proximity of
tidal breaths to maximal voluntary flow-volume loop to estimate the onset and degree
of EFL, McClaran et al (1999) observed significant expiratory flow limitation during
heavy (19 ± 2 % VT) and maximal exercise (43 ± 8 % VT) when VE exceeded 120
L-min"1.

The effects of mechanical constraints of the lung on volumes and maximal expiratory
flow rates become very important to the control of breathing during high intensity
exercise (Harms 2006). In highly trained adults with high VE levels mechanical
ventilatory restraints related to EFL, relative hyperinflation, and an increase in fB may
limit exercise performance (Johnson et al 1992; McClaran et al 1998). EFL causes
reflex inhibition of the hyperventilatory response to heavy exercise (Johnson et al
1993), leading to an inability of the system to increase VE despite increasing
metabolic demands, and results in gas exchange impairment (Guenette and Sheel
2007). EFL also increases the work of breathing (Harms 2006) leading to the more
rapid onset of RMF (Babcock et al 1995). The increased work of breathing, more
rapid onset of RMF, and gas exchange impairment results in diminished endurance
exercise performance (Guenette and Sheel 2007).

32

2.4.4 Respiratory muscles during exercise
The hyperventilatory response to heavy exercise substantially increases both
inspiratory and expiratory muscle work, and the resistive and elastic work of
breathing (Dempsey 2006; Harms 2006). The increased work output of the RM
contributes to exercise intolerance through its effects on diaphragmatic fatigue, limb
blood flow and limb muscle fatigue (Dempsey et al 2006).
It is postulated that in the majority of subjects at maximal exercise the inspiratory
muscles operate at a level that would result in mechanical fatigue if the level was
sustained for significant periods (Bye et al 1983; Younes and Kivinen 1984). Whilst
the high levels of VE required during maximum exercise are not typically maintained
for a sufficient period of time to result in mechanical fatigue (Younes and Kivinen
1984) RMF has been observed following short duration all-out exercise (Lomax and
McConnell 2003; Volianitis et al 2001), constant load exercise (Laghi et al 1995) and
maximal incremental exercise (Coast et al 1999; Ozkaplan et al 2005), and in subjects
with a wide range of fitness levels (Johnson et al 1993). Thus, whilst exercise limiting
factors such as EIAH and EFL are generally only observed in highly trained athletes,
both trained and untrained individuals may experience respiratory muscle fatigue
(RMF), and thus be susceptible to the negative influences this condition has on
exercise performance and capacity (Perlovitch et al 2007). RMF is reinvestigated in
Chapter 9.
The increased respiratory muscle work associated with maximal exercise accounts for
-15% of both the total VO2 and cardiac output (Aaron et al 1992; Harms et al 1998,
2000). However, the diaphragm (and other RM) must compete with the working limb
muscles for the available blood flow (Dempsey et al 2006) because cardiac output
cannot be further increased. The competition between respiratory and locomotor
muscles for the available blood flow promotes inadequate O2 transport and
subsequent fatigue of both muscle groups (Dempsey et al 2006). Gigliotti et al (2006)
suggests that the development of diaphragm fatigue during exercise is a function of
the relationship between the magnitude of diaphragm work and adequacy of its blood
supply; the less blood flow available, the less diaphragm work required to produce
fatigue (Gigliotti et al 2006).
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Diaphragmatic fatigue generally only occurs during exercise to exhaustion at
intensities > 80% VO2MAX (Babcock et al 2002; Johnson et al 1993), even though the
force output achieved during exercise is well below the fatigue threshold of the
diaphragm as determined during voluntary hyperpnea at rest (Babcock et al 1995).
Dempsey et al (2002) postulate that this 'fatigue-sensitising' effect of prolonged
strenuous exercise is due to the redistribution of cardiac output to the exercising limb
muscles, which deprives the diaphragm of adequate blood flow despite its very high
and sustained metabolic requirements. Alternatively, it has been suggested that
diaphragm fatigue may be related to a mechanism which increases sympathetic
vasoconstrictor outflow and reduces limb blood flow during prolonged exercise
(Guenette and Sheel 2007) and thus leads to limb muscle fatigue. It is the competition
between the muscles of respiration and locomotion for a limited cardiac output that
may have dramatic consequences for exercise performance (Guenette and Sheel
2007), with one or the other, or both being deprived of adequate blood flow to meet
metabolic demands.
Using near-infrared spectroscopy Legrand et al (2007) found that at heavy exercise
intensities in active male subjects, an accelerated drop in accessory respiratory muscle
oxygenation (associated with a high ventilatory load) was related to an attenuated fall
in leg muscle oxygenation, suggesting that the high O2 requirement of the RM leads
to limitations on O2 use by the locomotor muscles, as demonstrated in endurance
trained subjects. The phenomenon observed was associated with reduced leg blood
volume supporting the occurrence of leg vasoconstriction; these events appeared not
only at maximal exercise but onward above the respiratory compensation point
(Legrand et al 2007).
Both respiratory and limb muscles undergo substantial elevations in blood flow and
vascular conductance during heavy and maximal exercise compared with rest
(Manohar 1987). Problems arise because at maximal exercise cardiac ouput cannot be
further increased; resulting in competition between respiratory and limb muscles for
the available blood flow, thereby promoting an inadequate O2 transport and fatigue
(Dempsey et al 2006). The competition between respiratory and leg muscle
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oxygenation has been demonstrated from an intensity of about 80-85% V
(Harms et al 1998, 2000) but not at 75% VO2MAX (Wetter et al 1999).

The blood flow competition between the RM and locomotor muscles has been
examined by loading or unloading breathing during exercise. Unloading the work of
breathing, via proportional assist ventilation (Younes 1992), during heavy intensity
exercise has been found to reduce cardiac output and increase vascular conductance
and blood flow to the exercising limbs (Harms et al 1997, 1998) and increase
endurance time by 14% (Harms et al 2000; Sliwinski et al 1996), with coincident
reductions in dyspnea and limb discomfort (Harms 2000; Romer et al 2006).
Increasing the work of breathing by adding an artificial inspiratory resistance, reduces
vascular conductance and blood flow to the exercising limbs (Harms et al 1997, 1998)
and decreases cycling endurance time (Harms et al 2000; Sliwinski et al 1996), with
corresponding increases in dyspnea and limb discomfort (Harms 2000). In resting
subjects blood flow to the limb is only reduced when inspiratory resistive loads are
increased sufficiently to cause diaphragm fatigue (Sheel et al 2002). Similarly, RMF
must occur before unloading the work of breathing can improve exercise performance
(Harms et al 1997, 1998).
Thus, the work of breathing during heavy and maximal exercise plays a significant
role in determining exercise tolerance, when the work of breathing leads to RMF, and
reduced blood flow and O2 transport to the limbs, which in turn leads to an increase
in limb muscle fatigue and intensification of effort perception (Dempsey et al 2006)
and ultimately exercise termination.

2.4.5 Dyspnea
Increased exercise intensity and/or duration results in increased activation of the
cardiorespiratory system to maintain homeostasis. The ability to achieve and/or
sustain increased work output by the physiological systems requires an increase in
effort by the individual. How an individual perceives this increased effort plays a
major role in determining exercise capacity; thus exercise is dependent on both
physiologic and perceptual responses.
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Increased RM work and RMF concomitantly increases both dyspnea and locomotor
muscle effort perceptions. The out of breath feeling i.e. dyspnea, along with leg effort
are the major symptoms limiting cycling exercise in both healthy subjects and in
patients with various respiratory diseases (Stendardi et al 2005). Killian et al (1992)
reported the reasons for terminating exercise in 320 healthy subjects and 93 patients
with COPD; both groups stopped exercise due to either leg effort, (37 and 43%
respectively) or dyspnea (22 and 20% respectively) or the association of leg effort and
dyspnea (42 and 31% respectively). In general untrained subjects indicate that heavy
breathing (thus dyspnea) forces them to terminate exercise whilst trained subjects
blame tired legs (Boutellier 1998).
Dyspnea is sometimes overlooked as being an exercise limiting factor, particularly in
untrained subjects who are not accustomed to breathing under such conditions.
Dyspneic feelings during exercise may be defined as the feeling of an uncomfortable
need to breathe rather than any other sensation associated with exercise, such as
fatigue, or awareness that ventilation has increased (Wilson and Jones 1991). The
increased sensations of breathlessness have been linked with the perception of RM
effort (Leblanc et al 1986). Thus, as RM work increases during maximal exercise the
perception of RM effort and dyspneic sensations also increase. Whilst trained athletes
are accustomed to exercising under such breathing conditions, untrained subjects may
terminate exercise because breathing discomfort associated with continuing the
exercise exceeds that which they are willing and/or able to tolerate (Stendardi et al
2005). Thus, just as an individual initiates exercise because they consciously chose to
do so, they also make a conscious decision to terminate the exercise (Kayser 2003).
As respiratory discomfort increases a subject will try to modify breathing in an
attempt to reduce inspiratory effort and breathlessness (Shea et al 1995; El-Manshawi
et al 1986). However, during intense exercise the tachypnoeic breathing pattern is
adopted whereby VT plateaus and fs increases (see 2.1.1). However, the increase in fB,
and also VtToT contributes to an increase in the intensity of breathlessness (ElManshawi et al 1986) (see also 5.5 & 6.5). This increase in breathlessness may be
perceived as being exhaustion (particularly in untrained subjects), when in fact it is
only hyperpnea produced by high levels of VE ; this may also account for the reason
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why trained subjects can attain higher maximal f^ than untrained subjects (Folinsbee
et al 1983). Harms et al (2000) reported that changes in the perceived magnitude of
breathlessness accounted for 29% of the variance in the changes in the maintenance of
continuous intense exercise under different breathing conditions (Harms et al 2000).
Heavy exercise produces a sensation of shortness of breath, and intensifies the urge to
breathe. This may lead to distress, which serves as an incentive to take action, the
action being of course to terminate exercise (De Peuter et al 2004). During exercise
signals from the locomotor muscles, the ventilatory system, heart and brain all
provide information to the central command system, which together lead to the
cessation of effort (Kayser 2003). Interestingly, whilst it is generally believed that
theO2 transporting system is the main determinant of exercise performance, in many
individuals the shortness of breath is often the reason for quitting maximal exercise
(Shea et al 1995), with the perception of being 'out of breath' being the deciding
factor.

2.5 Adaptability of the Respiratory System/Respiratory Muscle Training
Exercise training induces a variety of highly specific adaptations that enable the body
to function more efficiently during exercise (McArdle et al 2006). The cardiovascular
and neuromuscular systems undergo significant adaptations to the training stimulus;
exercise has a positive influence on the hearts vasculature, increasing capillary density
and increasing the metabolic capacity of the locomotor muscles. However, unlike
other components of the O2 transport chain the respiratory system, i.e. the lung and
chest wall, shows only modest adaptability to the training stimulus (Dempsey et al
1995). The diffusion capacity of the lung, diffusion distance, diffusion surface area,
pulmonary capillary blood volume (Dempsey and Johnson 1992), airways and lung
parenchyma (Ross and Thurlbeck 1992) are not significantly adaptable to the training
stimulus and remain relatively unchanged from the pre-training state. Also, lung
volumes and flow rates differ little between highly fit and unfit individuals (Johnson
et al 1992), suggesting that lung elastic recoil and airway compressibility are
comparable between highly fit and normally fit humans (Dempsey et al 1995).
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Although the lung itself remains relatively unchanged from the pre-training state, the
effector organs of respiration, i.e. the RM can (see 1.5) and do adapt to the training
stimulus. The RM are morphologically and functionally skeletal muscles; therefore
the structural and functional characteristics can be altered as a consequence of training
if an appropriate physiological load is applied (Kraemer et al 2002; Polla et al 2004).
As with other skeletal muscles, the RM responds in a dose-response fashion to a given
training stimulus (Sheel 2002). Although the RM are modified by training RM fibres
don't undergo changes in the same way as limb muscle fibres (Polla et al 2004).
Consensus from a wide variety of studies is that aerobic enzymatic capacity does
increase in RM but to a substantially lesser extent than in limb locomotor muscles of
similar fibre type (Dempsey et al 1995). However, as is the case with all skeletal
muscles, the relative intensity and duration of the training regime determines the
degree of mitochondrial adaptability in the RM (Powers et al 1994; 1992).
As is the case with other skeletal muscles, the RM must follow the basic principles of
training with regard to the intensity and duration of the stimulus, the specificity of
training and reversibility of training (Goldstein 1993). Muscle training (i.e. contractile
activity) is one of the most effective stimuli which modify muscle fibre size and type
and can be categorised as being either endurance or resistance training; each
producing different skeletal muscle adaptations (Baldwin and Haddad 2002).
Endurance exercise results in enhanced activity of aerobic enzymes whilst resistance
exercise causes increases in muscle mass and strength. The strength and endurance of
the RM can be increased following specific respiratory muscle training, RMT
(Wylegala et al 2007; Chatham et al 1996; Enright et al 2000).
RM strength and endurance is improved when RMT is performed at a level consistent
with the recommended loads for peripheral muscle strength and endurance training
programmes (Enright et al 2006). Consequently, three types of RMT are typically
undertaken, voluntary isocapnic hyperpnea (VIH), flow resistive loading (FRL) and
pressure threshold loading (PTL). VIH improves respiratory muscle endurance (Leith
and Bradley 1976) primarily, by influencing the velocity (flow) axis of the forcevelocity relationship of the inspiratory muscles (Romer and McConnell 2003). FRL
increases RM strength (Hanel and Secher 1991; Leith and Bradley 1976) and is likely
to be confined to the force (pressure) axis of the force-velocity relationship of the
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inspiratory muscles (Romer and McConnell 2003). PTL training has been reported to
increase maximal force production (Hart et al 2001; Inbar et al 2000; Romer and
McConnell 2003), maximal velocity (Romer and McConnell 2003; Romer et al
2002a, 2002b), and the maximal rate of shortening (Romer and McConnell 2003), the
maximal power output (Romer and McConnell 2003), and the endurance (Inbar et al
2000; Williams et al 2002) of the inspiratory muscles (McConnell and Romer 2004a).
Thus PTL affects both the force and velocity components of the force-velocity
relationship of the inspiratory muscles (Romer and McConnell 2003). Whilst VIH and
FRL are primarily confounded to the muscles of inspiration, PTL can be applied to
both inspiratory (Griffiths and McConnell 2007; McConnell and Lomax 2006;
McConnell and Sharpe 2005) and expiratory muscles (Griffiths and McConnell 2007;
Wells et al 2005).
RMT has been used for numerous years in a variety of populations, for both health
and exercise related benefits. Indeed, RMT has been proved beneficial for both
healthy adults (McConnell and Romer 2004; Griffiths and McConnell 2007; Chatham
et al 1996; Enright et al 2000) and individuals with respiratory disease (Covey et al
2001; Lotters et al 2002; Koppers et al 2006; Sanchez Riera et al 2001), with both
exercise performance (Griffiths and McConnell 2007; Scherer et al 2000; Wylegala et
al 2007) and pulmonary function (Ehrlich et al 1999; Weiner et al 1992; Weiner et al
1998; Wells et al 2005; Wylegala et al 2007) being enhanced.
In healthy adults increases in respiratory muscle strength and endurance, as a
consequence of RMT, are allied with anecdotal reports of decreased breathlessness
(Chatham et al 1996, 1999; Enright et al 2000; Romer et al 2002a; Verges et al 2007)
and heart rate (Gething et al 2004b), and unproved cycling endurance (Gething et al
2004a; Markov et al 2001; Spengler et al 1999), time trial performance (Griffiths and
McConnell 2007; Romer et al 2002a; Volianitis et al 2001) and pulmonary function
(Wells et al 2005; Wylegala et al 2007). Similarly, in patients with impaired
respiratory function, RMT has lead to increases in both the strength and endurance of
the RM (Lotters et al 2002), that are associated with reduced breathlessness at rest and
during exercise and improved exercise capacity (Koppers et al 2006).
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Whilst there is an abundance of evidence to support the use of RMT for improved
respiratory muscle function and exercise performance, not all studies have found
pulmonary function (Edwards and Cooke 2004; Enright et al 2006; Verges et al 2007)
or exercise capacity (Hart et al 2001; Wells et al 2005; Williams et al 2002) to be
improved; also the majority of studies have found no change in aerobic capacity (i.e.
VO2MAX ) (Boutellier et al 1992; Fairbarn et al 1991; Gething et al 2004a; Hanel and
Secher 1991; Inbar et al 2000; Markov et al 2001; Romer et al 2002a, 2002b).
Consequently, the use of RMT remains controversial.
The controversy regarding the benefits of RMT is intensified because the exact
mechanisms behind enhancements in pulmonary function and exercise performance
are not clear (see Chapter 10). Unlike exercise training in general RMT does not
induce a cardiovascular training effect (Markov et al 2001). It has therefore been
suggested that improvements in exercise performance must be related to some
component of respiratory system itself, with a reduction in effort perception, reduced
RMF, increased efficiency and decreased RM blood flow being proposed as possible
components. Gigliotti et al (2006) recently postulated that RMT serves to improve
exercise capacity by preventing or at least delaying the onset of RMF and its effect on
blood flow distribution; increases ventilatory efficiency, reducing metabolic and thus
blood flow requirements of the RM during exercise (possibly by recruiting less
accessory muscles); and/or reduces the amount of sympathetically induced reflex
vasoconstriction in response to isometric exercise (Somer et al 1992).
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Chapter 3
3.0 Study 1 - Resting Tidal Airflow Profiles in Health and Disease
3.1 Abstract
Spirometry has long been used for the assessment of lung function, with the
measurements of FVC and FEVi providing reliable information about the
mechanisms of breathing. Spirometric measurements are used to monitor airway
calibre and determine differences between healthy individuals and those with
respiratory disorders. The resting tidal breathing profile has also been found to differ
between individuals with normal lung function and those with airway obstruction.
This study firstly examines the relationship between anthropometric characteristics,
spirometric indices of lung function and the resting tidal airflow profile in healthy
individuals; then lung function and resting tidal airflow profiles of healthy adults and
patients with CF and COPD are compared. Anthropometric, Spirometry and tidal
airflow characteristics were determined in 148 healthy adults, 25 patients with CF and
14 patients with COPD. In healthy adults stature was the primary determinant of lung
volume (R2 = 0.72). PIF and PEF were positively related toV^, and the timing
components of VE were strongly linked, with fs negatively related with tiox (-0.87), ti
(-0.76) and IE (-0.84). The respiratory timing index, ti/txoT was found to be strongly
correlated with tpn? (0.73). Comparisons between age-matched healthy adults and
patients with CF and COPD showed that FEVi was significantly lower in disease
(4.02 ± 0.65 Vs 1.91 ± 0.97 L for healthy Vs CF, and 3.36 ± 0.63 Vs 1.19 ± 0.51 L for
healthy Vs COPD, p<0.00001 for both); body weight was also significantly lower in
patients with CF (p<0.00001). The tidal airflow profile was significantly altered by
disease with numerous parameters being different from those recorded in health.
The study cohort was found to be representative of the normal population and
illustrates that the function of the respiratory system in health is predetermined by
height and gender. The vast diversity in resting breathing patterns and tidal airflow
profiles makes it difficult to define which factors are most important, however a
number of these factors are altered in disease
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3.2 Introduction
Mechanisms of both inspiration and expiration influence lung capacity. Inspiration is
an active process produced by the action of the diaphragm and intercostal muscles,
whilst expiration at rest is primarily a passive process, produced by the elastic recoil
of the lungs and chest wall. The functional capacity of the lungs is determined by size,
resistance and by the forces which operate them (Matheson et al 1950); therefore the
size and strength of the diaphragm and intercostals, the size of the thorax and the size
of the lungs are important when considering lung capacity. Size and resistance can be
measured via spirometry, whilst the muscular forces available to drive ventilation can
be measured as the maximum pressures generated i.e. through measurement of
maximum inspiratory pressure, MIP and maximum expiratory pressure, MEP.
Spirometric measurements have long been used for the assessment of lung function,
and are useful in the detection, characterisation, and quantification of the severity of
lung disease (Clausen et al 1997). Forced vital capacity, FVC and forced expired
volume in one second, FEVi are the simplest, most reliable and valid tests reflecting
the mechanisms of breathing (Ferris 1978). FVC is important because it is an index of
the state of elastic properties of the respiratory apparatus and provides a measure of
total lung volume, whilst the rate at which FEVi is expelled from the lungs
predominantly reflects flow resistive properties (Joshi and Joshi 1998). FEVi is a
widely accepted measure of airways obstruction because respiratory disease is
associated with deterioration in lung function. With cystic fibrosis there is a slow
progressive deterioration in lung function. The airways become occluded through
mucous hypersecretion and endobronchial inflammation (which occurs as a result of
secretions becoming infected), resulting in a gradual decline in FEVi and a raised
FRC, due to overinflation (Williams et al 2000). Chronic obstructive pulmonary
disease, COPD is one of the commonest respiratory conditions in adults in the
developed world and has been ranked as the fourth leading cause of death (ATS
statement 1995). It is defined as a disorder characterised by reduced maximal
expiratory flow and slow forced emptying of the lungs (ATS and ERS 2005).
While spirometric measurements identify airway calibre and clearly determine the
difference between healthy individuals and those with respiratory disorders, the
resting tidal breathing profile has also been shown to differ between individuals with
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normal lung function and those with airway obstruction (Morris and Lane 1981;
Williams et al 2000; Colasanti et al 2004). In a cross sectional study of patients with
cystic fibrosis (CF), Williams et al (2000) found an increase in airways resistance
above normal is reflected by quantifiable changes in the expiratory airflow pattern.
The focus of this study is two-fold. Firstly the relationship between anthropometric
characteristics, spirometric indices of lung function and the resting tidal airflow
profile in healthy individuals is examined; secondly lung function and resting tidal
airflow profiles of healthy adults and patients with CF and COPD are compared, in an
attempt to determine how tidal airflow is altered by disease.
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3.3 Methods
A total of 148 healthy adult volunteers (inclusive of all subjects recruited throughout
this thesis) were included in this study (subjects were recruited via posters placed on
university notice boards, and internal university websites). With age, height and
weight

recorded,

subjects

performed

spirometry

and

respiratory pressure

measurements to assess lung function. On completion of satisfactory measurements
subjects were seated and asked to breathe through a mouthpiece whilst wearing a
nose-clip for a period of no-less than 2 minutes. The mouthpiece was connected to a
low resistance screen pneumotachograph. Prior to any measurements being recorded
each subject gave informed written consent and completed a brief health screening
questionnaire.
Spirometry and respiratory pressure measurements

Standard pulmonary function tests including FVC, FEVi and peak expiratory flow
rate, PEFR were measured spirometrically using a hand-held spirometer (Microplus,
Micromedical Ltd, Rochester, Kent, U.K). All subjects performed maximal expiratory
flow manoeuvres as per British Thoracic Society standards (1994); specifically,
subjects were instructed to inhale to TLC then insert the mouthpiece and expire as
forcefully as possible to residual volume. The pattern of inspiration preceding forceful
expiration influences the magnitude of peak expiratory flows and fast inspirations
without pause produce higher flows than do slow inspirations with a few seconds
pause at TLC (Tzelepis et al 1997); therefore, subjects were instructed not to pause at
TLC. Three measurements were recorded with the highest being used for subsequent
analysis (Quanjer et al 1993).
Voluntary maximum static inspiratory and expiratory pressures (MIP and MEP
respectively), indices of global inspiratory and expiratory muscle strength, were
measured using a hand-held mouth pressure meter (MicroRPM, MicroMedical Ltd,
Rochester, Kent, U.K), that included a leak via a 1mm hole to prevent glottis closure.
Measurements were performed following ATS and ERS (2005) guidelines; for the
MIP measurement subjects were instructed to exhale fully to RV, place their mouth
around the mouthpiece then immediately inhale as forcefully as possible; for MEP
measurements subjects were instructed to fully inhale to TLC then place their mouth
around the mouthpiece and exhale as forcefully as possible for at least 3s. Subjects
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were encouraged to make maximal efforts during each manoeuvre, with the highest
value recorded during three attempts used for subsequent analysis (Green et al 2002).
All respiratory manoeuvres were performed in an upright standing posture and with
subjects wearing a nose-clip.
The resting tidal airflow profile was recorded in seated subjects breathing through a
mouthpiece and wearing a nose-clip. The mouthpiece was connected in series with a
calibrated low resistance screen pneumotachograph. A differential-pressure sensor
allowed respiratory flow to be logged at 100 Hz (Powerlab 410, ADInstruments) onto
a computer and saved for later analysis.
Resting tidal breathing profiles from 25 patients with CF and 14 patients with COPD
were analysed and compared with the airflow profile of age-matched healthy controls.
Morphometric data from these patients has been collected for a previous study
(Colasanti et al 2004).
Data analysis

After recording resting tidal airflow the data logging software (Chart V4,
ADInstruments) was used to extract a one minute segment of the continuous flow
signal for export as text files. Proprietary software was used to further process the
flow data into individual breaths and exclude unusually large or small breathes. For
each remaining breath a series of time and flow metrics were derived (Figure 3.1).
Finally the selected breaths were summed to form a single representative breath from
which two further flow profile indices (tPPEF20 and tPPEF8o) were derived (Colasanti et
al. 2004). These indices were extracted from the expiratory phase of this
representative breath. Two time points at 20 and 80% of post peak expiratory flow
were used to define changes in flow rate. If there were no changes in the post peak
expiratory flow throughout this period then tPPEF2o and tPPEF80 would equal 180
degrees, however if tPPEF2o decreases (<180°) this is indicative of expiratory airflow
braking while an increase (>180°) represents increased respiratory muscle activity
during expiration. A decrease in tPPEF80 suggests airflow obstruction and
hyperinflation (Colasanti et al. 2004).
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Inspiration

Expiration
I

I

Time
Figure 3.1 Example of a normal resting tidal flow profile.
Parameters are as follows: duration of inspiration, t, (a-c); duration of expiration, tE (c-e);
duration of breath, tTor (a-e); Time to reach peak flow during inspiration, tP|F (a-b) and
expiration, tPEF (c-d); Peak flow rate at inspiration, PIF (f) and expiration, PEF (g); time
between peak inspiratory and expiratory flow (b-d); Flow profile index, tPPEF20 (h); and tPPEF80
(i).

Data is presented as mean ± SD for all variables for the 148 healthy subjects, 25
patients with CF and 14 patients with COPD. Relationships between anthropometric
data, lung function values (including respiratory pressures) and resting tidal airflow
data for the 148 healthy adults were determined using a Pearsons product moment
correlation analysis. Differences between the airflow profile in health and disease
were tested using an unpaired Student's t-test. The level of significance for both the
correlation coefficients and the t-tests was set at P<0.05.

Parameter

All
(n = 148)

Age (yrs)
Height (cm)
Weight (kg)
fH (beats, m in 1)
MIP (cmHzO)
MEP fcmH^J
MWpRED* (Lmin~ 1>

23 ±6
173 ±9
76 ±15
74 ±14
120 ±36
140 + 36
160 + 26
4.7 ±0.8
4.0 ±0.7
85 + 7
547+105

FVC ft)
FEV! (L)
FEV^FVC (%J
PEFR ft-m/H"';

Females
(n = 60)
22 ±3
166 ± 7
68 ±13
75+ 15
103 + 28
115 ±24
139±14
4.0 ±0.5
3.5 + 0.4
88 ±5
454 + 71

Males
(n = 88)
24 ±6
178+ 6
82 ±13
73 ± 14
130 ± 37
1 56 + 34
174 ±23
5.2 + 0.6
4.4 + 0.6
84 ±7
604 ± 77

Table 3.1 Anthropometric and lung function data in 148 resting healthy adults. Data
presented as mean + SD. * FEN/! x 40.
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3.4 Results
Anthropometric, lung function and tidal airflow in healthy adults
Anthropometric and lung function data can be found in Table 3.1. No evidence of
respiratory disorders was present, with FEVi/FVC % averaging -85% in the sample
of 148 healthy subjects, and respiratory muscle strength measurements within the
normal range. Details of the resting tidal airflow profile are presented in Table 3.2.
Resting levels of ventilation, VE averaged 16 ± 4.6 L.min"1 , and ranged between 5.8
and 29.8 L-min"1 . The average volume of each breath, the tidal volume, VT was 1.0 ±
0.3L (range 0.36 to 1.84 L) with an average breathing rate, fB of 16 ± 4 breaths.min"1
(range 8 to 27 breaths.min"1). Expiration was found to occupy almost 60% of the total
respiratory cycle duration, ITOT- Peak inspiratory flow rate, PIF was substantially
greater than peak expiratory flow rate, PEF (0.95 ± 0.22 Vs 0.8 ± 0.27 L.s"1,
p<0.0001). The time taken to reach peak expiratory flow rate, tPEF was almost 3 times
as long as the time taken to reach peak inspiratory flow rate, tpip (0.85 ± 0.43s Vs 0.31
± 0.12s, p<0.0001); consequently the percentage of expiratory time, tE taken to reach
PEF (tpEF ratio) was almost twice as much as the percentage of the inspiratory time, ti
taken to reach PIF (tprp ratio), 36% and 20% respectively.

Parameter

All(n=148)

Females (n=60)

Males (n=88)

VE (L.min 1)

16.0 + 4.6
1.00 + 0.3
16±4
22 ±6
0.95 ± 0.22
0.80 ± 0.27
4.0 ± 1.1
1.7± 0.4
2.3 ± 0.7
0.42 ± 0.05
0.31 ±0.12
0.85 ± 0.43
20 ±9
36+13
183±17
157 + 20

14.5 ±4.4
0.90 ± 0.3
16±4
23 ±7
0.87 + 0.22
0.67 ±0.1 8
4.0+1.1
1.6+ 0.5
2.4 ± 0.7
0.40 ± 0.04
0.28 + 0.09
0.95 ± 0.48
19 + 8
39 + 15
184 + 16
154 ±19

17.2 ±4.5
1.07 ±0.3
17±4
21 ±6
1.01 ±0.20
0.89 + 0.28
4.0+ 1.1
1.7± 0.4
2.3 ± 0.7
0.43 + 0.05
0.33 ±0.14
0.77 ± 0.38
21 ±9
34+12
182 + 17
159 ±21

Vr(L)

fB (breaths.min 1)

VT/FVC (%)
PIF (Ls 1)
PEF (Ls 1)

t-TOT (S)

UsJ
Ws;
tl/tTOT
tplF (S)
tPEF (S)

tp|F ratio (%)
tpEF ratio (%)
tpPEF20 (°)
tppEpgo ( )

Table 3.2 Resting tidal airflow profiles in healthy adults, n = 148. Data presented as mean
±SD.
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The Pearson product moment correlation analysis performed on anthropometric, lung
function and resting tidal airflow data of the 148 healthy adults, is shown in Table 3.3.
A correlation coefficient of 0 to 0.3 represents a weak correlation, 0.3 to 0.7 a
moderate correlation and above 0.7 a strong correlation.
Anthropometric and Lung volume Parameters with strong relationships
The strongest correlations are those with a coefficient of >0.7 and p<0.001.
Lung volume (FVC) was strongly correlated with an individual's height (0.72) and
FEVi (0.89) (Figure 3.2). Thus stature was the primary determinant of lung volume.
PIF and PEF were positively related (0.7) and both increased as a function of
increasing VE (0.76 and 0.79 respectively). The timing components of V^were
strongly related; both tj and tE were positively associated with trox (0.89 and 0.96
respectively) whilst f& was negatively correlated with troT (-0.87), ti (-0.76) and IE (0.84). ti and tE were related to each other (0.73). The timing index of VE , ti/tTOT was
only strongly associated with tpip (0.73). Both tPiF and tPEF were strongly related to
their respective ratios (0.8 and 0.77 respectively).
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Heart rale
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MHP

i-vr
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0.22#

0.2 *
0.59"
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N

MIP

MEP
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FEV,

N

N

N

N

FEV,/
FVC
-0.42*'

P1F

PEF

t, (ll

I,

I,,

i,/i l()l

I,.,,.

0.17*

N

N

N

N

N

N
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ratio
N

Ira
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IITIIM

VK

V,

fi,

N

Ira
ratio
N

N

N

N

N

N

V,/
FVC
N

N

N

N

0.32#

0.38"

N

N

N

0.1')*

0.32"

0.72"

(1.67**

-<).24#

(1.39**

0.35**

N

N

N

0.24#

N

N

0.2*

0.2*

0.37**

0.44**

0.47**

0.4**

-0.25*

0.49"

0.42"

N

N

N

N

N

N

N

N

N

N

0.43**

0.42"

N

0.18*

N

N

N

N

N

0.18'

0.18*

N

N

N

N

N

N

N

N

N

N

0.23#

N

N

0.26#

0.68**

0.32**

().24#

-0.25#

N

0.23#

N

N

N

N

N

-0.25#

N

N

N

N

N

N

N

N

0.44**

0.36**

-0.27"

().26#

0.29**

N

N

N

N

N

-0.26*

N

N

N

N

0.26#

0.21*

N

N

0.89"

-0.42"

0.22#

0.18'

N

N

N

N

-0.17*

-0.25**

N

N

N

N

0.2*

0.33**

N

-0.25#

N

0.27#

0.21*

N

N

N

N

N

-0.19*

N

N

N

N

0.21*

0.25#

N

-0.25*

N

N

N

N

N

N

N

0.19*

N

N

N

N

N

-0.22*

N

N

0.7"

-0.26*

-fl.24#

-0.24*

N

N

N

N

N

N

N

0.76"

0.48"

0.32**

0.35**

-0.24#

0.39**

0.38**

N

0.37"

0.79**

0.4**

0.43**

0.29**

-0.19*

-0.64**

N

N

-0.41**

0.46"

-0.87"

0.41**

N

0.31**

-0.26**

0.54**

-0.76**

0.44**

-0.33"

N
0.89"

-0.44"
0.96"
0.73**

0.54**
-0.28"

-(1.43**
0.54**

N

N

0.34**

N

N

-0.44**

0.52"

0.61"

N

-0.35"

0.69"

0.22#

N

-0.46"

0.37**

-0.84**

0.35"

N

0.73"

0.51"

0.32*'

0.37**

0.33"

N

0.29"

N

-0.32"

-0.47**

N

N

-0.35"

N

-0.52"

0.23#

N

N

0.32"

-0.21*

N

N

N

N

0.8**

0.22#

0.43**

N

N

0.26#

N

N

0.27#

-0.31**

0.68"

-0.3"

0.2*

N

N

N

N

N

N

N

N

0.53"

0.44"

0.42"

-0.4**

0.81"

-0.43"

0.77**

N

-0.36**

'ttble 3.3 Results of a Pearson product moment correlation analysis, performed on anthropometric, lung function and resting tidal airflow data of the 148 healthy adults. A correlation coefficient of 0 to 0.3 is classed as a weak correlation,
wile between 0.3 to 0.7 signifies a moderate correlation and above 0.7 a strong correlation. * p<().()5, # p<0.01, ** p<().0()l
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Figure 3.2

The relationship between lung function and body size in healthy adults (n=148).

Anthropometric and Lung volume Parameters with significant weak-to-moderate
relationships

Age was found be correlated to FEVi/FVC (-0.42, p<0.001) and PIF (0.17, p<0.05)
only. Both height and weight were correlated to MIP (0.19, p<0.05; 0.37,p<0.001
respectively), MEP (0.32, p<0.001; 0.44,p<0.001 respectively), FVC (0.72, p<0.001;
0.47, p<0.001 respectively), FEVi (0.67, p<0.001; 0.4, p<0.001 respectively),
FEVi/FVC (-0.24, p<0.01; -0.25, p<0.05), PIF (0.39, p<0.001; 0.49, p<0.001
respectively), PEF (0.35, p<0.001; 0.42, p<0.001 respectively), VT (0.38, p<0.001;
0.42, p<0.001 respectively) and VE (0.32, p<0.01; 0.43, p<0.001 respectively); whilst
height was also related to ti/tjoT (0.24, p<0.01) and tPIF (0.2, p<0.05), and weight was
related to fH (0.2, p<0.05) and VT/FVC (0.18, p<0.05).

50

Relationship between tidal breathing parameters
VE , VT, fs and VT/FVC were all related to PIF, PEF, tTOT, ti, tE and tPiF ratio (see
Table 3.3); strong relationships being observed between VE and PIF and PEF (0.76
and 0.79 respectively, p<0.001), fB and tTOT, ti and tE (-0.87, -0.76 and -0.84
respectively, p<0.001). Both VT and fB increased with increasing levels of V,, (0.53
and 0.44 respectively, p<0.001), whilst VT and fa were negatively related (-0.4,
p<0.001).
A positive correlation was found between MIP and MEP (0.68, p<0.001). Both were
positively correlated to FVC, FEVi and PEF, and negatively related to FEVi/FVC and
the tpEF ratio. MEP was also positively correlated to VE , VT, PIF.
FVC and FEVi were positively related to PIF, PEF, VE and VT and negatively related
to the tpEF ratio; FVC was also negatively related to IPEFA strong correlation was found between PIF and PEF (0.7, p<0.001) (Figure 3.3). PIF
was negatively related to tjor, *i and tE (p<0.01), and PEF negatively to tTOT, tE, tPEF
and tpEF ratio (p<0.01). PEF was also positively related to ti/tTOT, tPip, tPiF ratio and
tpPEFSO (p<0.001).
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Figure 3.3

Relationship between ventilation and peak flow rates (n=148). r2 = 0.7, p<0.001
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As expected t-ror, ti and tE were all strongly related (>0.7 p<0.001) (Figure 3.4). There
was a negative relationship between tTOT and ti/tTOT (-0.28, p<0.001), no relationship
between ti/tTOT and ti, and a positive relationship between ti/tTOT and tE (0.52,
p<0.001).
tpEF was positively related to tTOT, ti and tE (p<0.001) and negatively related to ti/tTOT,
whilst no such correlations were observed for tPEp ratio, although tPEF and tPEF ratio
were strongly related (0.77, p<0.001).
was negatively associated with trot, IE, and tPEF but positively associated with
.73, p<0.001).
tpff ratio was negatively related to tTox, ti, and tPEF, and positively related to IE,
and tPEF ratio (0.8, p<0.001).
and tppEFSO were positively related to ti/txoT and tpip. IPPEFIO was also related to IE
and tpEF ratio, IPPEFSO related to ti and IPPEFIO, and negatively to tpEp ratio. VE or its
primary components were unrelated to either tppEF2o or tppEFsoBoth VE and fB were positively related to ti/tToT, and negatively related to tpEp. fs was
related to IMF. VE was related to fH (0.23, p<0.01).
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Figure 3.4

The relationship between breathing frequency and the durations of inspiration (t,) and
expiration (tE) (n=148). r2 >0.7, p<0.001
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Anthropometric, lung junction and resting tidal airflow profile characteristics in
health and disease
Anthropometric, lung function and tidal airflow data of patients with CF and COPD
was compared with age-matched healthy individuals. Table 3.4 shows the comparison
between age-matched healthy individuals and patients with CF. As expected the FEVi
in healthy controls was more than double that in patients with CF (4.02 ± 0.65 L Vs
1.91 ± 0.97 L, p<0.00001 respectively). Whilst height was similar, weight was
significantly lower in CF (76.4 ± 14.5 Vs 57.2 ± 10.9Kg, p<0.00001). When
analysing the resting breathing profile a number of differences were observed.
Although FEVi was over 50% lower in patients with CF, PEF at rest was similar
(0.73 ± 0.18 Vs 0.78 ± 0.29 L.S'1 for CF and healthy controls respectively); whilst PIF
was significantly higher in healthy subjects (0.93 ± 0.26 Vs 0.84 ± 0.15 L.s"1 ,
p<.0.05). tpn? was however the same whilst tPEF was doubled in health. The tpip/ti and
tpEF/te ratios also differed between groups; the tPiF/ti ratio was significantly higher in
CF (p<0.05) whilst the tPEF/tE was significantly higher in health (p<0.00001). Both ti
and IE were greater in health but the difference in ti/tTOT was not significant (0.4 ±
0.05 Vs 0.42 ± 0.05 for CF and healthy controls respectively). The tPPEF2o index was
greater in health (p< 0.001) whilst the tPPEF8o index was similar.

Variable

Age (yrs)
FEV, (L)
Height (cm)
Weight (Kg)
PIF (Ls 1)
PEF (Ls 1)
troy (s)

Us;

tE fsJ
ti/troT
tPEF (S)

tpEF ratio (%)
tplF (S)

tpip ratio (%)
tpPEF20 (°)
tpPEFSO ( )

Cystic Fibrosis n= 25
24 ±6
1.91 ±0.97
169 ±10
57.2 ± 10.9
0.84 ±0.15
0.73 + 0.18
3.18 ±0.81
1.28 + 0.43
1.90 + 0.46
0.40 + 0.05
0.43 ±0.15
23 + 7
0.29 ±0.10
24 + 8
169±18
158 + 20

Controls n= 146
23 + 6
4.02 + 0.65*
173±12
76.4+ 14.5*
0.93 + 0.26a
0.78 ± 0.29
3.90+ 1.21*
1 .62 + 0.49*
2.27 + 0.78 f
0.42 + 0.05
0.82 + 0.45*
35 + 14*
0.31 +0.13
20 + 9*
183 ±17*
157 ±20

Table 3.4 Comparison of anthropometric and lung function data, and resting tidal airflow
profile parameters in age-matched healthy individuals and patients with cystic fibrosis.
* p<0.00001 * p<0.001 T p<0.01 a p<0.05
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Table 3.5 shows the comparison between age-matched healthy individuals with
patients with COPD. As expected, FEVi was almost a third smaller in COPD than in
healthy controls (3.36 ± 0.63 Vs 1.19 ± 0.51 L, p<0.00001 respectively). When
examining the resting breathing profile the majority of variables are significantly
different between the two states, with the exception of PIF, PEF, and the ratios of
tpip/ti and tpEF/te- All other tidal airflow parameters are significantly higher in the
healthy controls (see Table 3.5).

Variable
Age (yrs)
FEV! (L)
Height (cm)
Weight (Kg)
PIF (Ls 1)
PEF (Ls 1)
trar (s)

us;

±(s)
tl/tjOT

tpEF (s;

tpEF ratio (%)
tplF (S)

IFF ratio (%)
tpPEF20 ( )
tpPEFBO ( )

COPD n= 14
55 ± 17
1.19±0.51
169 ±12
N/AA
0.79 ± 0.30
0.62 ± 0.25
3.10 ±0.94
1.20 ±0.41
1 .90 ± 0.57
0.39 ± 0.05
0.38 ± 0.20
21 ± 12
0.26 ± 0.05
23+7
165 ±17
142 + 13

Normal n= 16
52 ± 10
3.36 ± 0.63*
173 ±12
74.5 ±10
0.66 ± 0.24
0.63 ± 0.25
4.80 ± 1 .29*
2.06 ± 0.55*
2.74 ± 0.90f
0.43 + 0.07*
0.55 ± 0.20*
22 + 10
0.34 ±0.13*
18±10
175±21 a
165 ±12*

Table 3.5 Comparison of anthropometric and lung function data, and resting tidal airflow
profile parameters in age-matched healthy individuals and patients with chronic obstructive
pulmonary disease. * p<0.00001 * p<0.001 f p<0.01 a p<0.05. A data for the weight of
the COPD patients was not available.
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3.5 Discussion
Anthropometric, lung function and tidal breathing in healthy adults
The main findings of this study were that between individuals at rest there is vast
diversity in the breathing pattern. This diversity is probably related to the wide
variation inVE , which ranged from 5.8 to 29.8 L.min"1 . It is generally accepted
however that people breathe in different ways in terms of VT, fe and airflow shape,
which are relatively stable characteristics of an adult individual (Dejours et al 1961;
Dejours et al 1963; Morrow and Vosteen 1953; Proctor and Hardy 1949). Dejours et
al (1961) were the first to observe diversity in VT; with VT ranging from 0.442 to
1.549L in resting individuals. The depth of breathing at rest in this study was within a
similar range, from 0.36 and 1.84 L; expressed as a fraction of FVC (VT/FVC %) the
range goes from as little as 9% to as much as 41%. The earliest observations of fB
were reported by Quetelet (1842) and Hutchinson (1850). They reported resting fB
between 6 and 31 breaths.min"1 , being obtained by observation and were hence not
impeded by any measuring device. The range observed in the frequency of breathing
in the present study was similar to the early reports, ranging between 8 and 27
breaths.min"1 . It has been suggested that the large range in fB at rest meets the
optimisation criterion (Benchetrit 2000).
Dejours et al (1961) reported that values of VT were unrelated to height, vital
capacity, FEVi or to inspiratory and expiratory resistances. In comparison, we found
VT was significantly related to height (r2=0.38, p<0.01), FVC (r2=0.33, p<0.001),
FEVi (r2=0.25, p<0.01), PIF (r2=0.48, p<0.001), and PEF (r2=0.4, p<0.001). VT was
also found to be linearly related to fB (-0.4, p<0.001), whereas others have found the
relationship to be curvilinear (Grunstein et al 1973). Walker et al (1997) postulate that
the timing and volume for varying sequential breaths are 'packaged', possibly to
optimise the work of breathing or gas exchange.
Quanjer et al (1993) reported a simple relationship between FEVi and body size,
gender and age in healthy adults; similarly Charfi et al (1991) found FVC and FEVi
to be related to age and height in both male and female subjects. Using multiple linear
regression techniques Colasanti et al (2004) found a complex interrelationship
between FEVi, body size and the tidal breathing profile in subjects with obstructive

57

airway disease. The present study found age had relatively no effect on any of the
measured parameters; this is probably related to the fact that the majority of subjects
were below the age of 30 years. In terms of body size both height and weight were
significantly related to lung function (FVC and FEVi), respiratory muscle strength
(MIP and MEP), peak flow rates (PIF and PEF), VT and VE (see Table 3.3); height
was more strongly correlated to both FVC and FEVi (0.72 and 0.67 respectively,
p<0.001) than was weight (0.47 and 0.4 respectively, p<0.001). With regard to the
tidal breathing profile, FVC and FEVi were related to PIF, PEF, tPEF ratio, VE and VT.
Global measures of inspiratory and expiratory muscle strength (MIP and MEP
respectively; i.e. maximal respiratory pressure measurements) were within the
published range of normal values (see Table 3.6), averaging 103 ± 28 cmH2O (range
66-168) and 115 ± 24 cmH2O (range 71-171) in the females, and 130 ± 37 cmH2O
(72-228) and 156 ± 34 cmH2O (range 87-251) in the males, for MIP and MEP
respectively. Black and Hyatt (1969) developed a method (pressure gauges) for
assessing maximal respiratory pressures, and determined the normal range of values
for the maximal inspiratory and expiratory pressures in 120 subjects aged 20 to 74
years. Measurements were unaffected by age in subjects under the age of 55 years,
whilst in subjects older than 55 years MEP in males and females and MIP in females
decreased with age (Black and Hyatt 1969). Wilson et al (1984) reported both MIP
and MEP were significantly correlated with age in males aged 19-65 years, whilst in
women they were only related to height. Measures of MIP and MEP were found to be
unaffected by age in the present sample of 148 healthy individuals aged 18-51 years,
but both were significantly related to height (0.19 and 0.32 respectively), weight (0.37
and 0.44 respectively), FVC (0.32 and 0.44 respectively), FEVi (0.24 and 0.36
respectively), PEF (0.23 and 0.29 respectively), and the tPEF ratio (-0.25 and -0.26
respectively). MEP was also significantly related to MIP (0.68), PIF (0.26), VE (0.26)
and VT (0.21). A number of other studies have found a strong association between
respiratory pressures and height and weight (Hautmann et al 2000; Adamiak-Kardas
2002).
Hautmann et al (2000) prospectively measured MIP in 504 (248 males 256 females)
healthy subjects aged 18-82 years. Significant correlations were found with height,
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weight, BMI, FEVh PEF and FVC (P<0.01); the strongest correlations were found
with sex and age (P<0.001). Reiter et al (2006) found MIP to be negatively related to
age but positively related to weight and spirometric parameters in 68 healthy subjects
aged 17-75 years. Charfi et al (1991) measured maximal respiratory pressures in 253
(135 females HSmales) normal subjects aged 15-59 years. MIP and MEP were higher
in the males, whilst MIP was lower than MEP in both sexes. Age was correlated with
MIP in the females and with MEP in the males, whilst both MIP and MEP were
correlated with weight in the females. However in subjects aged 20-59 years MIP and
MEP were unrelated to age or weight, leading the authors to conclude that in adults
aged 20-59 years of normal weight differences in maximal respiratory pressures
depend solely on sex.
In normal healthy individuals respiratory pressures in females are typically -55-75%
of those obtained in males (Black and Hyatt 1969; Charfi et al 1991; Cook et al 1964;
Lausted et al 2006; Ringqvist 1966; Vincken et al 1987; Wilson et al 1984). In the
present study the average values of MIP and MEP in the females reached 79 and 74%,
respectively, of the average values obtained by the males. A wide range of values for
maximal respiratory pressures have been published for both males and females (Table
3.6). The average values observed for MIP in the current study are higher than those
reported by a number of previous studies (Adamiak-Kardas 2002; Black and Hyatt
1969; Charfi et al 1991; Hautmann et al 2000; Wilson et al 1984), but similar to
others (Ringqvist 1966). Average values of MEP were lower than many previously
reported values (Black and Hyatt 1969; Ringqvist 1966) but similar to others (Charfi
et al 1991; Wilson et al 1984). The range in reported respiratory pressure values
makes direct comparisons between studies almost impossible. Hautmann et al (2000)
attributes the differences in values between studies to the differences in the age
distribution of each study cohort, the methods employed and the equipment used; and
further suggest that because the normal range for MIP is so exceptionally large, MIP
values must be around 40% below predicted values before they can be considered as
pathological (Hautmann et al 2000).
A high inter-subject variation has been reported by most studies examining maximal
respiratory pressures (Black and Hyatt 1969; Ringqvist 1966; Wilson et al 1984;
Hautmann et al 2000). This may reflect the different musculature of the individuals
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(Hautmann et al 2000) or may be more related to the fact that accurate measures are
only attainable if subjects are highly motivated and accustomed to producing maximal
pressures. It has been suggested that accurate measurements are also strongly
dependent on the skill of the technician (Hautmann et al 2000). Throughout the
present study all measurements were performed by the same technician, thus reducing
intra-subject variability and avoiding inter-technician bias.
Examination of the tidal airflow profile shows that both PIF and PEF are linearly
related toV^, whilst the timing components txoT, ti and tE were negatively associated
with increasing fB. The time taken to reach peak expiratory flow rate IPEF was found to
be almost three times as long as the time taken to reach peak inspiratory flow rate tpip
and is indicative of expiratory airflow braking. In the healthy respiratory system
braking occurs throughout the first third of expiration, lengthening tPEF and lowering
peak expiratory flow (Colasanti et al 2004).
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130 ±37

19-65

60

Male
MIP
(cmH2O)

15-59

18-51

Present
Windisch et al (2004)
Adamiak-Kardas (2002)
Hautmann et al (2000)
Charfietal(1991)
Wilson etal (1984)
Leech etal (1983)
Jones etal (1981)
Gilbert etal (1978)
Black and Hyatt (1969)
Ringqvist (1966)
Cook etal (1964)
Table 3.6 Reported values for

Number of subjects
Male
Female
88
229
87
248
118

Age (yrs)

Studies (chronologically)

165 + 30
146 + 34

87 ±32
98 ±25
100±19

233 + 84
237 + 46
237 + 45

152 ±54

101 ±38
—.

63 + 24
82

94

67

160
—.

93 ±17

79 ±19
73 + 22

1 1 1 ± 25

87.5
—

115 + 24
—

MEP
(cmH2O)

192 + 42

76 ±21

60

91 +35

103 + 28

MIP
(cmH2O)

Female

148 ±34

116

156 + 34

MEP
(cmH2O)
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Lung function and tidal airflow profiles in health and disease
Early recognition and assessment of the severity of airflow obstruction is important
for the diagnosis, management and treatment of obstructive airway diseases such as
asthma and COPD. Spirometric measurements (such as FVC, FEVi and PEFR) are
generally considered sensitive indicators of changes in elastic recoil pressure and / or
of the resistance of small airways (Joshi and Joshi 1998). PEFR is commonly used to
monitor the symptoms of asthma; and reductions in post exercise FEVi and PEFR
measurements are among the criteria used in the diagnosis of exercise-induced
asthma. However, PEFR has been shown to progressively underestimate airway
obstruction with increasing air trapping making it less reliable as airway obstruction
worsens (Bid et al 2000). Also, spirometry measurements are subject to wide
variability and are effort dependent (Joshi and Joshi 1998), requiring patient
coordination and cooperation. Whilst spirometry has traditionally been used to
quantify the severity of airway obstruction, the tidal airflow pattern has also been
shown to be useful in diagnosing the severity of obstruction in COPD and CF
(Williams et al 1998, 2000) and may yet provide a non-invasive method of diagnosing
airflow obstruction during exercise.
As expected, patients with CF and COPD had significantly lower FEVi values than
those recorded in age-matched healthy adults. The weight of the patients with CF was
also significantly less than in the healthy subjects. A number of differences were
observed in the tidal airflow profile of healthy adults and those with CF and COPD.
Although FEVi was over 50% lower in patients with CF PEF at rest was similar. PIF
was significantly higher in healthy subjects, tpjp was however the same whilst IPEF was
doubled in health. The tPiF/ti ratio was significantly higher in CF whilst the tPEF/tE ratio
was significantly higher in health. Both tj and tE were greater in health but ti/tToT was
similar. In COPD the majority of tidal airflow parameters were lower than in healthy
age-matched adults, with the exception of PIF, PEF, and the ratios of tPiF/ti and tPEF/tE.
The post peak expiratory flow portion of the breathing profile is diagnostic of airway
obstruction in both COPD and CF (Williams et al 1998, 2000). Two indexes derived
from the shape of the post-peak expiratory flow portion of the expirogram have
shown that in adults with cystic fibrosis the loss of expiratory flow braking is an
important adaptation to disease, while in COPD pulmonary hyperinflation is the
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predominant factor (Colasanti et al 2004). The first index used in the study by
Colasanti and colleagues, tPPEF2o (the change in post-peak expiratory flow at time
20%) describes early changes in post-peak flow, whilst the second index, tPpEF8o (the
change in post-peak expiratory flow at time 80%), describes later changes in flow
(Colasanti et al 2004). In patients with CF the tPPEF2o index was lower than in healthy
controls (p< 0.001) whilst the tPPEF80 index was similar; with COPD both tPPEF2o and
tPPEF80 were significantly lower than in the healthy controls; a reduction in tPPEF8o
indicating a premature start to inspiration (Colasanti et al 2004).
In both COPD and CF the frequency of breathing was enhanced (significantly lower
trox), and tPEp was significantly lower than that recorded in the age-matched healthy
controls, reflecting a loss of expiratory airflow braking. Morris and Lane (1981) were
the first to show that IPEF shortened with increasing airway resistance; Carlsen (2000)
found a reduction in tPEF is a common feature of obstructive airway disease in
children, reflecting a loss of expiratory flow braking.
Conclusions
Comparison with the literature suggests that the present study cohort is representative
of the normal population, and illustrates that the function of the respiratory system in
health is predetermined by height and gender, with function declining with age. In
terms of resting breathing patterns and tidal airflow profiles this study shows that
there is vast diversity between healthy humans with a number of breathing strategies
being employed to minimise work of breathing or respiratory muscle tension. The
diversity of pattern made it difficult to define which factors were most important; the
study does however show that a number of these factors were altered in patients with
respiratory disease. The aim of subsequent studies was to determine how the
breathing pattern and tidal airflow profile is changed during exercise.
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Chapter 4
4.0 Study 2 - Breathing at Rest and During Short Duration Constant-load
Exercise.
4.1 Abstract
At the onset of exercise there is an almost instantaneous increase in V,,, with changes
in both the depth and frequency of breathing. This study looked at the response of the
tidal airflow profile with the transition between rest and steady state exercise.
Subjects (n=91) breathed through a mouthpiece, connected to a pneumotachograph,
while at rest and during 5 minutes of constant-load exercise, set at 2W.kg body weight
for males and l.SW.kg for females. Resting VE was significantly higher in males than
in females (18.3 ± 0.7 Vs 14.7 ± 0.8 L.min'1, p = 0.002), as a result of a significantly
higher VT (1.08 ± 0.04 Vs 0.93 ± 0.05 L, p = 0.02). The transition from rest to
exercise resulted in an immediate increase in both VE and fe. fn increased by over
94% during the course of exercise (P<0.05) with 68% of the overall increase
occurring during the first minute of exercise. VE increased by almost 50 L-min"1, from
17 ± 0.6 Limn"1 at rest to 65 + 2.1 L.min 1 at the end of the exercise; 79% of the
increase being attained by the second minute. Both VE and VT reached a plateau by
four minutes whilst fe increased significantly throughout exercise (p<0.05), with an
overall increase in fB of ~ 63%, 45% of which occurred during the first minute of
exercise. Overall respiratory cycle duration fell by 39% with a 42% reduction in IE
and a 35% reduction in tt; the ratio ti/tTOT increased significantly from the resting
value albeit by 5% (p<0.01).
The pattern of breathing in terms of VT and fB was similar in males and females
throughout exercise; but VE was significantly higher (p<0.001) at all points in males
as a result of a significantly larger VT (P<0.01); fB was similar between genders
throughout. Differences in VT were abolished when VT was expressed relative to
FVC. This study shows an almost instant response in tidal airflow parameters at the
transition between rest and exercise, with a number of these factors levelling off by 34 minutes of exercise. In conclusion, rest and exercise are two different physiological
states and not just a continuum of response; that is the breathing profiles are different,
they do not just get shorter or more rapid.
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4.2 Introduction
At rest and during low intensity exercise the pattern of VE can be controlled
voluntarily. Thus it is possible to decrease fB and take deeper breathes, or vice versa,
to acquire the same total VE . Healthy humans normally, however, unconciously
balance the depth and frequency of breathing to the most efficient breathing pattern
(Clark and Euler 1972; Hey et al 1966; Otis et al 1950; Mead 1960, 1963). Override
mechanisms are in place which take control of the breathing pattern when metabolic
demand is increased i.e. during low intensity exercise breathing can be voluntarily
controlled, but as exercise intensity increases (particularly above the lactate and
ventilatory threshold), the involuntary ventilatory control system assumes much more
control of the pattern of VE .
At the onset of exercise there is an immediate increase in VE (Mitchell 1990; Mateika
and Duffin 1995). Although VE increases to meet the enhanced demand for
O2 delivery and CO2 elimination, the abrupt increase occurs before metabolites from
exercising limbs can reach known chemo-sensitive sites and increases are attributed to
neural pathways (Dejours 1964). It has therefore been suggested that an instantaneous
neurogenic ventilatory reflex accompanies the abrupt transition between rest and
exercise (Dejours 1964; Comroe 1965) and that this reflex is the result of the
stimulation of proprioceptors, ergoreceptors, or the muscle spindles in the exercising
limbs (Beaver and Wasserman 1970).
Although the abrupt component for the transition between rest and exercise has been
confirmed many times (Casaburi et al 1978; Lally et al 1974; Pearce and Milhorn
1977), some have argued against the presence of an abrupt neurogenic response at the
onset of exercise (Beaver and Wasserman 1968; Craig et al 1963). For example, Craig
et al (1963) found no consistent abrupt increase in VE at the onset of exercise, and
Beaver and Wasserman (1970) reported abrupt changes to be more prominent in fB
and tidal volume VT than in VE . Because the immediate responses vary qualitatively
from subject to subject, with VT and fB often changing reciprocally (Beaver and
Wasserman 1970) it has been suggested that the so called instantaneous neurogenic
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responses at the start of exercise are a learned phenomenon and are not fundamental
to the basic mechanism of exercise hyperpnoea.
The breathing response to sub-maximal exercise has three phases (Asmussen 1973;
Casaburi et al 1989). The first phase is an immediate increase in VE as exercise is
initiated; the second phase occurs between 5 seconds and 2-3 minutes of exercise, and
is characterised by a slow gradual increase in VE ; and the third phase is a stable V,,
sustained for several minutes of exercise i.e. steady state (Casaburi et al 1989). The
duration of the stable VE is variable; by 5-10 minutes of exercise, the plateau in VE is
followed by a slow, gradual increase that continues for the duration of exercise
(Casaburi et al 1989).
The aim of the present study was to determine how flow and time domain parameters
of the tidal airflow profile respond to constant load sub-maximal exercise in young
untrained adults. Specifically, I wished to describe how components of the respiratory
cycle are altered by the transition from rest to steady state exercise, and to determine
whether flow and timing responses reach a steady state.
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4.3 Methods
A total of 91 healthy young adults participated in this study. Subjects were recruited
as described in section 3.3. The population was split into two sub-groups: males
(n=59) and females (n=32). Subjects were fully informed of the study protocol and
informed consent was obtained.
Prior to any measurements being taken subjects completed a brief health screening
questionnaire. On completion age, height, weight and lung function spirometry (see
3.3) were recorded (Table 4.1).
Initially subjects were asked to sit on a cycle ergometer (Monark 824e, Varberg,
Sweden) and breathe through a mouthpiece, whilst resting for 2 minutes. Subjects
then pedalled at 60 RPM at a fixed work rate of 1.5 and 2W.kg"1 body weight for
females and males respectively, for a total of 5 minutes. Subjects breathed through the
mouthpiece for a total duration of 7 minutes.
Throughout the test period subjects wore a heart rate monitor (Polar, model t31, Polar
Electro Inc U.K) allowing fH to be recorded.

Data analysis

The 7 minutes of breathing data from each subject was split into 6 segments: rest, 1
minute, 2 minute, 3 minute, 4 minute and 5 minute of exercise and analysed as
described in section 3.3. The mean ± SE is shown for each gender and the group
combined.
Statistics

Differences between resting male and female breathing profiles were compared using
an unpaired Students t-test. Exercising data was analysed using a one way repeated
measures ANOVA, using the Holm-Sidak post hoc method for multiple comparisons.
The level of significance was set at P<0.05.
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4.4 Results
Age, resting heart rate and FEVi/FVC were similar between males and females; all
other anthropometric and lung function measures were significantly greater in the
male subjects (Table 4.1).
Parameter
Age (years)
Weight (kg)
Height (cm)
MIP (cmHzO)
MEP (cmHsO)
PEF (Ls'O
FVC (L)
FEV! (L)
FEWFVC (%)

Females (n = 32)
21 ±0.3
71 ±3
168 ±1
99 ±5
113±4
494 ± 1 1
4.0 ± 0.08
3.5 ± 0.06
88 ±1
81 ±3

Males (n = 59)
22 ± 0.5
83 ±2*
176 ±2*
135 ±5*
158 + 4*
620 ± 8*
5.1 ± 0.08*
4.3 ± 0.07*
84 ±1*
75 ±2

fH (beats.min 1)
Table 4.1 Mean ± SE anthropometric and lung function data for 59 male and 32 female
subjects. Five of the 32 females and nine of the 59 males stated they were asthmatic; *p
<0.01,*p<0.001.

Resting breathing patterns

Resting VE was significantly higher in males than in females (18.3 ± 0.7 Vs 14.7 ±
0.8 L-min'1, p = 0.002), as a result of a significantly higher VT (1.08 ± 0.04 Vs 0.93 ±
0.05 L, p = 0.02); although VT as a % of FVC was similar, as was fB (Table 4.2).
Interestingly, when VE is expressed relative to weight (VE .kg.min"1) the volumes are
more similar (0.21 Vs 0.22 L.kg.min"1 for females and males respectively, p >0.05).
Both peak inspiratory and expiratory flow rate were significantly higher in the males
(P<0.01) as was IPIF and tPIF ratio. tPEF was significantly lower in males (P<0.05). The
tpEF ratio was lower in the males but did not reach significance (P = 0.09). Differences
in respiratory cycle duration did not reach a statistically significant difference.
However, the breath cycle was shorter in the males as a result of a significantly
shorter expiratory duration (2.11 ± 0.1 Vs 2.39 ± O.ls, p < 0.05, Table 4.2). The
timing index ti/tjoT and the ventilatory drive index VT/ti were similar between genders
(Table 4.2). The post-peak expiratory flow profile describes the flow profile
immediately after tPEF when airflow can become flow limited. The expiratory flow
braking index tPPEF2o was the similar between sexes, whilst the index of airflow
obstruction, tPPEF80 was significantly greater in the males (p<0.05).
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Parameter

Female

Male

VE (Lmin 1)

14.7 ±0.8
18.3 ±0.7*
0.93 ± 0.05
1 .08 ± 0.04*
fB (breaths, min )
16.2 ±0.7
17.3 + 0.5
VT/FVC (%)
23.4 ± 1
21 ±1
PIF (Ls 1)
0.89 ± 0.04
1.05 ±0.03*
PEF (Ls 1)
0.69 ± 0.03
0.98 ± 0.04*
tm(s)
3.97 ±0.2
3.78 + 0.1
tifsj
1.58 ±0.1
1.67 + 0.1
2.39 + 0.1
2.11 +0.1*
tl/tlOT
0.42 ± 0.01
0.43 + 0.01
tpEFfs;
0.88 ± 0.06
0.69 ± 0.04*
tpEF ratio (%)
38 ±2
33 ±2
0.01
0.02*
±
+
0.28
0.39
tpipfcJ
19+1
24+1*
IFF ratio C%j
177 ±3
180 + 2
WEF20 ( )
+ 3*
162
150 ±3
tpPEFSO (')
WALLS';
0.61 ± 0.03
0.67 ± 0.03
Table 4.2 Data presented mean+ SE. Resting breathing patterns and tidal airflow profiles for
males and females, compared using t-test. *<0.05 *<0.01
VT W

tE (s;

Respiratory response to exercise

Exercise was set at 1.5 W.kg body weight and 2 W.kg body weight for females and
males respectively, resulting in average power outputs of 105.5 ± 3.7 W and 166 ±
3.3W respectively. The exercise intensity was set at these different levels because
they elicit the same absolute cardiovascular effort i.e. the same exercise fn; fn was
similar throughout between males and females, reaching ~ 150 beats.min"1 (Fig 4.1).
Initial exercise responses were firstly analysed using both male and female data,
afterwards differences in responses were analysed and compared.
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Figure 4.1 Mean ± SE heart rate at rest and during Sminutes exercise for male (o) and
female (•) subjects. No significant differences were observed at any point (P>0.05).

The transition from rest to exercise resulted in an immediate increase in both VE and
fn- fn increased by over 94% during the course of exercise (P<0.05 throughout), from
78 ±2 beats .min"1 at rest to a maximum of 151 ± 2 beats .min"1 at the end of the five
minutes; 68% of the overall increase in fn occurred during the first minute of exercise
(Fig 4.1.1). fn at rest and during the 5 minutes of exercise was similar in males and
females despite males working at a higher power output than the females (P>0.05, Fig
4.1).
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Figure 4.1.1 Heart rate response at rest and during fives minutes of constant load exercise
(2W.kg males, 1 .SW.kg females) for 91 healthy subjects. Heart rate increased significantly
throughout the test period (* p<0.05). Heart rate response was similar between males and
females at rest and throughout exercise (p>0.05). Data presented as mean ± SE.

VE increased by almost 50 L.min"1 , from 17 ± 0.6 L.min"1 at rest to 65 ± 2.1 L.min'1 at
the end of the exercise. The transition from rest to exercise (up to 1 minute) accounted
for ~ 40 % of the total increase in VE whilst 79 % of the increase was attained by the
second minute. VE increased significantly from rest up to the fourth minute of
exercise, thereafter reaching a plateau (Fig 4.2). VT increased from 1.02 ± 0.03 L at
rest to a peak of 2.44 ± 0.07 L at 4 minutes of exercise, and subsequently decreased to
2.38 ± 0.07 L during the final minute of exercise (Fig 4.2). The increase in VT was
significant up to 3 minutes of exercise, thereafter levelling off and declining between
4 and 5 minutes. At its peak value VT reached 51.5 ± 1.1 % of FVC. fB increased
significantly throughout (p<0.05, Fig 4.2). At five minutes fB had increased by ~ 63%,
with 45% of the overall increase occurring during the first minute of exercise.
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Figure 4.2 Ventilation, tidal volume and breathing frequency at rest and during exercise.
Data presented as mean ± SE. * indicates a significant increase from the preceding value,
p<0.05.
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The pattern of breathing in terms of VT and fB was similar in males and females
throughout exercise. However, VK was significantly higher (p<0.001) at all points in
males as a result of a significantly larger VT (P<0.01); fB was similar between sexes
throughout (Fig 4.2.1). Differences in VT are, however, abolished when VT is
expressed relative to FVC. When VE is expressed relative to weight males were found
to have a significantly greater VK .kg.min"1 from 2 minutes onwards. Further, when VE
is expressed per watts work performed (V^/W) females demonstrated significantly
higher rates (0.5 Vs 0.43, p 0.001, during the 5th minute of exercise) suggesting males
are metabolically more efficient.
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The increase in fB was the result of a decline in total respiratory cycle duration, tTOT,
which fell by -39 % from 3.85 ± 0.1 to 2.36 ± 0.05s from rest to the end of exercise.
The fall in tTOT was significant up to the 2nd minute (p<0.05), thereafter falling more
gradually (Fig 4.3). The decline in tTOT occurred through significant decreases in both
ti and tE during the first 2 minutes of exercise. Although both t, and tE contributed to
the reduction in tTOT there was a greater fall in tE (42% Vs 35% for tE and tz
respectively Fig 4.3). The timing index of ventilation, ti/tTOT increased significantly
(P<0.05) by ~ 5% with the transition between rest and exercise, remaining constant
thereafter at - 0.45 (rest 0.43 ± 0.006, exercise 0.45 ± 0.003). As with fB, there were
no significant differences in tj, tE, tTOT or ti/tTOT between sexes.

4.0 3.5 3.0 C/3

C

.2
+->

2.5

I
Q

2.0
1.5 -

1.0 ~i——————r~

Rest

1min

2min

3min

4min

5min

Figure 4.3 Respiratory cycle duration at rest and during constant load exercise. * indicates
significantly different from preceding value. AtTOT ° tE • t.

The index of ventilatory drive VT/ti followed a similar pattern toV, increasing
significantly up to the fourth minute of exercise then reaching a plateau (Fig 4.4). The
greatest rate of increase was observed during the first two minutes of exercise, with
77.5 % of the overall increase in drive being achieved. As expected from the greater
VE and VT, VT/ti was significantly higher during exercise in the males compared to
the females (P<0.01).
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Figure 4.4 Ventilatory drive at rest and during exercise in 91 healthy subjects.
* indicates significantly different from preceding value.

The transition from rest through 5 minutes of exercise brought about significant
changes in both peak inspiratory and expiratory flow rates (PIF and PEF
respectively). The progressive increases in PIF were significant up to the fourth
minute of exercise, whilst the increases in PEF were significant up to the third minute
(p<0.05, Fig 4.5). PIF increased by an average rate of 2.03 L.s"1 and PEF by 1.93 L.s"1
from rest to the end of exercise. Both PIF and PEF followed similar patterns of
change in males and females but rates were consistently higher in the males (P<0.01).
The time taken to reach peak inspiratory flow rate, tpip remained fairly constant
throughout at ~ 0.35s. The time taken to reach peak expiratory flow rate, tPEF fell by
-14 % from rest to the end of exercise; initial changes were not significant but after
the second minute of exercise tPEF began to fall, resulting in measures at 3, 4 and 5
minutes being significantly lower than that during the first minute (p<0.05). Both the
tpip/tj ratio and the tpEF/te ratio increased significantly with the onset of exercise
(p<0.05); there after minute by minute changes were not significant, although the
absolute value was significantly different from rest (Fig 4.5). The tPiF/ti ratio increased
by 33 %, from 22 % at rest to 34 % at the end of the first minute of exercise,
thereafter remaining fairly constant. At rest about one third of tE is taken to reach peak

76

expiratory flow whilst at the end of the five minutes of exercise this increases to over
50 %. Throughout exercise, tPiF, tPEF and the tPiF and tPEF ratios were similar between
males and females.
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The expiratory flow braking index tPPEF20 increased significantly by ~5 % (p<0.05 Fig
4.6) with the transition from rest to exercise, thereafter it remained constant. There
was a significant drop in the index of airflow obstruction, tPpEF80 from rest up to the
first minute of exercise (9.4%, p<0.05), after which it remained constant. tpPEF2o was
similar in males and females throughout; tPPErao was higher in males at rest and during
the first minute of exercise, thereafter it was similar between genders.
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Figure 4.6 Post peak expiratory flow at rest and during 5 minutes of exercise
° tppEFso* indicates significantly different from preceding value.
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4.5 Discussion
The present study examined breathing pattern at rest and during five minutes of
constant-load exercise in healthy young adults. The breathing pattern at rest differed
between males and females, with males generating significantly greater levels of VF
by utilising a greater VT. However, when expressed relative to FVC, VT utilised was
similar in both groups, as was VE .kg.min"1 (i.e. when VE is expressed relative to body
weight). Respiratory cycle duration was shorter in males (although not significantly)
as a result of a significantly shorter tE, and significantly greater peak inspiratory and
expiratory flow rates. The time taken to reach peak inspiratory flow rate was
substantially longer in males, whilst the time taken to reach peak expiratory flow rate
was substantially shorter. The post-peak expiratory flow profile describes the flow
profile immediately after IPEF when airflow can become flow limited. The expiratory
flow braking index tppErco was found to be similar between sexes. The index of
airflow obstruction, tPPEF8o was significantly greater in males, possibly indicating a
greater proportion of airway obstruction in females, although measures were not
clinically significant (see Table 3.5 for reference). Whilst significant differences in a
number of breathing profile components were found in the present study, Jammes et
al (1979) reported no significant sex-related differences in VT, fs, ti or tE.
The transition between rest and exercise brought about significant changes in the
majority of variables measured. Although gender differences were observed in
absolute terms in a number of these variables, the general pattern of breathing was the
same. Specifically, VE increased rapidly during the initial few minutes of exercise,
thereafter slowing and reaching a plateau at around the fourth minute. The increase in
VE was accomplished through increases in both VT and fB during the early stages of
exercise, whilst during the later stages VT plateaued and declined slightly requiring fB
to further increase. Whilst the absolute depth of breathing (VT) was greater in males,
when expressed relative to lung size these differences were abolished (VT/FVC -50%
in both) and the rate of breathing was the same throughout. This finding of a similar
breathing pattern between sexes differs with the findings of Neder et al (2003), who
found senescence and female sex was associated with a more tachypnoeic breathing
pattern during isoventilation.
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A number of studies have suggested that the ventilatory response to constant intensity
sub-maximal exercise consists of 3 stages (Asmussen 1973; Casaburi et al 1989;
Naranjo et al 2005). The first stage (30-50s) is an abrupt increase in VE as exercise is
initiated; from 3 to 5 minutes there is a slow increase in VE until a steady state is
reached, which is the third stage (Asmussen 1973; Casaburi et al 1989; Naranjo et al
2005). The duration of VK stability is variable; usually within 5-10 minutes of
exercise the plateau in VE is followed by a slow, gradual increase that continues for
the duration of the exercise (Casaburi et al 1989; Asmussen and Nielsen 1958). When
exercise intensity exceeds 70 %VO2MAX a steady state is rarely seen and the third
phase consists of a continual increase in VE , usually at a slightly lower rate than in
stage 2 (Casaburi et al 1989; Asmussen and Nielsen 1958). The present results seem
to follow these three stages, with 79 % of the total increase in VE occurring within
two minutes of the start of exercise (40 % occurring within the first minute). As
exercise progressed the rate of increase in VE fell; as 5 minutes approached a
levelling off/plateau emerged, suggestive of the attainment of a steady state. Indeed
the findings of a steady state after ~ 4 minutes of constant intensity exercise is similar
to those of Wasserman et al (1986) who reported VE to reach a steady state after 4-5
minutes at work loads not associated with a sustained lactic acidosis.
The ratio of VT to ti (V-r/ti) or mean inspiratory flow rate and the ratio of inspiratory to
total respiratory cycle duration (ti/tToT) have been proposed as indices of central
inspiratory drive and respiratory timing, respectively (Milic-Emili and Grunstein
1976). At rest ti/tTox and VT/t1 were similar between sexes (Table 4.2), suggesting that
time and drive components of VE are independent of sex. With exercise ti/tTOT
increased significantly from the resting value, but remained constant throughout
exercise at 0.45 and 0.46 in males and females respectively. This value is the same as
that reported by Neder et al (2003) during sub-maximal exercise. VTAi was
accentuated with the commencement of exercise and rapidly increased up to two
minutes of exercise, thereafter it reached a plateau. This together with the non
significant increases in VE towards the end of the five minutes of exercise suggests
that the respiratory control system had reached a steady state.
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The tidal airflow response saw significant increases in both PIF and PEF during
exercise. Resting PIF was significantly greater than PEF and remained greater
throughout exercise in both groups. PIF is greater than PEF as a result of tE being
substantially longer than tj in the resting state and during sub-maximal exercise.
During maximal exercise however PEF increases to achieve a greater rate than PIF
(see section 5.4/5.5) as a result of more substantial decreases in tE which results in a
greater increase in mean expiratory flow rate than there is in mean inspiratory flow
rate (Ross et al 2003). The increase in PEF above PIF also occurs at a time when tE
equals or becomes less than tj. Although both ti and tE were reduced during exercise,
the time taken to reach peak inspiratory flow rate tPiF remained constant at ~0.35s.
The time taken to reach peak expiratory flow tPEF fell by -14 % during the course of
the exercise, indicating a loss of expiratory airflow braking and probably the
activation of expiratory muscles. Whilst tpn? was unchanged tpip as a fraction of ti
increased significantly from -22 % at rest to -34 % at the end of exercise; also while
tpEp fell the fraction of tE taken to reach PEF (tPEF/tE ratio) increased to over 50 %.
At rest tE accounted for around two thirds of the total respiratory cycle. Although
resting expiration is deemed a passive process, occurring as a result of the elastic
recoil of the lung and chest wall, expiratory flow is slowed and expiratory duration is
prolonged by active expiratory airflow braking (Agostoni et al 1979; Citterio and
Agostoni 1981). This braking can be produced by persistent activity of the inspiratory
muscles, by increasing expiratory resistance by laryngeal adduction, or by loss of
laryngeal abductor activity (Tuck et al 2001); and occurs throughout the first third of
expiration, lengthening the time taken to reach peak expiratory flow (tPEF) and
lowering PEF (Colasanti et al 2004). The increase in fB which accompanied exercise
was a result of a decrease in both ti and tE, with tE being shortened to a greater extent
than ti. When tE is decreased a number of changes take place to ensure expiratory flow
is increased to allow expiration to be completed (Dempsey 1986) and thus tPEF is
reduced. The fall in tE is the most efficient first step in increasing fB because both the
expiratory pause and active expiratory 'braking' exerted by inspiratory and/or
pharyngeal muscles can be eliminated without increasing the work of breathing
(Folinsbee et al 1983). With increasing exercise intensity tE has been found to become
shorter than tj, resulting in a ti/tror of >0.5 (Clark et al 1983; Folinsbee et al 1983;
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Johnson et al 1992; Martin et al 1979; Scheuermann and Kowalchuk 1999). The post
peak profile analysis shows that the expiratory flow braking index tPpEF2o increased
significantly by ~5 %, whilst the index of airflow obstruction, tPPEF80 decreased by ~9
% with the transition from rest to exercise thereafter both remained fairly constant
throughout the duration of exercise. The rise in the tPPEP2o index and reduction in tPEF
supports the loss of expiratory flow braking and activation of expiratory muscles,
whilst the fall in the tPPEF8o index shows a change in flow dynamics and an increase in
airway resistance.
Information about the depth and rate of breathing and of inspiratory and expiratory
durations provide insight into ventilatory control (Martin et al 1979). Kay et al (1975)
observed a consistent mean pattern of breathing during steady state exercise in 5
healthy subjects. Increasing workloads were associated with progressive changes in
VT and ITOT, changes in tTOT primarily resulting from changes in tE and to a smaller
extent tj. However, the interplay between VT, ti and tE displays great individual
variation (Bechbache et al 1979) and may be susceptible to instrumentation errors due
to subjects not being used to breathing through devices. The apparatus used to
measure breathing are known to distort the breathing pattern because they impose a
mechanical and psychological load, as well as an increased dead space (Gilbert et al
1972). The use of a mouthpiece and nose-clip has been shown to reflexly stimulate
VE , influencing the breathing pattern in normal subjects by causing an increase in VT
while fB is unchanged or reduced (Askanazi et al 1980). The subjects tested in the
present study were naive to the use of breathing measurement devices and this may
account for why the level of VE at rest was higher than what one would expect.
In conclusion, the present study has shown that respiratory flow and timing respond
rapidly to the application of constant-load exercise, with slower rates of change being
observed as the system approaches a steady state. The current findings suggest that
breathing pattern is largely independent of sex, although the mechanics are influenced
by size. Rest and exercise are two different physiological states and not just a
continuum of response, i.e. the breathing profiles are different, and they do not just
get shorter/more rapid. The results further suggest that the response is determined by
lung capacity and a complex balance between flow, pressure, resistance and time,
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which serve to maintain a suitable VK and adequate VO2 . Thus, the interplay between
pressure, flow resistance and time dictate the physiological response of the respiratory
system, which differs with exercise and the following chapters will investigate the
interaction of these parameters in more detail.
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Chapter 5
5.0 Study 3 - The Respiratory Cycle Profile as an Exercise-limiting Factor in
Recreationally Active Adults
5.1 Abstract
Many physiological factors influence the level of maximal exercise. In some elite
athletes expiratory flow limitation and other respiratory system dynamics have been
shown to limit exercise. In healthy non-elite athletes exercise limitation is typically
attributed to components of O2 transport and utilisation (i.e. the cardiovascular and
locomotive systems), with the respiratory system considered as being 'overbuilt' for
exercise. The aim of this study was to investigate whether the tidal respiratory airflow
at high ventilation rates contributes to the termination of exercise in recreationally
active adults.
Twelve healthy adults (aged 30 ± 10 yrs), undertook a maximal cycle test to volitional
exhaustion on a cycle ergometer. At maximal exercise (peak O2 uptake 50 ± 7 ml kg
min"1, peak VE 130 ± 15 L min"1) the respiratory cycle had shortened by 71%, from
4.6 ± 0.9 to 1.3 ± 0.3s and the inspiratory:expiratory ratio, ti/txoT, reached 0.50 ± 0.02.
The flow profile became more asymmetric with the time of peak inspiratory flow
shifting from the early to the latter portion of inspiration (tpiF/ti, 18 Vs 75 %) while the
peak inspiratory and expiratory flow rates dissociated, at 6.3 ± 0.7 and 6.7 ± 0.7 L.s"
respectively. In recreationally active adults, exercise was volitionally terminated when
the expiratory phase became equal to or shorter than the inspiratory phase. Further
attempts to increase VE may involve unsustainable increases in flow rate and volume.
In these subjects, who at maximum used only 76% of their ventilatory reserve, an
increasingly mistimed and distorted respiratory cycle profile coincided with exercise
termination. Results of this study suggest that this distorted respiratory profile may
provide a sufficiently dyspnogenic stimulus to contribute to exercise termination.
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5.2 Introduction
The response of the respiratory control system to the increased metabolic demands of
exercise is to initially increase both VT and fB, with changes in VT dominating; as the
intensity of exercise increases further increases in VE are met by an increase in fB,
with VT reaching a plateau or even declining slightly (see 2.1.1). This is a well
established area of research and most studies agree with this tachypnoeic shift at
higher levels of exercise. Not all studies have found this response however, some
have found VT continually increases up to the end of exercise (Lucia et al 1999;
Naranjo et al 2005), with no plateau in VT, but this response is typically only found in
elite athletes. Although the breathing response to exercise has been extensively
studied (Askanazi et al 1979; Hey et al 1966; Gallagher et al 1987; Martin et al 1979;
Scheurmann and Kowalchuk 1999) the majority of studies have concentrated on VT,
fb, ti and tE, (Clark et al 1983; Folinsbee et al 1983) with few looking at flow profiles
(Proctor and Hardy 1949; Silverman et al 1951; Yamashiro and Grodins 1971, 1973).
No studies have looked at the integrated response of flow, timing and volume. The
response of flow and its related components to exercise have been neglected.
Consequently, the aim of the present study was to determine how flow, volume and
timing parameters interrelate and change with maximal exercise; and to establish if
these factors contribute to performance limitation during maximal exercise to
volitional exhaustion in recreationally active adults. Specifically I wanted to discover
whether specific time and flow domain factors become potentially exercise limiting
during the high ventilation rates achieved during maximal exercise, and how these
limitations may differ between the inspiratory and expiratory phase.
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5.3 Methods
Twelve healthy non-smoking subjects (11 males, 1 female) were recruited, from the
local university population (Table 5.1). All subjects participated in some form of
physical activity but none of the subjects were elite or professional athletes. Written
informed consent was obtained from each subject after the study was approved by the
appropriate University of Glamorgan ethics committee.

Parameter

Mean ± SD (n = 12)

30 ±10
176 ±4
75 ±8
14.4 ± 1.7
14 ± 4
1.1 ±0.2
64 ± 10
156 ±23
173 + 24
5.22 ±0.56
101+9
-% predicted FVC
4.32 + 0.6
FEV! (L)
98 + 11
- % predicted FEV,
83 ± 7
FEV^FVC (%)
97 ± 8
- % predicted FEWFVC
Table 5.1 Subject physical characteristics and pulmonary function.
-M\A/ACT, actual 12 second maximum voluntary ventilation manoeuvre.
"MWpRED, predicted maximum voluntary ventilation=FEV1 x 40
Age(yrs)
Height (cm)
Weight (kg)
Resting VE (Lmiri 1)
Resting fB (breaths.min 1)
Resting Mj (L)
Resting fH (beats.min 1)
""" -(Lmin 1)'
..miri 1)"

Subjects attended the laboratory on two separate occasions. The initial visit was used
to obtain the subject's age, stature, lung function, resting breathing profiles, and
familiarise subjects with the exercise protocol and instrumentation. Lung function
assessment was determined using a computerised spirometer (Spirosense spirometer,
MicroMedical Ltd, Rochester, UK.); with the procedure the same as described in
section 4.3. Three, 12s maximum voluntary ventilation (MVV) manoeuvres were also
performed, with the highest value being reported (see Chapter 8). Spirometry software
provided predicted, actual and % predicted values. Resting tidal breathing flow profile
was recorded as described in section 3.3.
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During the second visit subjects undertook a maximal cycle test to volitional
exhaustion on a friction loaded cycle ergometer (Monarch 824E, Varberg, Sweden).
Throughout the exercise period respiratory flow was recorded continuously using the
same mouthpiece and pneumotachograph system as described before (section 3.3) but
with an additional sample line for measuring inspired and expired O2 and CO2
concentration by a computerised breath-by-breath analysis system (Medgraphics
CPX/D. St Paul Minnesota, USA). This allowed the calculation of other metabolic
parameters such as VO2 and V,. . O2 and CO2 analysers were calibrated against
known gas concentrations and volume calibrated against a 3L syringe.
Cycling began at a power output of 70 or 105 W depending on the subject's fitness
level, which was assessed prior to testing via a questionnaire about daily exercise
levels. After 3, 6 and 9 minutes flywheel resistance was increased by 35 W and
thereafter every 1 minute until volitional exhaustion, or when subjects could no longer
cycle at a cadence of 70 RPM. This incremental protocol includes both step and ramp
elements, either of which can alter the ventilatory response, but in our study the
rapidity of the test reduced these differences and the ventilation response was found to
be linear (Naranjo et al 2005). fn was monitored using a telemetric monitor (Polar,
model t31, Polar Electro Inc U.K), and rating of perceived exertion, RPE, scored
using the Borg scale (Borg 1982).
Data analysis

After exercise testing, the continuous flow signal was analysed as described in section
3.3.
During the exercise test the relationship between VE , power output and F02 were
found to be proportional therefore the maximum VE reached at peak VO2 was used as
a reference point to extrapolate sub-maximal (20, 40, 60, 80 %) values from lines
plotted through the recorded exercise data. Defining VKmn

in this way allowed

specific means to be calculated independent of exercise duration.
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Statistical analysis
Data is presented as the mean ± SD for 12 subjects, unless stated otherwise. Where
appropriate a one way repeated measure ANOVA using the Holm-Sidak method for
multiple comparisons was used to test for statistical significance between means (p <
0.05), otherwise a one way ANOVA with Kruskal-Wallis Dunn's multiple
comparisons on ranks was performed. A two way repeated measures ANOVA was
performed between PIF and PEF.
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5.4 Results
Ventilatory response to exercise
VE increased from 14 ± 2 at rest to 130 ± 15 L min 1 at maximal exercise (Table 5.1
& 5.2) with a linear relationship being observed between Vp and Vo2 (r2 = 0.91, data
not shown). At maximum exercise VK reached 76 ± 8 % of the predicted MVV,
giving a ventilatory reserve of -24% (Table 5.2). Figure 5.1 shows the relationship
between VE , VT and fb, with VT reaching a plateau at 3.0 ± 0.5 L (58 ± 8 % of FVC)
and fB increasing exponentially from 14 ± 4 at rest to 48 ± 11 breaths.min"1 at
maximal exercise. The ventilatory drive index, VTAi increased linearly with
ventilation (r2 = 0.87) from 0.6 ± 0.1 at rest to 4.6 ± 0.7 at maximal exercise (Table
5.3).

Parameter

Mean± SD (n = 12)

Maximum fH (beats.min 1)
Peak oxygen uptake, VO2pealc (ml.kg.min 1)

185 ± 14
5Q3 ± 7A

Respiratory exchange ratio, RER

1.22 ± 0.1

130 ±15
75.6 ±8.4

VT max (L)
VT/FVC (%)
fB max (breaths.min 1)
Table 5,2 Cardiopulmonary response to maximal exercise.

3.0 ± 0.5
58 ± 7.7
48 ± 11
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Figure 5.1 The relationship between exercising ventilation, tidal volume, VT and breathing
rate, fB , the mean ± SD is shown for 12 subjects. Panel A) shows the relationship between the
% of VEmax and VT using the regression function, y = a(1-e'bx), r2 = 0.977. Panel B) shows the
relationship between the % of VEma% and fB using the regression function y = yO + abx, r2 =
0.999. The dashed lines show forward projection of each regression function to increases in
VE beyond the recorded maximum towards the greater predicted maximum ventilation rate,
MWpred (see text for details) A statistical comparison show * significantly different (p<0.05) to
the 20%^L- rn&x value and + to the 40% V,, max value.

Timing and exercise
Respiratory cycle duration (ITOT) fell by 71%, from 4.6 ± 0.9s at rest to 1.31± 0.3s at
maximal exercise, with expiratory duration, tE decreasing more than inspiration, tj, 76
and 65 % respectively (Figure 5.2 and Table 5.3). The respiratory timing index,
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was 0.4 ± 0.03 at rest and 0.5 ± 0.02 at maximal exercise, and above
max> *E and ti reached unity (Table 5.3, Fig 5.3A). The interval duration
between the timing of peak inspiratory flow, tP!F and expiratory flow, tPEF (the peakto-peak interval, PPI), decreased in a similar manner to tE with exercise (Fig 5.2).
There was a significant (p<0.05) decrease in the PPI/tTOT ratio at around 60%

Parameter

Rest

PIF (Ls 1)
PEF (Ls 1)

0.89 ± 0.08
0.70 ±0.12

tlOT (S)

4.56 ± 0.94
1.83 ±0.35
2.72 + 0.64
0.93 ± 0.45
34 + 13
0.25 ± 0.04
14±4
190 ±10
160 ± 11
0.4 + 0.03
0.59 ± 0.08
1 .97 ± 0.54

Us)
±(s)
tpEFfcJ

tpEF/tE ratio (%)
tPiF (S)

tp|F/t| ratio (%)
tpPEF20 (°)
tpPEFSO (°)

ti/tioiW

vT/t,(Ls-r;

Maximal exercise *
6.33 + 0.70
± 0.67
±0.31
±0.14
±0.17
± 0.07
45 ±9
0.47 + 0.07
75 ±19
201 ± 1 1
158 ±20
0.5 ± 0.02
4.56 ± 0.7
0.95 + 0.12

6.78
1.31
0.65
0.66
0.29

(PIF/t,)/(PEF/tE)
Table 5.3 Respiratory flow profile parameters at rest and during maximal exercise
Mean + SD is shown for 12 subjects. * A statistical comparison shows that all parameters
change with exercise, p<0.05, except tPPEF8o-

The time to reach peak inspiratory flow, tPiF occurred increasingly later with the
course of increasing VE and level of exercise, while the opposite was seen with the
time to reach peak expiratory flow, tPEF (Fig 5.4A, Table 5.3). When compared with
the whole inspiratory period tPIF/ti, peak flow occurred initially during the first half of
inspiration whilst at maximal exercise it occurred towards the end, whereas in
expiration, peak flow occurred at the same point throughout (Fig 5.4B).
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Figure 5.2 The response of inspiratory duration (•), t,, expiratory duration (o), tE and the
peak-to-peak interval (A) during exercise. The regression equation (y = ae"bx) was used to
describe the relationship between VE and each parameter shown. Mean ± SD shown for 12
subjects.

Flow response to exercise

Peak inspiratory flow, PIF increased with exercise but at a decreasing rate from 1.45
Ls"1 between 20-40% VEnax to 1.03 L.s"1 between 80-100 % F£max , while peak
expiratory flow, PEF increased at a constant rate (1.4 ±0.1 L.s"1) reaching a
maximum of 6.8 ± 0.7 L.s"1 (Table 5.3, Fig 5.5). The mean flow increased withV£ ,
with mean inspiratory velocity (PIF/tj) increasing less sharply than mean expiratory
velocity (PEF/tE) where above 40% VEmzx there is a significant decrease in the ratio
(PIF/ti)/ (PEF/tE) (Fig 5.3B), showing that the inspiratory and expiratory phases
become matched.
Exercise altered the post-peak expiratory flow profile, with the derivative tPpEF2o
(which is influenced by respiratory muscle activity) increasing significantly (p< 0.05)
at maximal exercise (Table 5.3, Fig 5.6). The tPPEF80 flow profile index, which reflects
the closing stage of expiration, was unchanged by exercise (Fig 5.6).
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Figure 5.3 The effect of maximal exercise on the ratio between the peak to peak interval,
PPI and total respiratory duration, tTOT (•) and the duty cycle, t|ATOT (°) (Panel A) and the
response of ((PIF/ti)/(PEF/tE)) to maximal exercise (Panel B). The mean ± SD is shown for 12
subjects.For Panel A, * PPI/tTOT significantly different to the 20% VBmax value, + significantly
different to 40 and 60% VEmax , # significantly different to 80% VEmm . A duty cycle significantly
different than at 20 and 40% V£ max , ~ significantly different to 60% Vr£max , p<0.05. For Panel
B *significantly different to 20 and 40%^^ , p<0.05.
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Figure 5.4 The effect of exercise on the time to reach peak inspiratory flow (•), tp,F, and the
time to peak expiratory flow (o), tPEF (Panel A) and the ratio, tP|F/t| (•) and tPEF/tE(°) (Panel B).
Mean ± SD shown for 12 subjects. For A) the relationship between tP,F and VEmiix is described
by the regression equation y = yO + ax +bx2, r2 = 0.99 and for tPEF vs VEmoi y = ae"bx , r2 =
0.98. For B) the ratio tP| F/t, , y = yO + aebx, r2 = 0.999, and tPEF/tE , y = yO + ax, r2 = 0.03. The
dotted lines show the projection of the parameters into the ventilatory reserve zone (see text
for details). Statistical comparisons in A) show, * tP, F significantly (p<0.05) different to
value, + significantly different to 40 and 60% VK max values. # tPEF significantly
different to the values at 20 and 40 % VE max , A significantly different to value at 60% VK max . In
B) the ratio, tP, F/t, * significantly different to 20% V^ , + significantly different to 40% VEm^ ,
# significantly different to 60%F£max . There were no significant differences observed for the
ratio,

94

8H
T3

8<D 6„
(0

o
0)
Q_

20

40

60

80

100

+20

+40

(%)

Figure 5.5 The relationship between exercising ventilation and peak inspiratory flow, PIF (•)
and peak expiratory flow, PEF (o). Mean ± SD shown for 12 subjects.
The relationship between PIF and VEmax is described by the regression function y = a(1-e"bx),
r2 = 0.999, and between PEF andV£max by the regression function y = yO + ax. The dotted
lines show the projection of the parameters into the ventilatory reserve zone (see text for
details). * Significantly different than 20%^^ , + significantly different to 40% VEm^, #
significantly different to that at 60% VE max . A two way ANOVA found no significant differences
between data sets.
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Figure 5.6 Shows how the post peak profile data, tPPEF2o (•) and tPPEF8o (°) changes during
maximal exercise. The mean ± SD for 12 subjects is shown. * tPPEF2o significantly different to
, p<0.05. # Significantly different to
, +significantly different to 60% VE
20 and 40% VF
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5.5 Discussion
The principal findings of this study are that maximal volitional exercise is terminated
at a point when the duration of inspiration and expiration become equal, even though
only 76 % of the ventilatory reserve is utilised. Respiratory cycle duration is greatly
reduced which effects both the inspiratory and expiratory flow profile. In the present
group of subjects the inspiratory flow profile was distorted to a greater extent than the
expiratory profile, with 72% of ti passing before reaching peak flow, leaving little
time for the termination of inspiration and initiation of expiration.
Exercise limitation is typically attributed to limitation of the heart and muscles rather
than the lungs. Ventilatory limitation is typically based on ventilatory reserve, or how
close exercise ventilation approaches MVV (or some derivative of MVV, typically
FEVi, see 2.4.1) (Johnson et al. 1999). Levels of VE attained in this study, relative to
total ventilatory capacity (i.e. % of MVV or MWPRED), are consistent with what
others have found (Johnson et al. 1999; Lucia et al. 1999; Lucia et al. 2001). The
results suggest that a significant reserve existed. However, it is questionable whether
the MW is actually attainable during exercise (see 2.4.1 & 8.5).
The breathing strategy adopted by subjects in this study conformed to a common
pattern (Gallagher et al. 1987; Hey et al. 1966; Neder et al. 2003), where initial
exercise-induced increases in VE are achieved by increases in both VT and fB, while
later increases occur solely by a raised fB (Fig 5.1). This seems to be a universal
breathing strategy used regardless of physical fitness levels (Clark et al. 1983;
Gallagher et al. 1987; Lucia et al. 1999; Neder et al. 2003), or the ventilatory
stimulus, i.e. whether increases in VE are the result of exercise, CO2 rebreathing,
hypoxic breathing, metabolic acidaemia, postural changes or noradrenaline infusion
(Gallagher et al. 1987; Hey et al. 1966). It has been suggested that the changes in the
pattern of breathing with increasing VE are related to energy cost and the principle of
minimum force or work (Hey et al. 1966; Mcllroy et al. 1954).
The exercise-induced breathing pattern observed in this study was similar to that
reported by Lucia et al (1999), even though the average VO2peak in the present study
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was around 20 ml.kg.min'1 lower (50 ± 7 Vs 70 ml.kg.min 1) than that used by their
elite and professional cyclists and VK reached 130 ± 15 Limn'1 in the current
subjects, in comparison to 180 L-min"1 . Maximum VT reached 58 ± 8% of FVC in the
present study which is similar to the 53 and 60 % respectively observed in elite and
professional cyclists (Lucia et al. 1999). Of interest is the fact that VT reached a
plateau at 3 L in the recreationally active individuals in this study and in the elite
cyclists, whilst the professional cyclists exhibited no plateau in VT, reaching 3.5 L at
maximal exercise. The ventilation rates reported by Lucia et al (1999), reached 87 and
90 % of measured MVV whereas our subjects reached only 76 ± 8 % MVVpRED
which may suggest that the inability to use ventilatory reserve (MVVpred- VEmax ) is a
more important exercise limiting factor in non-elite athletes.
During maximal volitional exercise, in the present group of recreationally active
subjects, the timing of respiration seems to be crucial to the termination of exercise.
When the inspiratory and expiratory profiles show similar characteristics exercise is
close to maximum, suggesting this may be a causal factor in determining when the
test is terminated by the subject. If the present subjects were able to use all of their
ventilatory reserve (100% MWPRED), and assuming that VT reaches a plateau of 3 L,
fB would have to increase to around 57 breaths.min"1 (Fig 5.7), which is similar to the
fB attained by the elite cyclists in the study by Lucia et al (1999). As a consequence of
this increase in the rate of breathing, ti and tE would have to further decrease,
increasing the tPIF/ti ratio further, and consequently VT would decrease because there
simply wouldn't be enough time to fill the lungs, and VE would fall. This disparity
between ventilatory drive and metabolic demand may be perceived as exhaustion by
the subjects and exercise is terminated.
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Figure 5.7 The predicted relationship between breathing rate and ventilation when the
ventilatory reserve is used.
Values up to 60% MWPRED are taken form recorded data, as maximum VE reached 76%
MWPRED> • shows the mean ± SD fB and VE at this point. Beyond this point predicted fb is
calculated from MWPRED/ VTMAX for each subject. The dotted line shows the mean while solid
lines showt 1SD.

Breathing at high frequencies leads to breathing discomfort, or dyspnea. Folinsbee et
al. (1983) found elite athletes were able to increase fB to a greater extent than
sedentary subjects (63 compared to 49 breaths.min"1), which may imply that the
perception of dyspnea, or breathlessness is different in the two groups. Breathing
discomfort is commonly cited as being an exercise limiting factor, because people
(particularly untrained individuals) don't 'like' breathing at such high rates. Harms et
al. (2000) determined the impact of altering the work of breathing on exercise
performance and the sensations of dyspnea and limb muscle ratings of perceived
exertion in highly trained cyclists. Inspiratory loading was found to significantly
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increase both leg muscle ratings of exertion and dyspnea ratings whilst unloading had
the opposite effect, supporting the contention that exercise performance is related to
the amount and perception of respiratory effort. The higher levels of VE found in elite
athletes could be the result of their perception of breathlessness. They are used to
breathing at high frequencies for prolonged periods. The respiratory muscles in elite
athletes may be more able to sustain such high breathing frequencies, possibly as a
result of training adaptations.
In the present group of subjects the timing index, ti/tTOT increased from 0.4 at rest to
over 0.5 at exhaustion (Fig 5.2). This response is not observed consistently, while
some studies report a constant ti/tjor ratio with IE never becoming shorter than ti
(Lucia et al. 1999; Lucia et al. 2001; Naranjo et al. 2005; Neder et al. 2003) others
have found expiration exceeds inspiration during maximal exercise, with values of
0.5-0.55 being reached in elite athletes and cyclists (Clark et al. 1983; Folinsbee et al.
1983; Johnson et al 1992; Mota et al 1999). This data suggests that a ti/tTOT ratio
greater than 0.5 or a shortening of ti and tE to less than 1 second may limit exercise
by providing a strong dyspogenic stimuli by somehow creating an imbalance between
ventilatory drive from and afferent traffic to the brain respiratory centres. Further
studies are required to determine precisely how the ti:tE ratio influences exercise
performance in athletes.
The peak to peak interval, PPI starts to shorten rapidly when the ti/tTox ratio
approaches 0.5 (>60%V£max ) (Fig 5.3). Despite a larger PIF, as ti shortens
proportionally more of the available time is required to fill the lungs (tPiF) as
inspiratory flow peaks during the first quarter of inspiration at 20% VE max progressing
to the final quarter at maximum (Fig 5.4B). Thus the consequence of increasing fB is
that relatively small reductions in ITOT will lead to proportionally greater decreases in
the tidal switch time, PPI, a possible contributory factor in limiting ventilation rate
and exercise ability (Fig 5.3). Thus the inspiratory profile becomes distorted not
because of a flow dependent factor but due to a timing factor, there simply isn't
enough time to draw in air. In comparison, the timing of peak expiratory flow, tPEF is
less affected by the exercise level (Figure 5.4B). As tTOT shortens with exercise
intensity, tE and tPEF decrease in proportion so that tPEF occurs at same point (~ 43%
100

throughout) in the expiratory profile (Fig 5.4B). This suggests that expiratory lung
mechanics are maintained throughout exercise in the present subjects unlike
inspiratory mechanics.
The observation of a linear increase in PEF and an exponentially declining increase in
PIF is in agreement with the view of Ross et al. (2003) who suggested that the greater
decrease in tE results in a greater increase in mean expiratory flow rate than in mean
inspiratory flow rate. The consequences of these differences are that if more of the
ventilatory reserve were used, PIF would become limited (Fig 5.5). Although it is
recognised that both maximal expiratory and inspiratory flows are limited by the
muscular apparatus (Hyatt and Flath 1966) the present results suggest that inspiration
is more sensitive than expiration. If the subjects were to use their ventilatory reserves,
then the exponential increases in tPiF would mean that well before 120% of VE max (or
20% of the 'reserve') is attained there would not be enough time to reach a sufficient
PIF to maintain VT at 3 L. This provides further evidence that the ability to use
ventilatory reserve is prohibited by limitations in inspiratory timing and profile.
Furthermore if expiration is shorter than inspiration then expiratory flow has to
increase to avoid the development of any intrinsic PEEP and subsequent lung
hyperinflation.
The post peak expiratory flow profile analysis shows the increase in respiratory
muscle activity with exercise, with the profile index tPPEF20 increasing with exercise,
illustrated by a more convex expiratory profile (Fig 5.8). This profile shape results
either from a forced expiration either due to increased upper airway resistance or
increased respiratory muscle activity (Morris et al. 2004; Williams et al. 2000).
Further significant increases in tPPEF2o above 60%VEmax suggest that muscle activity at
this point is becoming limited (Fig 5.6).
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Figure 5.8 An illustration of a computer processed flow profile during tidal breathing at rest
(-) and during the final minute of the exercise test (—). Inspiration is positive and expiration is
negative (see text for details).

The tppEFSO index is an indicator of airflow limitation in obstructive airway disease
(Colasanti et al. 2004). In this study severe expiratory airflow limitation was not
evident, with tpPEF8o remaining steady throughout exercise (Fig 5.6). This supports
findings in the absence of pathology that flow limitation is generally only evident in
elite highly trained athletes (Johnson et al. 1992; Mota et al. 1999). Without the use of
maximum flow volume loops it is difficult to determine flow limitation. De Bisschop
et al (2003) measured respiratory resistance at the end of exercise and 90s post
exercise using an impulse oscillation technique. Relative to rest, they found
respiratory resistance to be lower with exercise, indicating exercise-induced
bronchodilation and airway enlargement (De Bisschop et al 2003).
The measurement of additional respiratory parameters such respiratory pressure and
blood gases were not undertaken as it was not expected that the exercise taken by the
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present subjects was severe enough to alter these parameters and therefore their study
would not add to or alter the interpretation of the data in this study.
In conclusion, the recreational athletes in the present study use a common breathing
strategy during exercise, and the point of volitional exercise termination coincided
with a particular inspiratory flow-time profile. As breathing rates rise (fB > 30
breaths.min" ) a point is reached where the time available to complete inspiration is
insufficient to allow peak flow rates and maximum tidal volume to be maintained.
This data suggests that once this unsustainable time-deficient respiratory pattern
occurs then the feeling of exhaustion is provoked and exercise terminated; with
respiratory cycle timing and dyspneic sensations contributing to the termination of
exercise, even though a large ventilatory reserve exists. The results show the
inspiratory flow profile becomes more distorted than the expiratory flow profile,
leading to increased sensations of breathlessness and an added stimulus to terminate
exercise. This differs to the state found in the diseased lung and the elite athlete where
expiratory phase components are more likely to prove exercise limiting.
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Chapter 6
6.0 Study 4 -The Respiratory Time and Flow Profile at Volitional Exercise
Termination
6.1 Abstract
This study investigates the effect of exercise on the time and flow characteristics of
the respiratory cycle profile at the point of volitional exercise termination.
Eight males (mean ± SD, age 29 ± 10 yrs, body mass 74 ± 7 kg, height 175 ± 4cm)
undertook a cycle test to volitional exhaustion on a cycle ergometer while peak
oxygen uptake, VO2peak was measured (51 ± 7 ml.kg.min"1). At a later date two submaximal tests to volitional exhaustion were completed in a random order at 76 ± 6
and 86 ± 7 % VO2peak .
As expected, the magnitude of the respiratory flow and time characteristics varied
with the three exercise intensities as did the point of exercise termination and terminal
ventilation rates, varying from 7 to 27 minutes and 112-132 L.min"1 respectively.
Interestingly, at exercise termination several flow characteristics were similar,
particularly breathing frequency (at termination 49 breaths.min"1), the ratio between
inspiration and total breath time, ti/tTOT, (0.5) and the later occurrence of peak
inspiratory flow (0.24 to 0.48s).
The coincidence of these time and flow profile characteristics with exercise
termination illustrates how the integration of timing and flow during breathing relate
to exercise capacity in non-elite athletes.
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6.2 Introduction
Exercise forces changes in the respiratory cycle and alters its period, amplitude and
phase. Exactly how is still the subject of controversy. Chapter 5 suggested that the
point where inspiratory and expiratory duration achieve unity is linked to the
termination of exercise, i.e. a critical point. Although both t, and tH are reduced during
exercise, during heavy exercise there is a greater decrease in t,.; so that the ratio t,/tTOT
(or duty cycle) increases from around 0.4 at rest to over 0.5 at maximal exercise
(Clark et al. 1983; Folinsbee et al. 1983; Lucia et al. 1999; McParland et al. 1992;
Mota et al. 1999). A shorter t,.;, leads to a greater increase in PEF than PIF (see 5.4)
which may eventually lead to air flow limitation and exercise termination. In the
absence of flow limitation, the demand of further forcing tH to be substantially shorter
than ti may stress the mechanisms of breathing. It is possible that this increased stress
will indirectly lead to a change in either the perception of breathlessness or the
distribution of blood flow, which can in either situation lead to exercise becoming
perceived as unsustainable and uncomfortable.
Breathlessness or dyspnea describes the subjective experience of breathing discomfort
(De Peuter et al. 2004). Feelings of breathlessness during exercise may be defined as
the feeling of an uncomfortable need to breathe rather than any other sensation
associated with exercise, such as fatigue or awareness that ventilation has increased
(Wilson and Jones 1991). The intensity of breathlessness during exercise is a function
of respiratory muscle tension, contraction velocity, frequency, and duty cycle (ElManshawi et al. 1986), all of which increase during exercise, and all contribute
independently to the perception of breathlessness (El-Manshawi et al. 1986). How an
individual interprets the sensation of breathlessness may be an important factor
determining exercise capacity. In an untrained individual the dyspnoeic sensation may
lead to distress, which makes that individual terminate exercise, not because they have
reached the limits of their exercising capacity but because the exercise becomes
uncomfortable.
If time and flow domain parameters contribute to exercise termination or even
limitation, it can be expected that these parameters would be the same at the end-point
of exercise to exhaustion at any intensity. Consequently, the aim of the present study
was to determine if the end point of exercise, at three different intensity levels
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(maximal exercise, and sub-maximal exercise at 75 and 85 % VO2PKAK ), coincide with
the same respiratory timing characteristics. Similarities between respiratory timing
characteristics, such as period, phase and amplitude, will test the hypothesis that
components of the respiratory profile are important in determining exercise duration
and the development of a specific profile terminates exercise.

106

6.3 Methods
Eight healthy non-smoking male subjects were recruited, from the local university
population (Table 6.1). All subjects participated in some form of physical activity but
none of the subjects were elite or professional athletes. Written informed consent was
obtained from each subject after the study was approved by the appropriate University
of Glamorgan ethics committee.
Subjects attended the laboratory on four separate occasions. The initial visit was used
to familiarise the subjects with the experimental protocol, to conduct baseline
measurements, assess lung function and record resting breathing profiles.

All

subsequent visits involved bouts of exercise in which the subject was asked to
exercise to volitional exhaustion. Lung function (Table 6.1) and resting tidal breathing
were determined as in Chapter 5 (section 5.3).

Parameter (n=8)
Age (yrs)
Height (cm)
Weight (kg)
fH (beats.min'1)
VE (Lmin 1)
iB (breaths.min~1)
V-f(L)
FVC(L)
- % predicted FVC
FEV! (L)

- % predicted FE^
PEFR (Lmin 1)
FEW FVC (%)
- % predicted FEW FVC
MWPRED* (L)
MWACT* (L)

Mean + SD
29 ±10
175 + 4
73.8 ±6.8
64 ±10
14.3 + 1.3
13 + 2
1.1 ±0.2
5.2 ±0.6
99 ±8
4.3 ±0.7
96+11
576 + 73
83 + 8
97 + 8
173 + 30
157 ±24

Table 6.1 Physical characteristics and lung function at rest.
*MWPREa predicted maximum voluntary ventilation, FEV1 x 40.
T, actual 12 second maximum voluntary ventilation manoeuvre.

On the second visit subjects undertook a maximal cycle test, as described in Chapter 5
(section 5.3). Data from the maximal test were used to estimate VO2PEAK . On the third
and forth visits the subjects were exercised in random order at 70 and 85% otVO2PEAK
to the point of volitional exhaustion, all while breathing patterns were recorded.
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Data analysis
After exercise testing the continuous flow signal was analysed as described in section
33
j.j,

During the incremental exercise test the relationship between VE , power output and
V02 were found to be proportional therefore the maximum VK reached at peak
VO2 was used as a reference point to extrapolate sub-maximal (20, 40, 60, 80 %)
values from the recorded exercise data. During*~* sub maximal tests the achieved V,./j max
was defined as 100% and via extrapolation was used to compare intra subject
differences. Defining VFmax in this way allowed specific points to be calculated
independent of exercise duration (Figs 6.1 and 6.2).
Statistical analysis
Data is presented as the mean ± SD for 8 subjects, unless stated otherwise. A paired
t-test was used to determine differences between tests, with the level of significance
set at 0.05.
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6.4 Results
Data is shown for subjects at rest, and following three exercise intensities, at peak
V02PEAK , TMAX, at an intermediate intensity, T1NT , 86 ± 7 % VO2PKAK and a low
intensity, TLOW, 76 ± 6 % VO2PI,:AK . TLOw and TjNT were constant load exercise tests
whilst TMAX was a ramped test. At all three exercise intensities fn at termination was
greater than 94% predicted (Table 6.2), indicating that all the subjects were near to
exhaustion at termination (Rowell 1974). To compare exercise end-points only data
from the final minute of each exercise bout is shown (Tables 6.2 and 6.3).

At all three exercise levels VT reached a plateau at around 60 % of the terminal VE
(%VEMAX ) while breathing rate, fe , increased exponentially with VE (Figure 6.1 and
6.2). These similarities were observed despite the point of exercise termination
differing considerably from 7 to 27 minutes (Table 6.2) with subjects having
significantly different oxygen consumption and ventilation rates and using differing
proportions of their ventilatory reserve, VE /MVVpRED and VE /MVVACT (Table 6.2 and
6.3).
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83 ± 12

85 ± 10

max

Low

181 + 14
95 ± 4
19.1 + 1.4
26.5± 13.1
85 ± 15

72+13

2. 98 ±0.45
47+10
57 ±5
66+11

112± 15

39 ±7

V0 2p eak)

(TLOW, 76 ± 6 %

0.5
0.6
0.4
0.0009*

0.1
0.02*
0.8
0.03*
0.7

0.0006*
0.03*
0.64
0.02*
0.09
0.2

0.003*
0.36
0.001*
0.001*
0.5
0.3
0.6
0.03*

0.1
0.7
0.08
0.7

0.001*

P

TINT
VS TLOW

0.02*

P

TMAX
VS TLOW

0.6

P

TMAX
VS TINT

110

Ff during T,NT and TLOw as a % of V,, achieved during the maximal incremental test. The Tidal Volume, VTmax is the maximum recorded tidal volume during
the exercise period.

Table 6.2 Exercise performance at three different levels
P represents the results of a paired student t-test performed between exercise tests; * statistically significant at p < 0.05. * Predicted maximum fH = 220-age.
Although TMAX was more intense than T| NT , it lasted longer because it was a stepped test compared to a constant rate for T, NT and TLOW '% Vt: max = exercise

/° ^ /.

Maximum heart rate, fH (min~ 1 )
Predicted maximum heart rate* (%)
Rating of perceived exertion, RPE (Borg 1982)
Exercise duration (minutes)
•
[

VE max/MWACT (%)

VE max/M WPRED (%)

180 ± 13
94 ±4
19.6± 1.1
6.8±0.5
98 ± 14

3.16 + 0.51
49 ±7
61 ±5
75 ± 11

3.04 + 0.6
51 + 11
58 ±8
77 ±8

185 ± 13
97 ±3
19± 1.2
12.9± 1.2
100

129± 17

132 ± 14

Ventilation Vt. max (Lmin"1 )
Tidal Volume, Vjmax (L)
Breathing rate, fB (min"1 )

Vrmax/FVC (%)

44 ±7

(TINT, 86 ± 6.5%
V0 2peak)

(TMAX, 100%
V0 2peak)
51 ±7

Intermediate

Maximum

Peak oxygen consumption, v,,, ^ (ml.kg.min" 1 )

Parameter
(At exercise end-point)

Exercise Protocol
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Figure 6.1 The relationship between ventilation and tidal volume, VT, at three different
TLOW , ° TMAx)- The mean ± SD are shown for 8 subjects (The
exercise intensities (• T|NT,
SD for TMAx has been omitted for clarity).

At the point of volitional exercise termination many aspects of the breathing patterns
were the same, for example the final respiratory rate, fB was the same at all three
exercise rates, at around 49 breaths.min"1 (Table 6.2). The timing parameters ITOT, ti,
and IE were similar between tests (p > 0.05) with the ratio ti/tTOT reaching 0.5 at
exhaustion (Table 6.3). In inspiration the time to reach peak flow, tPIF, and the ratio
tpiF/ti ratio was the same for each test at around 77 % (Table 6.3).
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Figure 6.2 The relationship between ventilation and breathing frequency, fB at three different
TLOW , o TMAX). The mean ± SD are shown for 8 subjects (The
exercise intensities (• T|NT,
SD for TMAX has been omitted for clarity).

In many ways the profile also varied between exercise regimes. The time to reach
peak flow in expiration, IPHF was significantly shorter during TLow (p=0.03), making
the tpEF/tE ratio lower at 34 ± 7 % compared to -42 % for TMAx and T1NT. The
maximum VT reached differed between tests with TLOw being lower than T| NT (p=
0.003) making VT/FVC significantly higher (p=0.001) at 61 ± 5 and 57 ± 5 %
respectively. With TLOW, PIF was 0.8 L.s" 1 lower than the other tests. PEF was lower
during TLOW than the other tests, with T1NT resulting in the highest flow at 7.2 L.s" 1 .
The ventilatory drive index, VT/ti differed during TLOW (Table 6.3). The expiratory
flow profile was different between tests with the profile index tPPHF8o being the lowest
during TMAx at 156 ± 19° suggestive of some change in airway calibre, while tP|>LK2()
was unaffected by exercise (Colasanti et al. 2004).
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4.88 + 0.78
1.94 + 0.33
2.94 ±0.53
1.06 ±0.44
37+ 15
0.24 ±0.04
12 + 2
193+ 10
161 ± 12
0.40 + 0.03
0.61 ±0.08

Respiratory cycle duration, tTOT (s)
Inspiratory duration, t, (s)
Expiratory duration, tE (s)
1.34 ±0.34
0.68 ±0.18
0.66 ±0.16
0.22 + 0.05
34 ±7
0.49 ±0.09
76 ±20
195± 10
178 ±28
0.50 + 0.01
3.72 + 0.58

5.61 +0.87
6. 24 ±0.79
1.26 ±0.25
0.64 ±0.13
0.63 ±0.12
0.27 ±0.07
42 ±8
0.47 + 0.10
77+ 19
199 + 9
162± 16
0.50 ±0.02
4.24 ± 0.65

(T|NT 86 + 7%
VO2Deak)
6.49+ 1.01
7. 17 ±0.64

(T LOw, 76 ± 6%
V0 2Deak)

Intermediate

Low
Max

1.26 ±0.27
0.63 + 0.12
0.63 ±0.15
0.27 + 0.07
43 ± 10
0.48 ±0.08
79 ±21
202 ± 1 2
156+ 19
0.50 + 0.02
4.61 + 0.63

6. 44 ±0.77
6.93 ± 0.48

V0 2D6ak)

(TMAX 100%

0.94
0.87
0.97
0.93
0.81
0.83
0.65
0.54
0.19
0.60
0.23

0.86
0.39

P

TINT vs
TMAX

0.50
0.44
0.57
0.11
0.02*
0.44
0.64
0.20
0.05
0.94
0.02*

0.02*
0.07

P

TLQW VS
TMAX

0.4
0.3
0.4
0.03*
0.006*
0.3
0.8
0.2
0.048*
0.9
0.006*

0.002*
0.006*

P

TINT VS
TLOW

VT/t, (L s'1 )
Table 6.3 Breathing profile characteristics at rest and during exercise at three different intensities. P represents the results of a paired student t-test
performed between exercise tests; * statistically significant at p < 0.05.

tl/tlOT

tp| F/t| ratio (%)
tPPEF20 (degrees, °)
tppEF80 (degrees, °)

tplF (S)

tPEF/tE ratio (%)

tpEF (S)

0.90 + 0.07
0.67 + 0.10

Resting

Peak Inspiratory Flow, PIF (L s" 1 )
Peak Expiratory Flow, PEF (L s 1 )

Parameter

Exercise Protocol
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6.5 Discussion
The principal finding of this study is that irrespective of exercise protocol exercise is
terminated at a point when the durations of inspiration and expiration are equal (ti/tTOT
= 0.5). This despite the fact that a considerable reserve remains for the generation of
airflow with the capacity for 28% more VE at the lower exercise level (TLOw,
VE max/MVVAcT 72%) (Table 6.2 and 6.3). In the present subjects the inspiratory flow
profile was changed more than the expiratory profile, by exercise, with ~ 76 % of ti
passing before reaching peak flow, leaving little time for the termination of
inspiration and initiation of expiration.
Limits of exercise capacity are typically attributed to the limits imposed by the
cardiovascular and neuromuscular systems, with the respiratory system only imposing
limits in extreme cases (Dempsey 1986). Ventilatory limitation is typically attributed
to ventilatory reserve or how close exercise ventilation approaches the maximum
ventilation volume achievable in 12s, MVV (or some estimate of the MVV, typically
FEVi multiplied by 35 or 40) (Johnson et al. 1999). Although it is believed that the
functional capacity of the respiratory system is never reached during exercise
(Grimby et al. 1971; Henke et al. 1988; Olafsson and Hyatt 1969) the ventilatory
constraints of respiratory timing and the flow profile at maximal exercise have been
less fully explored. Typically exercise termination coincides with individuals
becoming breathless, and this dyspnoeic sensation is particularly reported by
untrained individuals who are not accustomed to breathing at high rates which they
perceive as uncomfortable. In the group of recreationally active adults studied the end
of exercise in all three tests coincided with the RPE reaching 19 or 20, a fB of 49
breaths min"1 and the respiratory timing index, t]/tTOT, reaching 0.5.
In all three exercise tests the pattern of breathing adopted by the subjects conformed
to the common pattern (Gallagher et al. 1987, Hey et al. 1966, Neder et al. 2003),
where initial exercise-induced increases in VE are achieved by increases in both VT
and fB, while later increases are the result of increases in fB, with VT reaching a
maximum then declining (Fig 6.1 and 6.2); and thus show evidence of the tachypnoeic
shift. Naranjo et al. (2005) explored this relationship in more detail in exercising
subjects.
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Although the terminal breathing frequency, fB did not vary between tests, V r varied
significantly (p<0.05) between TINT and TLOW, showing that at a high fB, small
variations in the already large VT can account for the range of ventilation rates seen
during exercise.

The exercise-induced breathing pattern observed throughout this

study was similar to that reported by Lucia et al. (1999) in their elite cyclists, even
though exercise capacity was significantly lower in the present group of subjects. In
this study maximum VT reached 58, 61 and 57% of FVC during TMAx, T, NT, and Tmw
respectively, which are similar to the 53 and 60 % observed in elite and professional
cyclists respectively during a maximal incremental cycling test (Lucia et al. 1999). Of
interest however is the fact that V, reached a plateau or declined at ~3 L in the
recreationally active individuals and in the elite cyclists, whilst the professional
cyclists exhibited no plateau in VT, reaching 3.5 L at maximal exercise. The
professional cyclists had significantly lower fB and significantly higher VT when
compared to the elite cyclists at maximal exercise. Other elements of the pattern of
breathing were also different between the groups with respiratory timing (ti and IE)
following different pathways. Although II/ITOT was similar between the groups it was
lower in the professionals, with IE being significantly longer during heavy exercise
(Lucia et al. 1999). The trend towards a lower ti/t/roT at all exercise intensities in the
professional cyclists lead the authors to suggest that to reach similar levels of
ventilation the phasic activity of the respiratory centre could have been slightly lower
in the professional cyclists (Lucia et al 1999).
Although Lucia et al (1999) reported ti/tTOT remained below 0.5 in their elite and
professional cyclists others have found the ratio to exceed 0.5 in elite athletes and
cyclists (Clark et al 1983; Folinsbee et al 1983; Johnson et al 1992). Folinsbee et al
(1983) suggest that the mechanical limits of inspiratory and expiratory flow imposed
by the brief durations of ti and tF may have contributed to the plateau and decline in
VT they observed in well trained cyclists. Jensen et al. (1980) attributed the
tachypnoeic breathing pattern at high inspiratory volumes to mechanical limitations
(i.e. flow limitation), whilst others suggest the tachypnoeic shift is probably the result
of respiratory mechanical feedback from sources such as vagal pulmonary stretch
receptors or chest wall receptors at high inspiratory volumes (Dempsey et al 1986;
Gallagher et al 1987).
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Although flow limitation is recognised as causing exercise limitation in highly fit/elite
athletes (Johnson et al 1992; Babcock et al 1996; McClaran et al 1999), timing and
flow are interacting elements of the respiratory response to high levels of VE .
Breathing at such high frequencies inevitably leads to flow limitation as there simply
isn't enough time to get the air in and out. EFL is seen in elite athletes but the timing
elements of respiration seem to have been ignored. Johnson et al (1992) determined if
the mechanical limits for generating expiratory airflow and inspiratory pleural
pressure during maximal short term exercise where approached in highly trained
athletes and EFL was observed and in general the mechanical limits to VE coincide
with the achievement of VO2MAX . In this study (Johnson et al 1992) the fact that at the
end of exercise expiration became shorter than inspiration, with a ti/tToT ratio of 0.52
was overlooked. The present subjects showed signs of EFL during TMAX as indicated
by the profile index, tPPEF8o dropping to 156° (Table 6.3). A survey of the literature
shows that li/troT never exceeds 0.6, which suggests that the emptying rate of the
lungs cannot be quicker than the filling rate.
The rate of inspiratory flow generation (tpn?/ti) was also consistent across all exercise
intensities, remaining around 77% (Table 6.3) and this coupled with the consistent
ti/troT ratio of around 0.5 suggests that inspiratory pressure generation and phase
timing are linked which contribute to exercise limitation. Maximal inspiratory flows
are determined by subject effort and the force-velocity relationship of the inspiratory
muscles (Agostoni and Fenn 1960) whilst maximal expiratory flows are
predominantly limited by the physical properties of the lungs and airways, and to a
great extent independent of subject effort (Jensen et al 1980). Factors which limit
expiratory flow are more important limitations of Vfcmax than factors limiting
inspiratory flow (Jensen et al 1980). One such factor must be the duration of the
respiratory cycle, because the shortening of tE will compromise the ability to empty
the lungs and the lungs will become hyperinflated.
The main limitation to the study findings is that the end point of prolonged endurance
exercise tests is related to subjective sensations, and it is possible that our subjects
were not really exhausted but stopped for other reasons. During prolonged
submaximal exercise heart rate frequently approaches maximum at exhaustion
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(Rowell 1974), in the present subjects the mean maximum heart rate was over 94% of
their age-predicted maximum values for all exercise intensities suggesting that the
subjects were very close to exhaustion when they stopped. Although only 8 subjects
were studied the similarities between the terminal breathing patterns was very strong
(with P values close to 1, Table 6.2 and 6.3) so testing further subjects was not
considered necessary. Likewise the strength of the key differences was equally as
strong (p values < 0.01, Table 6.2 and 6.3). The measurement of additional respiratory
parameters such as airway pressure and blood gases were not undertaken as the
exercise taken by our subjects was unexceptional and thus not expected to alter these
parameters outside reported values.
In conclusion this data shows that exercise termination, during three different exercise
regimes, consistently coincides with certain unique respiratory cycle characteristics.
At the termination point, in all three cases the ratio of the duration of expiration and
inspiration (ti/tjoT > 0-5) is close to unity. At this point the stress on the respiratory
control mechanisms may be at its greatest, as the inspiratory phase has been reduced
by a third, peak flow has increased 6 fold, and the time to reach peak inspiratory flow
doubled. Further research is required to determine how these factors feedback to
become rate limiting during exercise and to determine how exercise would precede if
the expiratory phase was to become considerably shorter than the inspiratory phase
(i.e. if ti/t/roTwas greater than 0.6).
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Chapter 7
7.0 Study 5 - Ventilatory Response to Maximal Exercise and Pattern of Recovery

7.1 Abstract
Rates and efficiency of recovery from exercise provides insight into the fitness of
physiological systems, i.e. measurement of post exercise heart rate has been used to
determine cardiovascular fitness. The purpose of this study was to examine the
response of the respiratory system immediately following maximal exercise.
Specifically this study explores the response of time and flow domain parameters
during 30 minutes of seated passive recovery, examining whether the phenomenon of
rapid shallow breathing (RSB) occurs; and if so how this relates to other components
of the recovering tidal breathing profile.
Eleven healthy subjects (8 male 3 female) completed a maximal incremental cycling
test to volitional exhaustion. Subjects breathed through a mouthpiece throughout the
cycling tests and for 30 minutes after exercise was ended. Maximal VK and O2 uptake
reached 116 ± 22 L.min" 1 and 42.4 ± S.Tml.kg.min" 1 respectively. The breathing
pattern during exercise followed the tachypnoeic pattern whereby VT reached a
plateau at -60 % VEMAX . Post exercise V,, and the majority of tidal airflow parameters
returned to pre-exercise levels within 10 minutes of passive recovery; metabolic
parameters reached baseline levels within 5 minutes, while fo remained elevated
throughout. In 5 of the 11 subjects RSB was observed throughout recovery, whereby
at the same level of V,_ during exercise and recovery VT was smaller and fB higher. In
conclusion, this study supports previous work that has shown that maximal exercise
causes changes in the pattern of breathing during the immediate recovery from
maximal exercise; whereby the phenomenon of RSB occurs, and is indicative of
respiratory muscle fatigue. Thus, breathing patterns in recovery can be used as a noninvasive method of determining fatigue of the RM.
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7.2 Introduction
VK is a rather complex index of respiratory centre output representing the product of
VT and fB (Milic-Emili and Grunstein 1976). It has been described as the balance
between optimisation of the mechanics of breathing and the maintenance of adequate
gas exchange (Ross et al 2003). Under normal circumstances the ventilatory response
to exercise proceeds as though governed by the principle of minimal effort (Vidruk
and Dempsey 1980) and appropriate gas exchange, to maintain blood-gas
homeostasis, depends on the integration of the control centres, the sensors and the
effector organs (Braman 1995). During exercise,^,, is tightly coupled to metabolic
demand and closely related to CO, production (Ross et al 2003). The increased
metabolic demands of the exercising muscles necessitate that V,, increases in an
attempt to maintain acid-base homeostasis. The increase in V,, is achieved through
increases in both the depth and frequency of breathing. At lower exercise levels
changes in VT predominates (Gallagher and Younes 1987) whilst at higher levels of
exercise fe takes over and accounts for the increase in V,, (Hey et al 1966; Gallagher
et al 1987; Johnson et al 1992).
Although the respiratory response to exercise is well established relatively few studies
have examined the control of Vt, during the subsequent recovery period. Dejours et al
(1959) proposed that the ventilatory response at the offset of exercise was the inverse
of that seen at the onset of exercise, comprising an initial rapid change due to a neural
component followed by a slower change due to a humoral component (Fink et al
1995). A number of studies have suggested that V,,: increases abruptly at the start of
exercise and falls suddenly when exercise is terminated as a result of an instantaneous
neurogenic ventilatory reflex (Beaver and Wasserman 1970; Dejours 1964; Comroe
1965). The breathing pattern during recovery has been found to be comparable to that
during exercise; at the same level of V,, , VT and fB are similar during exercise and
recovery (Younes and Kivinen 1984; Gallagher and Younes 1986). Others, however,
observed rapid shallow breathing (RSB) following maximal exercise in both normal
subjects (Younes and Kivinen 1984; Younes and Burks 1985; Salvadori et al 1993)
and in highly trained athletes (Caillaud et al 1993).
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The previous two studies have examined the ventilatory and tidal airflow response to
exhaustive exercise. This study explores how the breathing pattern responds to the
termination of maximum incremental exercise. Specifically, this study explores the
response of time and flow domain parameters during 30 minutes of seated passive
recovery, examining whether the phenomenon of RSB occurs and if so how this
relates to other components of the recovering tidal profile. Rates and efficacy of
recovery from exercise provides insight into the fitness of physiological systems, i.e.
the use of post exercise heart rate to determine cardiovascular fitness (Deschenes et al
2006). Analysing how the respiratory system recovers from exercise may provide
valuable information on the state of the airways and the system in general.

120

7.3 Methods
Eleven healthy subjects (8 males, 3 females) participated in this study.
Anthropometric data is found in table 7.1. After a detailed explanation of all
procedures, each subject gave written consent to participate in the study and
completed a brief health screening questionnaire. Ethical approval was obtained from
the Faculty of Health, Sport and Science, University of Glamorgan.
Subjects completed a maximal incremental cycling test to volitional exhaustion. Prior
to completing the cycling test subjects performed spirometry and respiratory muscle
strength tests (Table 7.1). Breathing patterns and metabolic parameters were recorded
at rest, throughout exercise and at various time points throughout recovery.
On completion of satisfactory spirometry (see section 5.3 for details) and respiratory
pressure measures (see section 3.3) subjects were asked to sit quietly on a cycle
ergometer (Monark 824E Varberg Sweden) for 2-3minutes, whilst breathing through
a mouthpiece and wearing a nose clip. On command from the investigator subjects
began cycling at a power output of 70W for two minutes. Thereafter, cycling intensity
increased every two minutes in a stepwise manner by 35W until subjects could no
longer maintain the required pedalling cadence of 70 RPM. Subjects were verbally
encouraged throughout the exercise test.
On exercise termination subjects were asked to remain seated and continue breathing
through the mouthpiece. After a period of 1 minute subjects were asked to remove the
mouthpiece and to step off the ergometer. Subjects were then seated on a nearby chair
and were asked to remain seated for a total duration of 29 minutes (plus 1 minute on
ergometer = 30 minutes). At 5, 10, 15, 20, 25 and 30 minutes post exercise subjects
were asked to breathe through the mouthpiece for one minute intervals for recovery
breathing patterns to be recorded. The mouthpiece was inserted for one minute
intervals as opposed to collecting continuous data because a pilot study found
breathing patterns became irregular when the mouthpiece was in the mouth for 30
minutes and the data became too noisy for analysis.
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Metabolic and ventilatory parameters were recorded throughout exercise and during
specified time points in recovery using the same system as described previously
(section 3.3 & 5.3). fH was also monitored throughout the test period.
Data analysis
After testing, the flow signal was processed as described in section 3.3.
Statistical analysis
Data is presented as mean ± SD for 11 subjects. Where appropriate a one way
repeated measures ANOVA, using the Holm-Sidak method for multiple comparisons,
was used to test for statistical significance (p < 0.05).

Parameter
Age (yrs)
Height (cm;
Weight (Kg;
MIP (cmH2O)

Mean ± SD
28 ± 8
176.5 ±10.5
79.4 ±14.5
110 ±48

MEP(cmH2O)

132 ±52

MvVfLm/n" 7;
- % Predicted MW
Resting fH (beats.miri 1)

148 + 30
88 ± 12
70 ± 16

FEVi(L.s 1)

-% predicted FEV,
FVC(i;
-% predicted FVC
PEFRfL.S 7;

- % predicted PEFR
FEWFVCf/o;
- % predicted FEV^FVC

V°2MAx (ml.kg.min 1)
VKUAJ( (Lmin 1)

4.11 ±0.70

92 ±13
5.14 + 0.80
99+10
556 ±109

87 ± 15
81 ±10
93 ± 11

42.4 ± 8.7
116.2 ±22.2

Maximum fB (breaths.min 1 )
Maximum VT (L)

43 ± 9
2 - 91 ± °- 54

Maximum VT/FVC (%)
Maximum (t/tTOT)

57 ± 6
°- 51 ± ao2

Maximum fH (beats.min 1)
187 ± 11
% predicted maximum fH (220-age)
98 ± 4
Table 7.1 Anthropometric, static lung function and maximum exercise data in 11 healthy
adults.
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7.4 Results
Ventilation and gas exchange during maximal exercise and recovery.
Figure 7.1 shows the breathing response to maximal exercise, showing evidence of
the tachypnoeic shift at -60% VEMAX , i.e. VT plateaus with subsequent increases in
VE occurring through elevations in fB. The average rate of pulmonary ventilation in
11 subjects during maximal exercise was 116.2 ± 22.2 Limn 1 . Maximum fB reached
43 ± 9 breaths-min 1, whilst VT reached 57 ± 6 % of FVC. Average maximum O2
uptake was 3341 ± 791 ml.min-1 and the maximum rate of CO2 elimination was 3755
± 721ml.min" . Corresponding values relative to body weight were 42.4 ± 8.7 and 48
± 8.7 ml.kg.min"1 respectively.
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Figure 7.1 The ventilatory response to incremental exercise in 11 subjects. VT is normalised
for individual differences in FVC, and shows a trend which follows an exponential rise to max,
?= 0.81. fB increases with a polynomial quadratic trend, r2= 0.76.
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Maximal exercise ventilation, VKMAX was significantly greater than the volume of
ventilation generated throughout recovery; the VK at 1 and 5 minutes post exercise
were significantly different to resting values (p<0.05). Within 10 minutes of ending
exercise VE had returned to resting values and remained there for the remainder of the
recovery period. VT and f& followed a similar pattern to that of ventilation, except for
VT at 1 minute post exercise being similar to the maximal exercise value (Fig 7.2).
Closer examination of the individual data shows that in 6 out of the 11 subjects the
breathing pattern, at the same level of VE , during recovery and exercise was the same.
In the other 5 subjects however, at the same level of VE during recovery VT was
smaller and fa greater.
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Figure 7.2 The breathing response at rest, at maximal exercise and during 30 minutes of
recovery from maximal exercise. * Signifiantly higher than at rest, p <0.05.
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Average ratios of inspiratory duration to total breath duration (t,/tTOT) during maximal
exercise and recovery are shown in figure 7.3. The average ratio of 0.42 ± 0.04 at rest
increases to a maximum value of 0.51 ± 0.02 at maximum exercise. During the
recovery period it returns to resting values within 10 minutes of the end of exercise.
The ratio is significantly different from resting values only at maximal exercise and 1
minute post exercise. From the point of exercise termination to 1 minute into the
recovery period t,/tTOT remains elevated (0.49). There is a significant decrease in the
ratio from 1 minute to 5 minutes post exercise, thereafter it returns to pre exercise
values.
The response of the index of inspiratory drive (VT/t,) to maximal exercise and
recovery can be seen in fig 7.3. The index increases significantly from rest to maximal
exercise (0.62 ± 0.1 vs. 3.93 ± 0.9 L.s', p<0.05). VT/t, at maximal exercise is
significantly different to all other measures (p<0.05). Although the values at 1 and 5
minutes post exercise are significantly different to rest within 10 minutes of ending
exercise the index returns to pre-exercise levels.

0 50 -

0 45 -

0.35 -

Figure 7.3 Indexes of respiratory timing (t|/tTOT) and drive (VT/t,) at rest and at maximal
exercise, and during 30 minutes of passive recovery. * Significantly different to rest,
p<0.05.
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Peak inspiratory and expiratory flow rates followed similar patterns. Both increased
significantly from rest to maximal exercise. However, at rest PEF is lower than PIF
but during exercise PEF increases to a greater extent than PIF. Both return to preexercise levels within 10 minutes of ending exercise. PEF becomes lower than PIF
once again within 5 minutes of recovery, tp,,. was unchanged from rest through
maximal exercise and during 30 minutes of recovery, while t|>[,;,, dropped significantly
during maximal exercise and remained significantly lower than resting values until 10
minutes post exercise (Fig 7.4). t|>,,. as a fraction of t, (tPn, ratio) is significantly
elevated by exercise but returns to pre exercise levels within 5 minutes. No
differences were observed throughout for tP1.|. ratio (tp
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Figure 7.5 shows the metabolic response to maximal exercise and through 30 minutes
of recovery. The VO^ values at maximal exercise and at 1 minute post exercise are
significantly greater than all other values; whilst maximal exercise was also
significantly higher than 1 minute post. Within 5 minutes of recovery VO2 returned to
pre exercise values. VCO, values at maximal exercise and 1 minute post exercise are
significantly different to all other values and also significantly different to each other.
The VCO2 at 5 minutes is significantly higher than values at 20, 25 and 30 minutes
post exercise put not to the resting value, resulting in VCO2 returning to pre-exercise
values within 5 minutes of recovery. fH increased from 66 ± 10 at rest to 187 ±11
beats.min" 1 at maximal exercise (Fig 7.6). Whilst maximal exercise fo is significantly
greater than all other values, the fn during the 30 minutes of recovery remained
significantly greater than that at rest.
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Figure 7.5 • VO, o VCO-, . The metabolic pattern at rest, at maximal exercise and during
30 minutes of recovery. As is expected VO2 is greater than VCO-, at rest, whilst at maximal
exercise VCO^ is significantly greater than VO2 and remains so for 5 minutes into the
recovery period. Within 10 minutes of recovery VO2 once again becomes greater than
VCO 7 .

128

200 180 160 S
_a

140 -

100 t
ns

80 -

T.

60 -

93

••£•
^

„£><

Figure 7.6 Heart rate at rest, at maximal exercise and during 30 minutes of passive
recovery.

Exercise altered the post-peak expiratory flow profile, with the derivative
which is influenced by respiratory muscle activity, increasing significantly (p< 0.05)
during exercise and falling back towards baseline at its end. The IPPEFSO fl°w profile
index, which reflects the closing stage of expiration, was unchanged throughout
exercise and recovery.

200 -

160 -

Figure 7.7 The post peak profile indices, tPpEF2o (•) and tPPEF8o (°) at rest, at maximal
exercise and during passive recovery.
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7.5 Discussion
The breathing pattern adopted during the maximal incremental test followed the well
established exercise-induced pattern; with the tachypnoeic shift occurring at -60 %
VKUAX (Fi§ 7 - 1 )- ^; increased linearly throughout exercise reaching a peak of 116 ±
22.2 L.min" 1 . With the end of exercise V,, immediately decreased, and reached preexercise levels within 10 minutes of seated passive recovery. In general, the
immediate decline in V, (1 minute) was produced by a fall in fB, with V, remaining
at the same volume as at the end of exercise for the first minute of the recovery
period. Within 2 minutes of recovery the decline in V,, was associated with a decrease
in both VT and fB . Metabolic parameters (V(), andKC(?2 ) returned to pre-exercise
levels within 5 minutes of exercise termination. Although ventilatory and metabolic
parameters approach pre-exercise values within 10 minutes of exercise cessation fH
remained significantly elevated throughout the 30 minutes of recovery.
Although the reduction in V,. during the recovery period was achieved through
declining levels of both VT and fB. closer examination of the data shows that in 6 out
of the 11 subjects the breathing pattern during recovery was similar to that observed at
the same Vb during exercise. In the other 5 subjects there was evidence of rapid
shallow breathing during recovery, with VT significantly smaller (p<0.0006) and fB
significantly higher (p<0.004) at the same level of V,,. This phenomenon of rapid
shallow breathing following maximal exercise has been reported in both normal
subjects (Younes and Kivinen 1984; Younes and Burks 1985; Salvadori et al 1993)
and in highly trained athletes (Caillaud et al 1993).
Younes and Kivinen (1984) were one of the first to compare the breathing pattern
during maximal incremental exercise with the breathing pattern during the subsequent
recovery. Whilst the breathing pattern in the majority of their subjects was
comparable at the same level of V,. during exercise and recovery, rapid shallow
breathing occurred in a third of their subject's during recovery, with VT being smaller
and fB higher than at similar levels of V, during exercise (Younes and Kivinen 1984).
A further study by this group monitored V,,, VT and fB in 7 healthy subjects during
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and after exercise of various intensities. No systematic differences were found
between breathing patterns during exercise and recovery in tests where final VO^ was
45-95% ofVO2MAX ; in 13 of 19 studies in which final VO, was 92-100% of VO2MAX
however, relative rapid shallow breathing was observed during subsequent recovery
(Younes and Burks 1985).
Younes and Burks (1985) suggest that the phenomenon of rapid shallow breathing
during recovery from exercise is limited to very high exercise levels; with the
development of pulmonary congestion-interstitial edema and/or information from
fatiguing respiratory and/or locomotor muscles possibly playing a role (Younes and
Burks 1985). A number of factors have the potential to alter the breathing pattern.
Pulmonary oedema has been found to result in rapid shallow breathing (Cook et al
1959; Levine et al 1965); respiratory muscle fatigue is associated with a change in the
pattern of breathing (tachypneic), at the same level of Vt,, VT is smaller and fe faster
(this effect has been shown to last for several minutes after the termination of the
fatiguing respiratory work i.e. exercise) (Gallagher et al 1985). Increased core body
temperature induces rapid shallow breathing (Hey et al 1966; Martin et al 1979); and
limb muscles are endowed with chemosensitive endings which are also capable of
influencing breathing pattern in this way (Tallarida et al 1983).
The abrupt changes in V,. which occur at the beginning and end of exercise have been
attributed to an instantaneous neurogenic ventilatory reflex (Beaver and Wasserman
1970; Dejours 1964; Comroe 1965). This reflex is postulated to occur as a result of
the stimulation of proprioceptors, ergoreceptors, or the muscle spindles in the
exercising limbs (Beaver and Wasserman 1970). Limb muscles are endowed with
chemosensitive endings which are believed to be stimulated by exercise and are
thought to play a role in the control of Vr and breathing pattern during exercise
(Tallarida et al 1981, 1983). It has been suggested that a subset of these receptors is
activated only on attainment of a critical metabolic stimulus, at very high levels of
exercise and they may influence breathing pattern during recovery (Younes and Burks
1985). Innes et al (1989) demonstrated that the hyperpnea that persists after exercise
is diminished by obstructing the circulation to the exercised limbs and subsequently
augmented after release of the obstruction. After the release of the obstruction both
131

the rapidity of the onset of the ventilatory response and its persistence during
hyperoxia suggest that a component of the response is not mediated by peripheral or
central chemoreceptors (Innes et al 1989).
Once exercise is terminated, V,. decreases within seconds to within 25-50% of resting
values and then decreases to resting values gradually over several minutes (Asmussen
1973; Beaver and Wasserman 1968). The fact that V,. and its components took 10
minutes to return to baseline levels possibly results from the gradual diminution of the
short term potentiation of the respiratory centre, and the reestablishment of the body's
normal metabolic, thermal, and chemical milieu (McArdle et al 2006). The increased
blood flow that accompanies exercise may stimulate V,,. After exercise, limb blood
flow, Vt: , and CO, output remain elevated for several minutes (Innes et al 1989).
Tawadrous and Eldridge (1974) suggested that V,, is in part sustained by central
neural mechanisms during recovery from a period of voluntary hyperpnea, but this
effect was only transient (15-20s), suggesting that alternative mechanisms may be
more important during recovery from exercise (Innes et al 1989). Dejours et al (1955)
and Rowell et al (1976) showed limb blood flow obstruction diminishes V,, during
recovery from exercise, and subsequent release of the obstruction increases VK .
The VT/ti ratio is used as a non invasive measure of central inspiratory drive (MilicEmili and Grunstein 1976). The presents results show ventilatory 'drive' dropped
significantly with the end of exercise, but remained elevated for approx. 10 minutes.
This abrupt decline in respiratory drive possibly reflects the removal of both the
central command drive and the sensory input from the previously active muscles
(McArdle et al 2006). Using this index Clark et al (1983) found central inspiratory
drive (VTAi) induced by a given level of exercise is greater during recovery from
maximal exercise than it is during the previous submaximal work. They suggest this
increased ventilatory drive during recovery period could be the result of metabolic
acidosis, catecholamines, or hyperthermia (Clark et al 1983).
The ratio of inspiratory to total cycle duration, t,/tTOT increased from 0.42 at rest to
0.51 at maximal exercise and returned to pre-exercise levels within 10 minutes of
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recovery. Clark et al (1983) found this index increased from 0.36 at rest to 0.4 during
pre-maximal exercise walking at 4mph, increased up to a maximum of 0.55 during
maximal treadmill running then returned to 0.4 during recovery walking at 4mph
(Clark et al 1983), showing that on exercise cessation t,.: once again becomes longer
than t,. In agreement with numerous studies (Clark et al 1983; Folinsbee et al 1983;
Johnson et al 1992; Naranjo et al 2005) and the previous studies in this thesis, at
maximum work the duty cycle (ti/tror) exceeded 0.5 showing more time was spent in
inspiration than in expiration
tpip was unchanged throughout the whole test period (i.e. during exercise and
throughout recovery), whilst ti>|.;i.- was significantly reduced from rest to maximal
exercise. The reduction in i ni]: occurs through the loss of expiratory airflow braking.
However the ratio of IPEF to tK was unchanged throughout exercise and recovery,
showing that IPEF takes up a similar percentage of total expiratory time and becomes
relatively shorter with exercise as a result of the reduction in iE. On the other hand
whilst tpip is unchanged with exercise or during recovery the IPIK ratio shows that more
of inspiration is being taken up to reach PIF during exercise.
Although expiration is deemed passive at rest, occurring as a result of the elastic
recoil of the lung and chest wall, airflow is slowed. This is achieved by expiratory
airflow braking, produced by persistent activity of the inspiratory muscles into the
expiratory phase, by increasing expiratory resistance, by laryngeal adduction, or by
loss of laryngeal abductor activity (Tuck et al 2001). At rest expiratory airflow
braking occurs throughout the first third of expiration and thus lengthens the time to
reach peak expiratory flow (tPi,;F) and lowers peak expiratory flow (PEF). At rest in
the present group of subjects PEF is lower than PIF; with exercise PEF becomes
greater than PIF. Consequently this results in tPRF being significantly reduced during
exercise, whilst tpiF remains unchanged. As exercise is terminated tPRF slowly
increases back to pre-exercise levels, signifying the reactivation of expiratory airflow
braking and expiration once again being slowed.
With increasing ventilatory demand during exercise inspiratory and expiratory flow
rates must increase, resulting in an increase in both inspiratory and expiratory muscle
activity. Fig 7.7 shows an increase in the tPPEF20 index from rest and through exercise
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indicating an increase in muscle activity. During exercise when t,,; is decreased a
number of changes take place to ensure expiratory flow is increased to allow
expiration to be completed (Dempsey 1986). Expiratory flow braking is lost due to
activation of abductor muscles and the airways are enlarged (England & Bartlett
1982), expiratory muscles in the abdomen and rib cage (i.e. the intercostals) are
activated, and there is an increase in elastic recoil as a result of increases in end
inspiratory lung volume (Dempsey 1986). These changes enable expiratory flow to
increase despite reductions in t|,;. Inspiratory flow becomes more turbulent during
exercise and expiratory work increases disproportionately to the increased external
work (Sheel 2002).
In conclusion

This study provides further evidence of the existence of rapid shallow breathing as a
predominant pattern following maximal exercise. The present results are similar to
those of Younes and Kivinen (1984) who found that rapid shallow breathing was
evident in some but not all subjects during the initial few minutes of recovery. This
suggests that either some of the subjects did not exercise to their true maximum (i.e.
the exercise did not reach >90% of their true capacity) or it may be that respiratory
muscle fatigue occurred in only some of the subjects. Evidence suggests that
respiratory muscles fatigue at maximal exercise (Bye et al 1984; Ozkaplan et al 2005),
which has in turn been associated with a pattern of breathing (Gallagher et al 1985), in
which at the same level of V,,, VT is smaller and fB is faster. This rapid shallow
breathing has been shown by others to last for several minutes after the termination of
exercise (Gallagher et al 1985), particularly when final exercising VO2 reaches 92and Burks 1985). The relationship between respiratory
100% of VO-,2 MAX (Younes
^
muscle fatigue and post exercise breathing profiles warrants further research,
particularly in elderly subjects and in individuals with respiratory disorders. The use
of post exercise breathing patterns may also prove beneficial in examining the
potency of the airways and contain valuable information on the state of the system in
general. Deschenes et al (2006) recently reported that age-related differences in
physiological measures were most apparent following, rather than during, exercise.
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Chapter 8
8.0 Study 6 - Ventilatory Capacity and Its Utilisation During Exercise

8.1 Abstract
Inadequate V,. is not usually considered an exercise-limiting factor because it is
assumed that the maximum ventilatory capacity of the respiratory system is never
reached during exercise, leaving a so-called reserve. The ventilatory reserve can be
defined as the difference between the ventilated volume attained during a maximum
voluntary ventilation manoeuvre, MVV, and the maximum V,. achieved during
exercise. This study explored the relationship between V,, during exercise and the
MVV manoeuvre, measured in different postures and durations. Twelve healthy
young adults completed 12, 30, and 60s MVV manoeuvres in a standing and seated
position, along with a maximal incremental cycling test. Maximum exercise VK
reached 89, 96 and 100%, and 96, 103 and 109% of the standing and seated 12, 30
and 60s MVV respectively. The breathing pattern was significantly different during
exercise from the MVV, with a greater fe (~ 120 Vs 48 ± 6 breaths.min" 1 ) and smaller
VT (~1 Vs 2.2 ± 0.5 L) being utilised during the MVV than during exercise. This
study showed that the MVV^ manoeuvre produced a larger V,, than could be attained
during exercise (115 ± 22 Vs 102 ± 23 L.min" 1 ), giving a ventilatory reserve of -11%.
This reserve overestimates the respiratory system's capacity to generate airflow
during exercise. Longer MVV manoeuvres, such as MVV3o and MVV6o, and
manoeuvres in a seated position provide more accurate estimates of the maximal V,,
an individual can produce whilst cycling. Further, the MVV volume was found to
increase with increasing FEV, and decline with duration in a non-linear manner. The
MVV volume was thus dependent on the subjects build, the exercise modality and
duration of the manoeuvre.
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8.2 Introduction
The capacity to perform aerobic exercise is typically determined by VO-, mx . Factors
limiting VO2MAX are generally those associated with O2 transport and utilisation
(Saltin 1985- see section 2.3). Convective O2 transport in the lungs is not considered
to limit exercise because in both healthy untrained and trained individuals there is a
considerable reserve in this variable (i.e. V,.) (Blackie et al 1981; Folinsbee et al
1983; Habedank et al 1998; Lucia et al 1999, 2001; McClaran et al 1998; Neder et al
2003). The capacity of the respiratory system for airflow generation during exercise
is usually estimated from the MVV (see section 2.4.1), with ventilatory reserve being
determined by the difference between the measured (or estimated) MVV and the
maximum V,. achieved during exercise.

In healthy exercising adults peak exercise ventilation, V,.- MAX typically reaches only
60- 80% of MVV (Blackie et al 1981; Habedank et al 1998; McClaran et al 1998;
Neder et al 2003; Olafsson and Hyatt 1969; Ross et al 2003) suggesting there is a
considerable ventilatory reserve. However, it is debatable whether this ventilatory
reserve is actually attainable during exercise; even elite athletes with very high Vh
rates during heavy exercise have been found to use only 85-90% of their MVV
(Folinsbee et al 1983; Lucia et al 1999, 2001). Because V,. at maximal exercise never
exceeds the respiratory systems capacity to inspire and expire air it is considered that
the structural capacity of the respiratory system is somewhat 'overbuilt' for exercise
and exceeds the demand for O2 and CO2 transport in healthy exercising adults
(Dempsey et al 2003).
The use of the MVV as a measure of ventilatory capacity during exercise is somewhat
limited because it is performed voluntarily at rest and sustained over short periods,
raising the question of how closely does it match maximal exercise V,. which is
achieved involuntarily. Not only are they two hugely different physiological states,
but the pattern of breathing during each state is very different; during the MVV VK is
determined consciously by the subject, whereas during exercise it is driven
unconsciously by a variety of stimuli (Freedman 1970).
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The aim of the present study was threefold, firstly, to explore how much of the MVV
performed at rest is utilised during exercise; secondly to examine the relationship
between VKUAX and the duration of the MVV (12, 30 and 60s); and thirdly, to define
the effects of posture and FEVi on the MVV manoeuvre.
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8.3 Methods
Twelve healthy subjects (10 female, 2male) aged 21 + 2 years (mean ± SD), with a
wide range of exercise capacities (VO2UAX 36 ± 5 ml.kg.min' 1 , range 30-50
ml.kg.min~ 1 ) and normal pulmonary function (Table 8.1) were studied.
Subjects attended the laboratory on two separate occasions. The initial visit was used
to familiarise subjects with the testing equipment and experimental protocol, and to
establish resting lung function measures and anthropometric data (Table 8.1). Great
emphasis was placed on ensuring subjects were aware of the correct way to complete
a 12s maximum voluntary ventilation manoeuvre (MVVn); subjects were encouraged
to imitate the type of breathing encountered during severe exercise while choosing
their own rate of breathing (Ferris 1978). Three MVVi 2 manoeuvres were recorded
using a computerised spirometer (Spirosense spirometer, Micromedical Ltd,
Rochester, U.K.), which also provided a predicted MVV (40 x FEVi) for each subject.
The MVVpRED was used to provide a target value for each subject to aim for when
they first performed the manoeuvre, allowing the investigator to ensure that the
manoeuvre was performed efficiently and correctly.
After a short rest (5-10 minutes) subjects were asked to perform three individual
MVV manoeuvres of 12, 30 and 60s duration, performed while standing upright. All
subjects performed the manoeuvres in the above order and only the technically correct
manoeuvres were used. For all manoeuvres each subject was instructed to breathe as
deeply and rapidly as possible in a similar way to that used during exercise. None of
the subjects reported light-headedness during or after the MVV manoeuvres.
During the second visit, the three MVV manoeuvres for each of the three durations
were repeated whilst subjects were seated on a friction-loaded cycle ergometer
(Monarch 824E, Varberg, Sweden). After a brief resting period (approx. 5 minutes)
subjects completed a maximal incremental exercise test on the cycle ergometer (as
described in section 7.3). Subjects were given vigorous verbal encouragement
throughout all MVV manoeuvres and the exercise test.
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During all MVV manoeuvres and the maximal exercise test subjects breathed through
a mouthpiece, whilst wearing a nose-clip. The mouthpiece was connected in series to
a computerised O 2 breath-by-breath analysis system (Medgraphics, CPX/D, St Paul,
Minnesota, USA), a calibrated low resistance screen pneumotachograph and a
differential pressure sensor, allowing ventilatory and metabolic parameters and
respiratory flow to be recorded. Heart rate was monitored throughout the maximal
exercise test using a telemetric monitor (Polar t31, Polar Electro Inc, U.K.). The
timing and flow characteristics of breathing were determined by averaging 1 minute
periods as described previously.

Data analysis
Data is presented as mean ± SD for 12 subjects. For the MVV manoeuvres, only the
highest values for each test were used in the analysis. The standing and seated MVV
data was compared using a paired Student t-test with the significance level set at
P<0.05. Comparisons between MVV manoeuvres were made by expressing exercise
Vf.. as a percentage of the maximal rate observed.
A one way repeated measures ANOVA was used to test for significant differences (p
<0.05) between all measures, with the Holm-Sidak method being used for all pairwise
multiple comparison procedures (SigmaStat V3, Systat Software, UK). A Pearson's
correlation was used to examine the relationship between FEV] and MVV.

Parameter (units)

Mean ±
SD(n=12)

Age (yrs)
Height ('cm;
Weight^
FEV, (L)
-% Predicted FEV,
FVC (L)
-% Predicted FVC
PEFR(L.s-1 )
-% Predicted PEFR
12s MW manoeuvre (Lmin 1)
- % Predicted MWi 2

21+2
168 + 8
70.6 ±15.5
3.8 ± 0.7
100 ±7
4.4 ± 0.9
102 ±7
478 ±121
92 ±14
123 ±22
98 ± 12

V°UIAX (ml.kg.min 1)

36 ± 5

Maximum fH (beats.min 1)
V£ MAX (Lmin
C—""" 1)/

181 ± 9
102 ±23

Table 8.1 Subject anthropometric data, respiratory function and performance characteristics
at the end of exercise.
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8.4 Results
Upon exercise VE increased from 15 ± 4 to 102 ± 23 Limn"1 at the end of exercise
(Table 8.2). Maximum exercise ventilation VEMAX reached 89, 96 and 100 % of the
standing MVV at 12, 30 and 60s duration and 96, 103 and 109 % of the seated MVV
at 12, 30 and 60s duration respectively.
The effect ofposture on the MW manoeuvres
Figure 8.1 shows the effect of posture on the 12, 30 and 60s MVV, which in each case
was significantly larger when standing (p 0.03, 0.008 and 0.005 for MVVi2, MVV30
and MVV6o respectively). Figure 8.2 shows the rate of ventilation reached at the peak
of exercise, VEMAX , as a percentage of each of the MVV manoeuvres, with VEMAX
always reaching a significantly higher percentage of the MVV performed in a seated
position than in the standing position (p 0.03, 0.006 and 0.003 respectively).
140 -i

MW duration (s)
Figure 81 The relationship between maximum ventilation and MW manoeuvre while
standing (black bars) and sitting (grey bars). The mean ± SD is shown (n = 12). * significant
difference between sitting and standing values, p< 0.05.
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153 ± 19
149 ± 18

207 ± 12

184 ± 26
147 ±7

213 ± 10

0.51 ±0.02

5.98 ± 0.80

5.48 ± 0.72

23 ±9

1.03 ±0.53

121 ±39

107 ±19

147 + 4

212 + 12

0.52 ± 0.02

5.81 ±0.81

5. 10 ±0.61

23 ± 9.6

1.06 ± 0.55

117±37

107 ±21

146 + 5

214+ 10

0.51 +0.02

5.55 ±0.87

4.95 + 0.77

21 ±9

0.95 ± 0.47

122 + 40

100 ± 20

Table 8.2 A comparison of respiratory profiles at rest, during all MW manoeuvres, and maximal exercise
The mean ± SD is shown for 12 subjects. See text for statistical relationships.

tpPEF8o(°)

0.51 ±0.02

5.90 ± 0.79

5.55 ± 0.85

24 ± 9.6

0.40 ± 0.03

0.74 ± 0.21

Peak expiratory flow, PEF
(L.s-1 )

Inspiratory duration/ Total respiratory
cycle duration, t|/tTOT
tppEF2o (o)

0.95 ± 0.23

19 ±3

1.08 + 0.53

0.84 ± 0.15

Peak inspiratory flow, PIF
(L.s'1 )

(%)

VT/FVC

122 ±37

1 15 ± 22

147 + 3

216 ±7

0.51 +0.01

5.40 ± 0.95

4.89 + 0.73

22 ± 7.5

1.01 + 0.47

111 ±27

102 ± 23

Standing

Seated

Standing

Standing

Seated

MW60 (s)

MW30 (s)

MW 12 (s)

18 ±3.1

15 ±4

Ventilation, VF
(Lmin'1 )

Breathing rate, fB ,
(breaths. min'1 )
Tidal volume, VT ,
(L)

Rest

Parameter
(Units)

149 + 8

212 + 9

0.52 + 0.02

5.41 + 0.85

4.66 ± 0.72

22 ± 10.3

1.00 + 0.54

113 ±39

95 ±19

Seated
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171 +24

195 + 7

0.50 + 0.02

5.45 + 1.27

4.75 ± 1.04

48 ±5.6

2.17 ±0.53

48 ±6

102 ± 23

Maximal
exercise

Analysis of the tidal flow profile demonstrated that PIF was significantly higher (p <
0.05) when performing the MVV60 standing (Table 8.2). tPEF and the airflow
limitation index, tPpEF2owas significantly higher during the seated MVVi2 (see below).
All other parameters (i.e. fB, VT, VtroT etc) were found to be independent of posture
at MVV of equal durations (Table 8.2).

140 -i

120 -

100 -

LLJ
>

80 -

60

MW duration (s)
Figure 8.2 The relationship between the maximum ventilation rate induced by exercise and
the ventilation rate achieved during standing (black bars) and sitting (grey bars) MW
manoeuvres.The mean ± 3d is shown (n=12). * significant difference between sitting and
standing values, p< 0.05.

MW duration

The greatest VE was observed during the standing MVVi2 and was significantly
(p<0.05) greater than VEmx and all the other MVV manoeuvres except the standing
MVV30 (Table 8.2). fB and VT were similar throughout all MVV manoeuvres, but
during exercise, fB was significantly lower, 48 ± 6 compared to about 118 breathes
min"1 and VT higher, 2.2 L compared to around 1 L (Table 8.2).
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PIF was significantly (P<0.05) higher during the standing MVV 12 than during either
MVV60 or at maximum exercise, whilst PIF in the seated MVV30 was significantly
lower than both MVV 12 values (Table 8.2). No differences were found for peak
expiratory flow rates between exercise and all MVV manoeuvres (Table 8.2). The
ratio of inspiration to total respiratory duration, t,/tTOT, was largely unaffected by
MVV mode or exercise, but were different to the ratio seen at rest (Table 8.2).
tP1F was lower during maximum exercise than during all of the MVV manoeuvres
except the seated MVV«, (Table 8.2). tP,, was unaffected by the mode of MVV
manoeuvres, but was significantly higher (p<().()5) during maximum exercise (Table
8.2).
Assessment of the expiratory airflow profile using the method of Colasanti et al.
(2004) showed that the post-peak expiratory flow index, tPPEF2o (expiratory flow
braking index) was significantly lower during maximum exercise and tPPEF80 (the
index of airflow obstruction) was significantly greater than any of the MVV values;
neither index was affected by MVV mode (Table 8.2). The tPPEF80 index at rest was
significantly greater than during all MVV manoeuvres. Metabolic parameters were
different between exercise and the MVV manoeuvres with VO, and VCO, at maximal
exercise more than triple the rate during MVV60 (Figure 8.3).

vo,

40

E
&
E

40

30
22

30
22

20 -

20 -

18 -

18 -

16 -

16 -

14 -

14 -

12 -

12 -

10 -

10 Exercise

MW,.

MW,,

Exercise

MW,,

MW,,

Figure 8.3 Oxygen consumption and carbon dioxide production during maximal exercise
and whilst performing MW manoeuvres. The mean ± SD is shown (n=12), for MVV
performed while sitting (O) and standing (*).VO2 and VCO2 at maximal exercise were more
than double the values attained during the MW12 and 3times greater than MW60, which
demonstrates that ventilation during each state is very different and may therefore be driven
by different stimuli.
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MWancjFRV,

MVV is sometimes estimated indirectly from spirometric measures such as FEV,. A
factor of 35 or 40 is usually applied to predict MVV i.e. FEV, x 35 or 40 = MVV.
Table 8.3 shows MVV in relation to FEV, (i.e. MVV divided by FEV,); giving the
factor our subjects FEV, would have to be multiplied by to achieve the levels of V,
attained during each of the MVV manoeuvres and VKHAX . VKMa[ as a percentage of
MVVpRED is also shown, with MVVPRI,; D being calculated by the most commonly used
factors of 35 and 40. If the ventilatory capacity of the present subjects were estimated
from the suggested predicted equations the subjects would have ventilatory reserves
of 25-35%. However, the actual MVV values were much lower than those estimated
using the prediction technique. Reserves of only 11 and 4% for the MVV 12 standing
and seated measures respectively were observed, with values even lower for the
longer duration MVV manoeuvres (Figure 8.2). In the present group of subjects
breathing capacity during maximal incremental exercise would best be predicted by
multiplying FEV! by a factor of 25-30.
Parameter________Mean ± SD
29.7 + 3.7
MW, 2 standing/FEV,
27.9 ± 3.3
MW, 2 seated/FEV,
27.7 ± 3.2
MW30 standing/FEV,
26 ± 2.9
M W30 seated/F EV,
26.3 ± 3.1
MW60 standing/FEV,
24.4 + 2.8
MW60 seated/FEV,
Vr,,.,,/rH c/Vi1
r-MAX

oc c _i_ >i Q

^lO.D ± 4.O

V,-^/(FEV lX 35)%

76±11

^••^/(FEVi X 40) %

66±1Q

Table 8.3 MW and V,, MAX as a function of FEV,; V,, MAX as a % of commonly used
estimates of MW, i.e. FEV, x 35 and FEV, x 40.

Figure 8.4 shows the relationship between the ventilation rates during the various
MVV manoeuvres and FEV, with the closest relationship being seen between FEVi
and MVV30 (r= 0.86, p <0.0()1). The effect of posture, FEV,, and the duration of the
MVV manoeuvre on the ventilated volume is shown in Figure 8.5.
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FEV^L)
Figure 8.4 The relationship between FEV, and MW
The mean of the combined data for sitting and standing is shown for each of the three
different MW duration times. •, MW12 = -12.2 + (FEV, x 32.8), r2 = 0.82 (upper solid line), p
<0.001. D, MW30 = -19.2 + (FEV, x 32.8), r2 = 0.86 (dashed line), p<0.001. *, MW60 =-28.5
+ (FEV, x 33.7), r2 = 0.83 (lower solid line), p <0.001.
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8.5 Discussion
The MVV manoeuvre is used to estimate or predict an individual's ventilatory
capacity during exercise. Even though it is accepted that the level of V,. achieved
voluntarily in 15 or 30s cannot be sustained over longer periods (Zocche et al 1960;
Freedman 1966; Shephard 1967; Tenney and Reese 1968), 12-15s MVV manoeuvres
are still used to estimate ventilatory capacity during exercise, with the difference
between maximum exercise ventilation, V,.:MAX , and MVV given the term 'ventilatory
reserve' (Klas and Dempsey 1989); this so-called 'reserve' typically reaches ~ 2040% in healthy individuals (Blackie et al 1981; Dempsey 1986; McClaran et al 1998;
Neder et al 2003; Tong et al 2003). Thus the respiratory system is not considered to
contribute to exercise limitation because the level of ventilation reached during
maximal exercise never approaches ventilatory capacity. Consequently, the
relationship between the MVV manoeuvre (i.e. ventilatory capacity) and exerciseinduced maximal ventilation rates was studied.
Two variables influencing the MVV manoeuvre were investigated; posture and
duration. The effect of posture was determined by comparing a standing MVV with a
seated MVV, with both postures being performed for various durations (12, 30 and
60s). Initial findings show performing the MVV manoeuvres while seated produces
significantly lower values when compared to standing with medium duration MVV
manoeuvres (MVV30) providing the closest match to VKMAX . V,, MAX was found to be
significantly lower than the 12s standing MVV only, which is important because
ventilatory capacity during exercise is usually estimated from the performance of a 12
-15s standing MVV manoeuvre. The present results suggest that a standing MVVn is
not an accurate estimate of an individual's ventilatory capacity during cycling
exercise; and that seated MVV manoeuvres are best suited to cycling based exercise.
The longer duration MVV manoeuvres, in both postures (standing and seated) are
more realistic estimates of breathing capacity, providing the smallest estimates of
breathing reserve; with a 30s MVV being most closely related to the observed V,.:MAX .
Indeed, Blaber et al (2004) found the extension of the MVV test from 12 to 30s
provided more information on the effect of endurance exercise on respiratory power;
the extension of the test to 30s elucidated a substantial reduction of approx. 30 L.min"1
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in ventilatory power, with the reduction in MVV being due to a drop in VT rather than
in fB (Blaber et al 2004).

Most studies report VKMAX /MVV values of -60-80% in healthy untrained subjects,
suggesting a substantial reserve exists for increasing V,. during maximal exercise
(Blackie et al 1981; Dempsey 1986; Grimby et al 1968; Henke et al 1988; McClaran
et al 1998; Neder et al 2003; Tong et al 2003). Even during the most strenuous
exercise, in endurance trained athletes, V,, never reaches the levels attained during the
MVV (Folinsbee et al 1983; Lucia et al 1999, 2001; Martin and Stager 1981). Lucia et
al (1999) found V,, UAX reached 86.9% MVV in elite cyclists and 90% in professional
cyclists suggesting that even at the highest levels of V,, (180 L.min"' in both) a
modest breathing reserve still exists. The fact that the 'capacity' is never reached and
the 'reserve' never fully utilised raises the question of how appropriate is the use of a
12-15s MVV in predicting an individual's ventilatory capacity for exercise, and
questions the validity of the term 'reserve'. It seems more appropriate to use a
measure which is attainable and provides a good estimate of V,, which can actually
be achieved.
It seems reasonable to suggest that maximal exercise ventilation should only be
compared with MVV if breathing patterns and all other factors are the same.
However, the breathing pattern used during the MVV is not comparable with the
exercise breathing pattern because it is an artificial manoeuvre. When subjects are
asked to hyperventilate for the MVV manoeuvre, the selected depth and frequency of
breathing is significantly different to that observed during maximal exercise. The
breathing pattern adopted during all MVV manoeuvres was one which utilised
extremely high fB and small VT as opposed to larger V, and lower fB during exercise.
The breathing patterns adopted, in terms of VT and fB, during the MVV manoeuvres
are consistent with that reported by others (Blaber et al 2004; Lavietes et al 1979)
with fB of over 100 breaths.min" 1 . The volitional nature of the hyperventilation of the
MVV manoeuvre means that fB and VT are selected by the subject; exercise-induced
hyperventilation generally occurs with the onset of metabolic acidosis (Dempsey et al
1990) and the subsequent breathing pattern is involuntary.
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Metabolic parameters were very different between exercise and the MVV manoeuvres
in this study (Figure 8.3), with the VO2 and VCO2 at maximal exercise being more
than double those attained during the MVV ]2 and 3 times as much as those during
than MVV60. The breathing pattern during exercise resulted from the respiratory
control system aiming for the most efficient pattern (Hey et al 1966; Mclllroy et al
1954) whilst during the MVV it is whatever the given subject chooses it to be. Indeed,
the economy of V,, in normal subjects has been found to occur when V,, is driven
involuntarily, as by exercise or by CO2 inhalation, but not when driven voluntarily at
comparable levels of V,, (Olafsson and Hyatt 1969).

The airflow pattern was also different during exercise and the MVV manoeuvres
(Table 8.2). In general peak flow rates were higher during the MVV manoeuvres due
to the higher respiratory rates, with greater differences being observed during
inspiration than during expiration. The time taken to reach peak flow rates was also
different between the voluntary and involuntary conditions, with tPiF being lower and
tpEF higher during exercise. The two indexes which describe the post peak expiratory
flow profile, tppereo and IPPEFSO, were different between the two states (Colasanti et al
2004). The higher IPPERO value during the MVV manoeuvre probably reflects the
greater effort required to force the ventilation rate to >100 breaths.min" 1 and is higher
than the values seen during maximal exercise (see 5.4 & 6.4). The lower value of the
expiratory airflow limitation index tpPEF8o during the MVV manoeuvres suggests that
some airflow limitation was present supporting the view that during exercise
ventilatory

capacity

will

vary

as

a

consequence

of bronchodilation

or

bronchoconstriction (Ross et al 2003).
The levels of V,, attained during the maximal exercise test, relative to total ventilatory
capacity (% of 12s standing MVV) are higher than the values reported in sedentary
subjects (Folinsbee et al 1983), and more similar to what others have reported in
trained athletes (Lucia et al 1999, 2001; Johnson et al 1999). Folinsbee et al (1983)
investigated ventilatory response to cycling in elite and sedentary males; maximum
V. reached 183 Vs 136 L.min" 1 respectively, with athletes using an average 89% of a
15s MVV and sedentary individuals using 71%. The differences in the V,:MAX /MVV
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values obtained in this study and in other studies that have used non-elite athletes may
be attributable to problems that arise in the measurement of the MVV; the manoeuvre
is effort dependent, subject to wide variability, and requires a great deal of motivation
if accurate results are to be obtained. Problems with the measurement of MVV may
also arise from the effects of task learning (Martin and Stager 1981). An attempt was
made to control these effects in all subjects, with all subjects undergoing identical
familiarisation with the various respiratory manoeuvres. However, differences in pain
tolerance, motivation, familiarity with fatigue, or related psychological factors could
not be accounted for in either the MVV manoeuvres or the maximal exercise test.
The ability of trained athletes to utilise a greater fraction of their ventilatory capacity
may be the result of a more highly conditioned respiratory system. Martin and Stager
(1981) found that athletes were able to sustain 80% of their 12s MVV for 11 minutes,
whilst age, gender, vital capacity and body size matched non-athletes could sustain
this level of V,, for only 3 minutes. Also, highly fit females (VO2MAJ( > 57ml.kg.min" 1 )
utilise a higher percentage of their maximum available ventilatory reserves than less
fit females (VO2MAX <56ml.kg.min" 1 ) (McClaran et al 1998). However, the ability to
utilise these higher fractions of ventilatory capacity has been found to coincide with
expiratory flow limitation during high intensity exercise (McClaran et al 1998). This
may explain why the capacity of the respiratory system during exercise is never fully
utilised; because increasing V,. above 90% of capacity coincides with flow being
impeded during expiration. This helps explain why even the most highly conditioned
athletes only use 85-90% of their ventilatory 'capacity'.
Although the subjects in this study reached 98% of their predicted MVV (data from
initial MVVp manoeuvres performed on a computerised spirometer) their actual
MVV 12 during test conditions whilst standing and sitting were 8 and 16 L.min" 1 lower
than the initial MVV manoeuvre performed using the computerised spirometer. These
differences may be attributable to the fact that when using the computerised
spirometer subjects were able to visually monitor their performance whilst during the
test manoeuvres subjects had no such feedback. When exercise V,, are calculated as a
percentage of predicted MVV values using FEV, x 35 or 40, the % reached is lower at
66 and 76% respectively, bringing the present values closer to what others have
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reported (Blackie et al 1981). Because MVV correlates closely with FEV, (Ferris
1978) a number of regression equations have been developed to estimate MVV using
FEVi. Various studies have reported that MVV can be estimated by multiplying FEV]
by 35 (Gandevia and Hugh-Jones 1957), 37.5 (Burrows et al 1965), 40 (Campbell
1982), 41 (Lindgren et al 1965; Miller et al 1959) and 47 (Lindgren et al 1965). The
current data confirms this relationship, but illustrates that the relationship between the
ventilated volume, manoeuvre duration, and posture at any given FEV, is not linear
(Figure 8.5).

Although maximum Vt, can be approached during exhausting exercise and by
performing MVV manoeuvres, these are two very different physiological states. The
MVV is mechanically inefficient because of the non-physiologic responses (Klas and
Dempsey 1989); during exercise V,, is driven by the output from the respiratory
centres, during MVV manoeuvres these centres are bypassed, suggesting that the
MVV is more a test of the capacity of the respiratory pump rather than of the
respiratory regulator (Jensen et al 1980). The work of breathing is greater during the
MVV than during exercise because the exercise-induced hyperpnoea is reflexly driven
(Klas and Dempsey 1989). The pattern of respiratory muscle activation and the
relative contribution of inspiratory and expiratory muscles in the two states is also
probably very different (Younes and Kivinen 1984). End expiratory lung volumes
have also been found to be higher during MVV (Klas and Dempsey 1989) with
subjects breathing at higher lung volumes and generating excessive expiratory effort
and pressure (Ross et al 2003). Thus, the use of the MVV is an inappropriate
representation of the maximum Vs. 'available' for physiological responses such as
maximal exercise (Hesser et al 1981; Klas and Dempsey 1989) and consequently
should not be used to determine ventilatory capacity during exercise or to suggest that
respiratory system is 'overbuilt' for exercise.
In conclusion, this study has shown that the 12s MVV manoeuvre is an inaccurate
measure of the potential capacity of the ventilatory system during cycling exercise. If
the MVV is used to estimate ventilatory capacity for exercise, both MVV manoeuvres
in a seated position, and longer duration MVV manoeuvres are more realistic
estimates of an individual's capacity to generate pulmonary airflow whilst performing
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maximal cycling exercise. Because seated MVV manoeuvres are more closely related
ioVKMAx

it maY be more adapt for subjects undergoing cycling tests to perform the

MVV manoeuvre in that position as to establish more suitable ventilatory capacity
estimations. Furthermore when predicting the MVV volume from the FEV,, the
duration of the manoeuvre and the position of the subject must be taken into
consideration.
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Chapter 9
9.0 Study 7 - A comparison of inspiratory and expiratory muscle fatigue
following maximal exercise in untrained females.
9.1 Abstract
Exercise-induced respiratory muscle fatigue (RMF) frequently occurs following
maximal exercise. The majority of studies have concentrated on the muscles of
inspiration, with relatively few looking at the muscles of expiration. This study aims
to examine the effect maximal exercise has on both inspiratory and expiratory
muscles. The ability to produce maximal inspiratory (MIP) and expiratory pressures
(MEP) were used as indices of inspiratory and expiratory muscle strength
respectively. Fourteen untrained females completed ten MIP, ten MEP and ten
maximal handgrip (HG) strength manoeuvres to establish a baseline. Post exercise
MIP/MEP and HG were assessed successively immediately following a maximal
incremental cycling test and at 1, 2, 3, 4, 5, 10, and 15 minutes. Subjects performed
two maximal tests whereby MIP or MEP were assessed, in a randomised order (i.e.
both MIP and MEP were determined on separate visits and trials). Post exercise there
was a 12% reduction in both MIP and MEP, however, the pattern of fatigue and
recovery were very different between the two groups of respiratory muscles (RM).
MIP was significantly reduced only immediately after exercise, then quickly rising
back towards baseline levels. MEP was reduced by an insignificant 7% immediately
post-exercise; however, from 1 to 10 minutes of recovery MEP remained ~ 12%
lower than baseline. HG values remained unchanged throughout. In summary, the
untrained female subjects in this study demonstrated significant reductions in their
ability to reproduce baseline MIP and MEP following maximal incremental cycling to
volitional fatigue. Whilst MIP was reduced most significantly immediately after
exercise MEP remained significantly depressed for 10 minutes into recovery. These
observations demonstrate fatigue in the RM, whereby the force generating capacity of
the muscles was reduced.
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9.2 Introduction
Adequate respiratory function depends on the coordinated activity of the respiratory
muscles which assure effective V,, (Torre and Chetta 2006). With increasing levels of
exercise V,, increases, causing substantial increases in both inspiratory and expiratory
muscle work, and in the resistive and elastic work of breathing (Sheel et al 2004). The
RM must provide the required output to achieve the high levels ofV,, necessary for
exercise. The RM are skeletal muscles and are therefore susceptible to fatigue
following prolonged or repeated contractions, expressed as a decline in the muscles
ability to generate force. The fatigue which develops is due to factors associated with
increased energy metabolism (Westerblad et al 2002) and may occur at any one of
numerous sites between the ventilatory controller and the muscles contractile
machinery (Enoka and Stuart 1992).
During high intensity exhaustive exercise in healthy subjects both inspiratory
(Johnson et al 1993; Mador et al 1993; Verges et al 2007) and expiratory (Verges et al
2006, 2007) muscle fatigue develops. RMF has been associated with a decrease in
exercise performance (Mador et al 1991; Martin et al 1982). The effect exercise has
on RM performance has been quantified as the ability of the RM to generate maximal
force following exercise. This has been determined by measuring maximal inspiratory
and expiratory mouth pressures (MIP and MEP respectively). Results have been
equivocal with some showing these measures to be significantly reduced (Loke et al
1982) and some showing no change (Warren et al 1989; Perret et al 1999).
A number of studies have shown evidence of inspiratory muscle fatigue (IMF)
through reductions in post exercise MIP values (Hill et al 1991; Chevrolet et al 1993;
McConnell et al 1997; Ozkaplan et al 2005; Volianitis et al 2001). Although
expiratory muscle fatigue (EMF) has been noted by some, through a reduction in post
exercise MEP values (Loke et al 1982) the majority of studies have reported MEP
values to be unchanged after exercise (Hill et al 1991; Chevrolet et al 1993;
McConnell et al 1997). Ozkaplan et al (2005) examined the relationship between
fatigue and subsequent recovery of maximal inspiratory pressure (MIP) following an
incremental maximal cycling test in moderately trained males and females. They
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reported MIP to be significantly reduced in both sexes immediately after maximal
exercise and throughout 15 minutes of recovery (Ozkaplan et al 2005).
The present study examines the effect maximal exercise has on the muscles of
respiration, examining both inspiratory and expiratory muscle strength immediately
after and for 15 minutes after maximal cycling exercise to determine if muscle fatigue
following maximal exercise is limited to the inspiratory muscles.
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9.3 Methods
Fourteen

non-smoking

females

volunteered

to

participate

in

the

study.

Anthropometric and lung function data can be found in table 9.1. Prior to testing
written informed consent was obtained from each subject. Ethical approval for the
study was obtained from the Faculty of Health Sport and Science, University of
Glamorgan.
Parameter

Mean + SD
20 ± 1
Height (cm)
161 .8 ±4.2
Weight (kg)
60.1 ±4.8
MIP (cmH2O)
108 + 32
MEP (cmhfO)
117 + 27
FVC (L)
3.75 + 0.45
FEV, (L)
3.32 + 0.34
FEWFVC (%)
89 ±3.5
PEF (L-.i/iiii
ri^r
(Lmin 1))_______________H405
UU x
± u;7
59

Age (yrs)

Table 9.1 Anthropometric and respiratory function data for 14 healthy untrained females.

Subjects reported for testing on two occasions. On the first visit a brief health
screening questionnaire was completed and the age, height and weight of each subject
were recorded. Subjects then performed basic spirometry (see 5.3). After receiving
familiarisation of the test procedures and equipment each subject alternated between
at least 5 maximum respiratory pressure measures (MIP or MEP) and five handgrip
(HG) manoeuvres to establish a pre-test baseline, with the highest recording for each
being used for subsequent analysis.
With pre-test measures determined subjects completed a maximal incremental cycling
test (see section 7.3). Metabolic and ventilatory parameters were recorded throughout,
as was fH (see section 5.3 & 7.3). The test was terminated at volitional fatigue, or
when subjects could no longer cycle at the required cadence (RPM dropping below
65). VO,,,,AK was determined by averaging the VO2 values during the final 30s of the
test. Immediately after exercise the first post-exercise respiratory pressure and HG
measures were recorded. Further measures were recorded at 1 minute-intervals after
the immediate respiratory pressure measurement, i.e. at 1, 2, 3, 4 and 5 minutes and
also at 10 and 15 minutes. fH was also recorded at each respiratory pressure and HG
measurement interval.
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On the second visit subjects performed the same exercise but performed the opposite
respiratory pressure measurement; subjects were randomly assigned to perform MIP
or MEP measurements on the first visit.
Respiratory pressure measurements were measured as previously described (section
3.3). Maximal HG was measured in an alternating fashion after each respiratory
pressure measurement. The HG dynamometer (T.K.K. Grip A, Takei, Tokyo, Japan)
was held in the dominant hand and subjects were instructed to exhale and squeeze
forcefully. This additional test was used to confirm that any decreases in post-exercise
values were not the result of reduced motivation (Fuller et al 1996) or general wholebody fatigue (Coast et al 1999) and has been previously used in this type of study
(Ozkaplan et al 2005). Participants were verbally encouraged by the investigator
throughout all trials.
Data analysis
Unless otherwise stated, results are presented as mean ± SE for 14 subjects. A one
way repeated measure ANOVA using the Tukey method for multiple comparisons
was used to analyse baseline measures with post exercise measures. The level of
significance was set at p<0.05. A paired t-test was used to test for differences between
post exercise reductions in MIP and MEP, p<0.05 was set as the level of significance.
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9.4 Results
Peak exercise fH , VO2 and V,, were similar between trials (191 ± 2 Vs 192 ± 2
beats.min' 1 , 36 ± 1.3 Vs 37 ± l.lml.kg.min- 1 and 76.7 ± 3.4 Vs 77.1 ± 4.5 L.min" 1
respectively, in the MIP and MEP groups) suggesting that termination of exercise
occurred at similar points in each subject for both exercise tests.
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0)
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c

TO
CD

90 -

85 -

Recovery time (minutes)
Figure 9.1 Baseline and percent recovery of maximal handgrip (o) strength and maximal
inspiratory pressure (•) post-exercise. Data is presented as mean ± SE. * significantly
different from baseline, P<0.05 (i.e. only baseline and immediately post exercise were
significantly different). No significant differences were observed for handgrip.

Initial post exercise respiratory muscle pressures (MIP and MEP) were recorded
within 15s of volitional fatigue, and at subsequent 1 minute intervals for the first five
minutes, then at 10 and 15 minutes post exercise. There was a significant reduction in
MIP immediately after exercise (-12%, Figure 9.1). Although MIP remained >5%
lower than baseline throughout the 15 minute measurement period reductions were
not significant (Figure 9.1). MEP reached an insignificant 92.6% of baseline
immediately after exercise, thereafter falling to significantly lower levels than
baseline (Figure 9.2) from the first minute up to the tenth minute of recovery. Figure
9.3 shows the pattern of recovery for both MIP and MEP, with MIP initially being
affected more than MEP, although the difference between the two did not reach
statistical significance. Interestingly, MIP approached baseline levels at a faster rate
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than MEP, increasing back to baseline levels immediately after exercise was
terminated. MEP on the other-hand dropped significantly during the first 5 minutes of
recovery, only beginning to recover after 10 minutes.
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Figure 9.2 Baseline and percent recovery of maximal handgrip (o) strength and maximal
expiratory pressure (•) post-exercise. Data is presented as mean ± SE. * significantly
different from baseline, P<0.05 (i.e. 1,2,3,4,5 and 10 min post were significantly different to
baseline, whilst immediately post exercise and 15 min post exercise were not). No significant
differences were observed for handgrip.

The average values for HG over the course of the 15 minutes of recovery showed no
change relative to baseline in either testing protocol, with values ranging between 96
and 99% and 94 and 99% in the MIP (Figure 9.1) and MEP (Figure 9.2) protocols
respectively. Figure 9.4 shows fH during recovery, with the response being repeatable
between trials.
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Figure 9.3 Baseline and percent recovery of MIP (o) and MEP (•). A paired t-test showed
no significant differences in the percent change between pressures.
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Figure 9.4 Heart rate responses at maximal exercise and through 15minutes of recovery
during both MIP (•) and MEP (o) protocols. Data presented as mean ± SE for 14 subjects. No
significant differences were observed in exercise or recovery heart rate between trials.
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9.5 Discussion
The untrained female subjects in this study showed significant reductions in their
ability to reproduce baseline MIP and MEP following maximal incremental cycling to
volitional fatigue. These observations suggest the existence of fatigue in the RM,
whereby the force generating capacity of the muscles is reduced. The greatest decline
in MIP was observed immediately after exercise ended, whilst MEP reached its
lowest level at 2 minutes into the recovery period. Interestingly, both MIP and MEP
were reduced by a similar degree by the exercise test, at their lowest levels both were
reduced by -12 % relative to baseline. HG was unaffected by the maximal exercise
test, suggesting that maximal effort was maintained throughout the post-exercise
measurements, with changes in respiratory muscle strength not occurring as a result of
generalised fatigue or decreased central effort, and thus attributable to fatigue of the
RM (Ozkaplan et al 2005).
Expiration at rest is predominantly the result of passive elastic recoil of the lung and
chest wall (Osmond 1995), with expiratory muscle activity (abdominal) increasing as
VK approaches and exceeds 40 L.min" 1 (Campbell and Green 1955). In comparison,
the inspiratory muscles (primarily the diaphragm, which is assisted by the intercostal
muscles) must work continually to generate airflow even at rest. The fact that
inspiration is an active process while expiration is predominantly passive suggests
either that the inspiratory muscles are more trained than the expiratory muscles and
thus more resistant to fatigue or that the inspiratory muscles are more susceptible to
fatigue because they must do more work (Perlovitch et al 2007). Whilst the work done
by the inspiratory and expiratory muscles was not determined, the results of this study
show that the inspiratory and expiratory muscles are fatigued to a similar extent
(-12%) following maximal incremental exercise, but the pattern of recovery is
somewhat different (Figure 9.3). Figure 9.3 shows reductions from baseline in both
MIP and MEP following exercise; initially MIP is reduced to a greater extent than
MEP. However, the recovery of MIP is almost immediate, after the initial post
exercise measurement MIP begins to increase and continues to increase back towards
baseline values for the duration of the recovery period. MEP on the other hand
continues to fall for up to the 10th minute of recovery. Only after ten minutes does
MEP start to increase back towards baseline. This pattern of recovery may prove
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useful in determining the state of the muscles, the work performed by the muscles,
and the capacity of these muscles to perform work. The fact that the inspiratory
muscles recovered quicker than the expiratory muscles may suggest that they are
more aerobically enhanced and 'fitter' than the expiratory muscles; a trained, fitter
muscle recovers from exercise quicker than a less trained muscle. It may also be
speculated that elite athletes are able to achieve greater ventilation volumes and
sustain high intensity exercise longer than less trained individuals as a result of their
more highly conditioned respiratory muscles which may be more resistant to fatigue.
The 12% reduction in MIP following maximal exercise is consistent with the
reductions observed in other studies (Coast et al 1999; Ozkaplan et al 2005). Both
Coast et al (1999) and Ozkaplan et al (2005) reported MIP to be significantly reduced
following maximal exercise; however, contrary to the present results these studies
reported MIP remained significantly reduced during the entire 15 minutes of recovery.
Mador et al (1996) found fatigued RM needed more than one hour to recover fully
from exhaustive hyperpnea. After exhaustive exercise they have been found to be
fatigued for up to 24 hours (Ker et al 1996; Laghi et al 1995); following long distance
races such as a marathon, ultramarathon or triathlon respiratory muscle function
impairment can last for more than 3 days following the event (Spengler and Boutellier
2000). The recovery pattern in the MIP values in the present study seem to follow the
pattern of recovery in skeletal muscles in general, whereby after severe muscular
contraction, the recovery of force generating capacity is largely complete within a few
minutes; however, it may not be wholly complete for many hours (Edwards et al
1977).
Although MIP manoeuvres have been used to quantify the magnitude of inspiratory
fatigue, MIP doesn't determine whether the fatigue is central or peripheral in origin
(Romer et al 2006). It is a measure of the combined strength of the diaphragm and
accessory inspiratory muscles and is therefore a measure of global inspiratory muscle
strength (Romer et al 2006). A more reliable measure of the state of the inspiratory
muscles

(or the

major

muscle

of inspiration,

the

diaphragm)

is twitch

transdiaphragmatic pressure. High-intensity exercise to exhaustion (Babcock et al
1995; Bye et al 1984; Johnson et al 1993; Mador et al 1993) has been shown by this
method to induce diaphragmatic fatigue, although consistent reductions in
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transdiaphragmatic twitch pressures only occur at exercise intensities eliciting 9095% of VO2MAX whereby exercise durations are at least 8-10 minutes (Johnson et al
1993).
The use of respiratory pressure measurements as a valid measure of RMF has been
questioned (Sheel 2002; Verges et al 2007) and the measurement of twitch
transdiaphragmatic pressure is deemed as a more accurate measure. However, results
of studies utilising these measures are equivocal and the level of fatigue determined is
similar; post exercise reductions of -12% have been reported in RM strength in
studies utilising both MIP (Coast et al 1999; Ozkaplan et al 2005) and twitch
transdiaphragmatic pressure (Bye et al 1984) measurements. Although MIP has been
reported to be significantly reduced following maximal exercise by some (Coast et al
1990, 1993, 1999; McConnell et al 1997; Ozkaplan et al 2005) others have found no
such effects (Younes and Kivinen 1984; Coast et al 1990; Romer et al 2006).
Similarly, twitch transdiaphragmatic pressure has been reduced in some (Babcock et
al 1995; Bye et al 1984; Johnson et al 1993; Mador et al 1993) but not all studies
(Levine and Henson 1988; Romer et al 2006; Verin et al 2004). However, while
results remain equivocal, there is ample evidence to suggest that exercise elicits
significant diaphragmatic (Johnson et al 1993; Mador et al 1993; Babcock et al 1998)
and global inspiratory muscle fatigue (Volianitis et al 2001; McConnell et al 1997;
Romer et al 2002; Lomax and McConnell 2003; Ozkaplan et al 2005).
The majority of RMF studies (Babcock et al 1995; Bye et al 1984; Johnson et al 1993;
Mador et al 1993) have concentrated on the muscles of inspiration. Most of these
studies have concentrated on the effects exercise has on the diaphragm because the
diaphragm is the primary inspiratory muscle, performing 60-80% of inspiratory work
regardless of the breathing effort (Ratnovsky and Elad 2005). However, the relative
contribution of the diaphragm to total respiratory motor output is progressively
reduced with exercise duration (Johnson et al 1993; Spengler and Boutellier 2000;
Ratnovsky and Elad 2005; Verges et al 2006) indicating an increasing activity of
extra-diaphragmatic muscles. Thus, during heavy exercise the roles of extradiaphragmatic inspiratory muscles (e.g. sternocleidomastoids, parasternals, and
scalenes) as well as the expiratory muscles (i.e. rectus abdominis and external
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oblique) increases, as they become more active; so the potential fatigue of these
muscles must be considered (Perlovitch et al 2007; Spengler and Boutellier 2000).
The

fatigue

of these

muscles

may play

a significant

role

in

exercise

limitation/tolerance (Perlovitch et al 2007). With regards to expiratory muscles it has
been shown that the ability to voluntarily maximally activate abdominal expiratory
muscles and to generate maximum expiratory pressures is impaired after exhaustive
exercise (Fuller et al 1996). Using magnetic stimulation to activate them the forcegenerating capacity of abdominal muscles has been found to be reduced for >90
minutes following only 2 minutes of maximal isocapnic V,, (Kyroussis et al 1996),
suggesting the reduced ability to maximally activate expiratory muscles after
exhaustive exercise is caused in part by muscular fatigue (Spengler and Boutellier
2000).
Although most studies have concentrated on inspiratory muscle fatigue a number of
studies have examined the effect exercise has on inspiratory and expiratory muscles.
Verges et al (2007) used magnetic stimulation to detect any inspiratory or expiratory
muscle fatigue following constant-load cycling to exhaustion at -85 % maximal
power output. Using cervical magnetic stimulation to determine transdiaphragmatic
pressure, and thoracic magnetic stimulation to determine gastric pressure (to assess
diaphragm and abdominal muscle contractility respectively) they found that
abdominal muscles (i.e. expiratory muscles) fatigue similarly to the diaphragm as a
result of intensive, constant-load, exhaustive exercise. The present results support
these findings with the overall level of fatigue in this study being similar in both
inspiratory and expiratory muscles.
Not all studies have found the inspiratory and expiratory muscles to be fatigued to the
same extent. Perlovitch et al (2007) compared the extent and rate of respiratory
muscle fatigue with that of the calf musculature during treadmill marching by means
of simultaneous non-invasive EMG measurements. EMG signals of the inspiratory
(sternomastoid, external intercostals), expiratory (rectus abdominis and external
oblique) and calf (gastrocnemius lateral is) muscles were measured during a 2km
treadmill march at a constant speed of 8km/hr in twelve healthy adults. They reported
that the inspiratory and calf muscles were the muscles experiencing the most
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dominant fatigue, with the inspiratory muscles fatiguing significantly faster than the
calf muscles. They also reported that the inspiratory muscles consistently experience
fatigue during intensive marching whilst the effect on the expiratory muscles was less
consistent, with only half of their subjects experiencing expiratory muscle fatigue
(Perlovitch et al 2007). In the present study 13 of the 14 subjects experienced a
reduction in MIP immediately after exercise, and 10 of the 14 subjects experienced a
reduction in MEP.
Discrepancies in post exercise measures of RM strength and presence of fatigue may
be related to between study differences in the fitness level of subjects, the duration
and intensity of the exercise test, and the timing of post-exercise measurements
(Romer et al 2006). Despite inconsistencies in reports of RMF following exercise, it is
accepted that in healthy humans the RM are fatigable (Dempsey et al 1995) and that
both trained and untrained individuals are susceptible to fatigue of the RM, which in
turn negatively influences exercise performance and capacity (Perlovitch et al 2007).
Whilst the development of RMF during exercise is commonly assessed using
maximal voluntary manoeuvres (such as MIP and MEP) before and after exercise
(Verges et al 2007), the use of such measures as a surrogate measure of RMF has
been questioned (Sheel 2002) because it remains unclear to what extent poor
coordination, submaximal effort (Decramer and Macklem 1995), and central or
peripheral fatigue (Verin et al 2004) account for the change in pressure production
after exercise (Verges et al 2007). Problems arising from poor coordination and
submaximal effort may be intensified following exhaustive exercise where individuals
may not be willing or able to produce maximal voluntary efforts for reasons unrelated
to RMF (Sheel 2002). It has been suggested that valid measurements of maximal
respiratory muscle strength require the voluntary activation of all motor units, which
is difficult to ascertain in highly motivated normal subjects (Bellemare and BiglandRitchie 1984).
Although other techniques (such as twitch transdiaphragmatic pressure and magnetic
stimulation) offer more accurate information on the state of specific components of
respiratory musculature we propose the use of respiratory pressure measurements
provides valuable information about the state of the RM and the respiratory system as
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a whole following maximal exercise. While such measures can not provide
information about the source of the fatigue (i.e. which muscles are fatigued) they do
provide information on the ability of the RM to generate high levels of airflow. The
non invasive nature of respiratory pressure measurements makes them more
acceptable to subjects; such measures can be determined away from the laboratory
setting, making them ideal for use in 'real' sporting environments to monitor/evaluate
the state of the RM.
In conclusion, this study has shown that maximal incremental exercise significantly
impairs the ability of untrained females to produce maximal inspiratory and
expiratory pressures. While the recovery process begins immediately following
exercise cessation in the inspiratory muscles, the expiratory muscles ability to produce
maximal pressures is impaired for up to 10 minutes following exercise.
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Chapter 10
10.0 Study 8 - Effect of Repeated Maximum Respiratory Pressure Manoeuvres
on Respiratory Muscle Strength, Lung Function and Exercise Performance.
10.1 Abstract
This study investigated the effect maximal inspiratory (IMT) or expiratory muscle
training (EMT) has on respiratory muscle (RM) strength, lung function and exercising
heart rate, ratings of perceived exertion and the tidal breathing profile. A total of 33
subjects were randomly assigned to one of three groups. One group completed IMT, a
second group performed EMT and the third group performed a sham training protocol
(PLA); all groups completed 6 weeks of training 3 times per week, each training
session comprising of 10 maximal efforts. IMT produced significant improvements in
MIP and MEP (33% and 16%, p<0.05), but exercise fH , RPE and the tidal airflow
profile remained unchanged. EMT brought about significant improvements in MEP
(24.5%, p<0.05) and a significant reduction (p 0.04) in effort perception during
exercise. Respiratory pressures and exercise parameters remained unchanged in the
PLA group. Small but significant reductions in FEV] observed in both the IMT and
placebo groups were attributed to seasonal variation in lung function; the lack of
change in lung function parameters in EMT may therefore suggest that EMT serves to
protect against seasonal winter declines in lung function. It is concluded that 6 weeks
of IMT and EMT is sufficient to induce significant increases in MIP and MEP
respectively. However, only the EMT resulted in a significant decrease in effort
perception during exercise.
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10.2 Introduction
The RM are morphologically and functionally skeletal muscles; the structural and
functional characteristics can be altered by training in a similar way to any locomotor
muscle if an appropriate load is applied (Kraemer et al 2002; Polla et al 2004). Thus
the physical conditioning of the RM can be enhanced through specific training. Even
though both inspiration and expiration are active processes during exercise, requiring
significant amounts of metabolic work (Sheel 2002) the majority of respiratory
muscle training (RMT) studies have concentrated on the muscles of inspiration
(Edward and Cooke 2004; Enright et al 2000, 2006; Gething et al 2004a, 2004b;
Griffiths and McConnell 2007; Guenette et al 2006; Romer et al 2002a, 2002b;
Tzelepis et al 1999; Wylegala et al 2007); studies examining the effects of expiratory
muscle training are relatively few (Baker et al 2005; Griffiths and McConnell 2007;
Sapienza and Wheeler 2006; Suzuki et al 1995), while a few studies have examined
concurrent inspiratory and expiratory muscle training (Griffiths and McConnell 2007;
Wells et al 2005).
Griffiths and McConnell (2007) investigated the effect of 4 weeks of IMT, or EMT,
as well as the effect of a subsequent 6 week period of combined IMT/EMT on rowing
performance. RMT was performed using inspiratory and expiratory pressure
threshold-loading devices for the IMT and EMT groups respectively. Both groups
performed 30 inspiratory or expiratory efforts twice daily for 4 weeks against a
pressure load equivalent to their individual 30 repetition maximum (equivalent to
-50% of maximum inspiratory pressure, MIP and maximum expiratory pressure,
MEP). MIP increased during the IMT phase of the training in the IMT group, as did
mean power output during a 6 minute all out row. Although MEP increased in the
EMT group performance was unchanged. Breathing patterns and metabolic responses
were unchanged during the all out row in both groups, although heart rate (fH ) was
reduced in the IMT group. The authors concluded that IMT improved rowing
performance but EMT and subsequent IMT/EMT did not (Griffiths and McConnell
2007).
Most RMT studies report enhanced respiratory muscle function following a period of
training, with enhanced function being specific to the training stimulus, i.e. resistance
training or endurance training (see Table 10.3). Wylegala et al (2007) recently looked
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at the effect of both endurance and resistance RMT protocols on respiratory function
and swimming performance in divers. Thirty male subjects were randomly assigned to
either a placebo RMT group, an endurance RMT group, or a resistance RMT group;
whereby training was performed 30min/day, 5days/week for 4 weeks. Endurance
training consisted of voluntary isocapnic hyperpnea (VIH), whilst the resistance
training group performed a vital capacity manoeuvre against 50 cmH2O resistance
every 30s; the placebo group performed 10s breath-holds once/minute. Underwater
and surface endurance swimming to exhaustion was significantly enhanced after both
endurance and resistance training. fB was lowered during the underwater swim in the
resistance training group (by 23%), whilst V r was increased in both the resistance and
endurance training groups. Respiratory endurance (as determined by performance of a
timed isocapnic respiratory muscle endurance test) was increased in both groups, but
by a far greater margin in the endurance group (217% Vs 31%), whilst RM strength
(MIP and MEP) was only increased following resistance training. No changes were
observed in any of the measured parameters in the control group.
Whilst RMT has consistently been found to increase the strength of the RM the effect
on pulmonary function and exercise performance is not so clear, with lung function
being unchanged in some studies (Edwards and Cooke 2004; Gething et al 2004b) and
increased in others (Wells et al 2005). Similarly, some studies report exercise
performance to be improved (Chatham et al 1999; Edward and Cooke 2004; Enright
et al 2006; Griffiths and McConnell 2007; Guenette et al 2006; Romer et al 2002a;
Wylegala et al 2007) whilst others report no such effects (Hart et al 2001; Inbar et al
2000; Wells et al 2005; Williams et al 2002). The purpose of the present study was to
examine the effect of 6 weeks of maximal intensity inspiratory or expiratory muscle
training on static lung function and exercise performance, where performance was
determined by exercising heart rate, breathing pattern and effort perception.
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10.3 Methods
Subjects
Thirty three healthy adults participated in this study (males n = 14; females n = 19).
Prior to the study, which had local ethical committee approval, subjects completed a
health screening questionnaire and gave written informed consent. Descriptive
characteristics of the subjects (mean ± SD) were: age 23 ± 5 years, body mass 75.7 ±
16.5 kg, height 170 ± 7 cm.
Protocol
Subjects were randomly assigned to one of three groups: inspiratory muscle training
group (IMT, n = 10), expiratory muscle training group (EMT, n = 13), or a placebo
group (PLA, n = 10). Lung function and maximal respiratory pressures were
measured before and after a 6 week period of either maximal inspiratory muscle
training, maximal expiratory muscle training, or sham training. In addition, changes in
exercising breathing patterns, heart rate and Borg's (1982) rating of perceived
exertion (RPE) were measured at the end of 5 minutes of constant load cycling.
Lung function and respiratory pressures
Lung function and respiratory pressures were determined as described in section 3.3.
Exercise
Following lung function and respiratory muscle pressure measurements subjects
completed 5 minutes of constant load cycling exercise on a friction loaded cycle
ergometer (Monark 824E Ergomedic, Varberg, Sweden). Work rate was set at 2W.kg"
1 body weight for males and l.SW.kg" 1 for females (Gething et al 2004b), with
pedalling cadence held at 60RPM. Initially subjects sat on the ergometer for two
minutes, and then upon instruction from the investigator subjects began cycling.
During the two minutes prior to cycling and throughout the exercise period subjects
breathed through a mouthpiece and wore a nose-clip, allowing ventilatory responses
to be recorded. Heart rate and Borg's (1982) rating of perceived exertion were
measured every minute during the exercise period.
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Respiratory muscle training

All groups performed their respective training three times per week for 6 weeks. The
mspiratory muscle training group (IMT) performed 10 MIP manoeuvres, whilst the
expiratory muscle training group (EMT) performed 10 MEP manoeuvres. The
placebo group performed 10 peak flow manoeuves using a peak flow meter with low
resistance (MicroMedical Ltd, Rochester, Kent, U.K). All three groups were
instructed to perform maximal efforts for each repetition. IMT and EMT were
performed using a hand-held mouth pressure meter (MicroMedical Ltd, Rochester,
Kent, U.K). Subjects were instructed to allow approx. one minute between efforts to
allow for recovery. Subjects in the placebo group were unaware of the fact that they
were a control group.
Subjects were instructed to maintain both their usual diet and training regime
(physical activity pattern) during the training period, and to abstain from strenuous
physical activity the day before the exercise test.
Data analysis

Ventilatory responses and the tidal breathing flow profile were recorded and analysed
as described in section 3.3.

Statistics
Data is presented as mean ± SD. A paired student t-test was used to test statistical
significance between pre- and post measures in the 3 groups. Between test differences
were not analysed. The level of significance was set at p<0.05

PLA(n = 10)
EMT(n = 13)
IMT(n = 10)
Parameter
2/8
7/6
5/5
Gender (m/f)
0.5
±
20.3
±5.3
7
23.
7
±
24.3
Age (yrs)
71.1 ± 13
79.3 ± 19.7
75.6 ± 15.6
Weight (kg)
169 ±7.4
±8.1
170.9
7.1
+
169
Height (cm)
± SD
Mean
Table 10.1 Anthropometric data for IMT, EMT and PLA groups.
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10.4 Results
IMT
Following 6 weeks of maximum IMT both MIP (118.5 ± 34.6 Vs 158.4 ± 30.1
cmH2O, p 0.003; Figure 10.1) and MEP (132 ± 35.1 Vs 153 ± 28.6 cmH2O, p 0.01;
Figure 10.2) were significantly increased. FVC and FEVi were significantly reduced
(FVC, 4.56 ± 1.04 Vs 4.32 ± 1 L, p 0.02; FEV, 3.97 ± 0.81 Vs 3.76 ± 0.75 L, p 0.001;
Table 10.2) whilst there were no changes in PEF or in FEV,/FVC %. f,,, RPE and the
tidal breathing profile at rest and during exercise were unchanged following IMT.

Parameter

IMT
EMT
PLA
Pre
Post
Pre
Post
Pre
Post
FVC (L)
4.56 ±
4.32 ±
4.63 ±
4.53 ±
4.48 ±
4.44 ±
1*
1.04
0.84
1
0.75
0.67
FEV, (L)
3.97 ±
3.76 +
3.81 ±
3.80 ±
3.81 ±
3.73 ±
0.81
0.75*
0.61
0.69
0.49
0.49*
PER (%)
87.5 ±
87.7 ±
82.9 ±
84.6 ±
85. 5 ±
84.4 ±
6.4
7.5
8.3
7.8
5
4.6
PEF (Ls 1)
584 ±
567 ±
579 ±
500 ±
519±
565 ±
71
103
75
86
85
97
Table 10.2. Lung function data pre- and post RMT for IMT, EMT and PLA groups. Both FVC
and FEVi were reduced after training in the IMT group; FEV, was reduced in the placebo
group, whilst no changes were observed in the EMT group. Data presented as mean ± SD. *
P<0.05, *P<0.001.

200 -i
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L

100 -

50 -

IMT

EMT

PLA

Fieure 101 Effects of 6 weeks of maximum inspiratory muscle training (IMT), maximum
expiratory muscle training (EMT), and placebo (PLA) on maximal inspiratory pressure
geneS ™ indicates a significant change pre-to-post training, filled bars pre-trammg, open
bars post-training.
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EMT
MEP was significantly increased following 6 weeks of maximum EMT (143 ± 48.7
Vs 178 ± 45 cmH2O, p 0.0003; Figure 10.2). All other lung function parameters were
unchanged. fH was unchanged pre-to-post training, RPE was reduced post training (p
0.04, Figure 10.3). Tidal breathing at rest was unchanged, as was all other tidal
airflow parameters except PIF throughout exercise. PIF was significantly higher
(p<0.05) throughout the 5 minutes of exercise following EMT. Although V,, was
similar pre and post training VT was higher post training at rest and throughout
exercise, although differences were not significant.

250 -i

200 -

L

150 -

100 -

.1

50 -

IMT

EMT

PLA

Figure 10.2 Effects of 6 weeks of IMT, EMT, and PLA on maximal expiratory pressure
generation. * indicates a significant change pre-to-post. Filled bars pre-training, open bars
post-training.

PLA
Respiratory pressures were unchanged in the placebo training group, as was FVC,
PEF and FEV]/FVC%. There was however a significant reduction in FEVi, from 3.81
± 0.49 to 3.73 ± 0.49 L, p 0.008 (Table 10.2). No changes were observed in fH , RPE
or in the tidal breathing profile at rest and during exercise in the placebo group.
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IMT

EMT

PLA

Figure 10.3 Effects of 6 weeks of IMT, EMT, and PLA on ratings of perceived exertion
during constant load exercise. Filled bars pre-training, open bars post-training. * indicates a
significant change pre-to-post.
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10.5 Discussion
The major findings of this study are that IMT significantly increases both inspiratory
and expiratory muscle strength (33% and 16% respectively), whilst EMT only
influences expiratory muscle strength (24.5%). A significant reduction in both FVC
and FEV, was noted in the IMT group, whilst these parameters were unchanged in the
EMT group. Although these reductions are similar to those reported by Gething et al
(2004b), they may be attributable to seasonal variation, whereby lung function is
reduced in the winter months (baseline recorded in October, whilst post training
measurements were recorded in December). The suggestion of seasonal variation is
supported by the significant reduction in FEV, in the placebo trained group. The lack
of change in lung function in the EMT group may be explained by the suggestion that
EMT protects the system from seasonal decrements in function. The lack of
improvement in FVC and FEV, despite enhanced MEP in both the IMT and EMT
groups may be related to the fact that the elastic recoil of the lung, determined by lung
volume and properties of lung tissue, governs the maximal expiratory flow (Fry et al
1954), not MEP. Above a certain transpulmonary pressure at a given volume, flow
does not increase with driving pressure (Fry et al 1954; Hyatt 1983).
Although both inspiratory and expiratory muscle strength training has been found to
improve respiratory muscle strength, the effect respiratory muscle training has on
pulmonary function remains controversial in both healthy adults and in patient
populations, with non-significant as well as significant gains in PEF, FVC, FEVi,
TLC and/or MVV being reported (Enright et al 2006; Klefbeck and Nedjad 2003;
Sawyer and Clanton 1993; Weiner et al 1998; Wells et al 2005). In healthy adults
pulmonary function has been reported to be unchanged (Verges et al 2007; Wylegala
et al 2007) or enhanced (Wells et al 2005; Wylegala et al 2007) following RMT.
Similarly, in patients with multiple sclerosis, no changes in pulmonary function have
been observed in the majority of studies (Gosselink et al 2000; Klefbeck and Nedjad
2003- Smeltzer et al 1996), but a few studies have reported improvements following
expiratory and/or inspiratory muscle strength training (Ehrlich et al 1999; Weiner et al
1992; Weiner et al 1998).
Although both MIP and MEP were significantly increased following IMT, exercising
fH, RPE and tidal airflow were unaltered during 5 minutes of constant load exercise;
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exercise responses were also unchanged in the placebo group. EMT however, brought
about a significant reduction in the perception of effort and a significant increase in
PIF during exercise, although fH remained unchanged. In comparison to the present
findings in the IMT group, Gething et al (2004b) reported significant reductions in
both RPE and fH during constant load exercise (set at the same level of intensity and
duration as utilised in this study) after 6 weeks of maximal intensity IMT. The finding
of an unaltered ventilatory pattern is consistent with a number of studies (Griffiths
and McConnell 2007; Spengler et al 1999; Stuessi et al 2001; Williams et al 2002)
who reported V,, to be unchanged pre- to post RMT during constant load exercise at
an identical intensity. Increases in MIP are typically accompanied by increases in the
maximum velocity of shortening (PIF) of -20% (Romer et al 2002a; Romer and
McConnell 2003). Interestingly, whilst no changes were observed in PIF at rest or
during exercise in the IMT group (or in the placebo group), EMT brought about a
significant increase in PIF through the five minutes of exercise.
The post training reduction in RPE (Figure 10.3) during exercise in the EMT group is
consistent with the observations of Suzuki and colleagues (1995). They determined
the effect EMT has on the sensation of respiratory effort during maximal incremental
exercise in normal healthy subjects, with the sensation of respiratory effort being
evaluated using the Borg scale. Following 4 weeks of expiratory-threshold training
(set at 30% MEP) that increased MEP by 25%, dyspnea was significantly reduced
(Suzuki et al 1995). The authors concluded that EMT increases expiratory muscle
strength and reduces the sensation of respiratory effort during exercise, presumably as
a result of the reductions in V,, (V,. and fB was decreased during exercise post
training whilst tE was increased). Whilst the magnitude of the increase in MEP
following EMT is similar to that reported by Suzuki et al (1995) (-25% in both) the
reduced effort perceptions cannot be attributed to a reduction in V,.; V,, was
unchanged pre-to-post EMT. It has been suggested that a decrease in the perceptual
response to exercise after RMT might result from the repeated generation of large
respiratory pressures during RMT, which may have a desensitising effect upon the
sensory input from the respiratory muscles to the brain (Wilson and Jones 1990).
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The 33% improvement in MIP in the IMT group had no effect on breathing pattern, fH
or effort perception during constant load exercise. Following a period of IMT MIP
typically increases by 8-45% (Enright et al 2006; Huang et al 2003; Inbar et al 2000;
Sonetti et al 2001; Suzuki et al 1993; Volianitis et al 2001); these increases in MIP are
generally associated with improved exercise performance and/or reduced effort
perception during exercise (Table 10.3). Enright et al (2006) examined whether highintensity IMT resulted in changes in ventilatory function and exercise capacity in 20
healthy subjects. Subjects completed 8 weeks of IMT set at 80% of maximal effort,
whilst a control group undertook no training. MIP was significantly increased (41%)
from baseline in the training group; as was contracted diaphragm thickness and
thickening ratio, vital capacity, and TLC, while no changes were observed in the
control group. FEVi, FVC, RV and FRC remained unchanged in all subjects.
There was a significant improvement in exercise capacity in the training group with a
23% increase in the duration of exercise and in power output from pre-training levels,
but there were no significant changes in either RPE or peak fH at each incremental
load following IMT.
Although no changes were observed in effort perception in the IMT group many
previous IMT studies report a reduction in the perception of effort/dyspnea (Chatham
et al 1996, 1999; Enright et al 2000; Gething et al 2004b; Romer et al 2002a, 2002b;
Volianitis et al 2001). Indeed, significant reductions have been reported following a
programme of IMT in respiratory effort during maximal incremental rowing
(Volianitis et al 2001) and cycling (Romer et al 2002a), fixed intensity shuttle running
(Romer et al 2002b), and constant load treadmill running and cycling to exhaustion
(Gething et al 2004a; Verges et al 2007; Williams et al 2002). McConnell and Romer
(2004b) postulate that the decrease in respiratory effort may be due to the influence of
inspiratory muscle strengthening upon inspiratory motor drive, with improvements in
the contractile properties of the respiratory muscles modifying respiratory effort at a
fundamental level.
The exact mechanisms responsible for improved exercise performance following a
period of RMT remain unclear. Increased exercise performance is typically attributed
to improvements of the cardiorespiratory system or to improvements in skeletal
muscles. However, improved cycling endurance time after RMT cannot be explained
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by an improvement in the O, transport system (Inbar et al 2000; Stuessi et al 2001)
because central circulatory adaptations, such as increases in maximal stroke volume
or cardiac output, do not occur with RMT (Markov et al 2001). A number of
physiological parameters have been associated with improved exercise performance
post RMT, including reduced lactate responses, effort sensations, f|| and V,. , but
results are highly variable. A reduction in circulating levels of blood lactate has been
found following RMT in a number (Boutellier et al 1992; Boutellier and Piwko 1992;
McConnell and Sharpe 2005; Romer et al 2002b; Spengler et al 1999; Verges et al
2007), but not all (McMahon et al 2002; Sonetti et al 2001), studies; the majority of
studies report a reduction in effort/dyspneic sensations (Romer et al 2002a, 2002b;
Suzuki et al 1995; Volianitis et al 2001; Williams et al 2002); whilst exercise Vk
during whole body endurance exercise has been reduced following RMT (Boutellier
and Piwko 1992; Boutellier et al 1992; Gething et al 2004a), unchanged (Romer et al
2002; Verges et al 2007; Williams et al 2002) and in some cases increased (Spengler
et al 1999; Volianitis et al 2001; Holm et al 2004).
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10
10
4
8

Training
duration
(weeks]
Main findings of study

t RMS, RME ^dyspnea
t RMS, RME, shuttle run performance J. dyspnea
t RME, cycling endurance time jblood lactate concentration
t RMS, RME J, exertional dyspnea
4 t RMS l magnitude estimation of external resistive loads
6 t RMS <-> exercise performance
15 t breathing and cycling endurance <-> heart rate
5 f RMS, cycle endurance time, peak work-rate <-^blood lactate cone, VE, heart rate
15 t breathing and cycling endurance
11
t RMS, time trial performance, distance covered in 6minur.es
6 t respiratory muscle function, time trial performance J. perceptions of limb effort and
dyspnea
Romer et al 2002b
6 t RMS J. recovery time between repeated sprints
Williams et al 2002
4 t RMS, RME <-> incremental treadmill running
Edwards and Cooke 2004
4 t RMS, endurance running time *-> spirometry, VO2
Gething et al 2004a
10 t RMS, RME, diaphragm thickness, cycling endurance time
Gething et al 2004b
6 t RMS, RME j heart rate, RPE
Wells etal 2005
12 t RMS, FEV-i «-* swimming performance
Enright et al 2006
8 t RMS, RME, diaphragm thickness, exercise capacity, VC, TLC <-> FEV,, FVC
4 IMT f MIP and mean power output during a 6 minute row <-» breathing pattern
Griffiths and McConnell
EMT t MEP <-»• rowing performance, breathing pattern
2007
4-5 t RME, <-> lung function, VO2peak, maximal power output, cycle endurance time, VE, gas
Verges et al 2007
exchange, perception of leg exertion j. lactate, breathlessness, respiratory exertion
4 t RMS, breathing endurance time, swimming time to exhaustion
Wyleqala et al 2007
Table 10.3 Summary of main findings after a period of RMT

Chatham et al 1996
Chatham et al 1999
Spengleretal 1999
Enright et al 2000
Kellerman et al 2000
Hart etal 2001
Markov et al 2001
Sonnetti et al 2001
Stuessi et al 2001
Volianitis et al 2001
Romer et al 2002a

Authors
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The lack of adaptation of the cardiorespiratory system following RMT has led
McConnell and Romer (2004a) to conclude that changes in the RM themselves must
be where the ergogenic effect of RMT occurs; they postulate that these changes may
ultimately involve interactions with the brain or working locomotor muscles.
Proposed mechanisms include the direct effect of RMT upon respiratory muscle
fatigue, whereby the onset of RMF is prevented or at least delayed; an increase in RM
efficiency and decrease blood flow requirements of respiratory muscles during
exercise which results in redistribution of blood flow from respiratory to locomotor
muscles; a reduction in the perception of respiratory and limb discomfort (Gigliotti et
al 2006; McConnell and Romer 2()()4a); and a reduction in the amount of
sympathetically induced reflex vasoconstriction in response to isometric exercise
(Someretal 1992).
As with other skeletal muscles, the RM adapt to specific RMT and to whole body
exercise training in terms of strength and endurance (Boutellier et al 1992; Boutellier
1998). The fact that, in this study, inspiratory muscle strength was significantly
increased despite no improvements in any other parameters may be related to the short
duration of the training programme. While increases in MIP and maximum inspiratory
flow have been observed consistently following relatively short periods (6-9 weeks)
of IMT (Tzelepis et al 1994; Romer and McConnell 2003), it is feasible that the
enhanced RM strength was the result of a learning effect, attributable to an improved
neuromuscular recruitment pattern, which is a well-described mechanism for the early
improvements of strength training (Eastwood et al 1998). The initial skeletal muscle
response to training is largely neural with changes occurring in the motor command,
descending drive, muscle activation, motor unit recruitment, and sensory feedback
(Duchateau and Enoka 2002; McComas 1994). Neural adaptations are said to take
place over the first 4 weeks of a training intervention, incorporating both a learned
response (Larson et al 1993) and increased frequency and improved coordination of
neuromuscular firing (Astrand and Rodahl 1986).
Whilst it is accepted that part of the increase in respiratory muscle strength (both MIP
and MEP) is probably attributable to the learning affect, the size of the improvements
(33% and 24.5% for MIP and MEP) suggest that true physiological adaptations had
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occurred in the respiratory muscles of subjects in both the IMT and EMT groups.
Ramirez-Sarmiento et al (2002) has shown, using open biopsies of the external
intercostal muscles, that RMT induces structural adaptations within the inspiratory
muscles after just 5 weeks of RMT. They reported significant increases in the
proportion of type 1 fibres (38%) and the size of typell fibres (21%), which were
associated with a 29% increase in MIP.
In conclusion, this study has demonstrated that 6 weeks of IMT and EMT is sufficient
to induce significant increases in MIP and MEP respectively. However, only EMT
resulted in a significant decrease in RPE during exercise. The effect RMT has on
pulmonary function remains controversial. The significant reduction in FEVi in both
the IMT and placebo group may be attributable to seasonal variation in lung function;
the lack of change in the EMT group may consequently suggest that EMT serves to
protect the airways and the respiratory system from seasonal winter decline in lung
function.
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Chapter 11
11.0 General Discussion - Summary of Findings and Conclusions
Although O2 delivery and therefore VO2MAX is the primary determinant of maximal
exercise capacity it is not the sole determinant of an individual's capacity to perform
exercise. Just as exercise requires the integrated response of the pulmonary,
cardiovascular, neuromuscular and metabolic systems, the properties of each
component of the O2 transport and utilisation chain can result in exercise intolerance
and performance limitation. The purpose of the present research was to examine how
the tidal airflow profile responds to changing metabolic demands; specifically how
time and flow domain parameters adapt to exercise of various intensities, and to
determine if these changes contribute to the limitation of exercise. Additionally, the
tidal airflow profile was examined during recovery from maximal exercise. The
airflow profiles generated during voluntary and involuntary hyperventilation (i.e. the
MVV and maximal exercise) were also compared, to evaluate the appropriateness of
the MVV as a measure of ventilatory capacity during maximal exercise. The
fatigability of the RM during exercise and the adaptability of the RM to a specific
training stimulus were also examined.
Breathing patterns and tidal airflow profiles were determined at rest, during shortduration moderate intensity exercise, during sub-maximal exercise to volitional
exhaustion and during maximal incremental cycling. At rest there was a vast diversity
in the majority of parameters, indicating the system was operating well within its
limits with none of the variables approaching a value that would restrict VO2 , also an
individual could consciously control their breathing. During exercise most subjects
conformed to a well established breathing pattern, as VT approached 50-60% of FVC,
V,, was increased solely by increasing fB. Whether exercise lasted 5 or 50 minutes VT
was found to plateau at 50-60% FVC in the majority of subjects. During maximal
incremental exercise the plateau was evident in >65% of subjects; although the
plateau was found to occur at various levels of exercise. Also evident was that in the
majority of subjects as exhaustion approached there was a drop in VT with fB further
increasing; these significant increases in fB towards the end of maximal exercise
proved unsustainable in the subjects tested.
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throughout exercise increases in fB were brought about by significant decreases in
both t[ and tE, with tE reduced more than t|. The result of a greater decrease in IK was
that at the end of exhaustive exercise (both submaximal and maximal) the ratio of
ti/troT equalled and in some instances exceeded 0.5. Indeed, throughout all maximal
incremental cycling tests (n=52) ti/tTOT was found to reach 0.5, showing that a ti/tTOT
of 0.5 coincides with the termination of exercise. I believe that the substantial increase
in fB towards the end of exercise and the concomitant increase in II/ITOT increase the
feelings of breathlessness, making breathing difficult and uncomfortable and results in
exercise becoming intolerable. Indeed, it has been reported that increased inspired
volume, fB and ti/tror contribute independently and collectively to increased
perceptions of breathlessness (El-Manshawi et al 1986) and may result in exercise
intolerance, particularly in individuals who are not accustomed to exercising under
such demanding/stressful situations. It has further been suggested that at the top end
of an individual's capacity to exercise a physiological mechanism exists by which fB
increases to make the individual become short of breath, which forces the subject to
reduce exercise intensity or terminate exercise, possibly in an attempt to protect the
RM (Boutelier 1998). Although this explanation seems somewhat far fetched, it
makes sense because if the RM were completely exhausted they would take days to
recover and would be susceptible to the delayed onset of muscle soreness which is not
really possible because breathing never stops and thus the RM can never stop
working.
Interestingly, while patterns of VT and fB were significantly different during voluntary
and involuntary hyperventilation, ti/tTOT was similar (-0.5), indicating that whilst fB
can exceed 100 breaths.min" 1 , ti/t-ror is limited in its ability to exceed 0.5. The highest
values reported for this index are ~ 0.55 (Folinsbee et al 1983), showing that once t,
becomes greater than t K the end-point of exercise is approaching. Whether this index
contributes to or simply signals exercise termination requires further research, in both
trained and untrained individuals. The ability of trained athletes to keep t,/tTOT below
0.5 or sustain exercise when 0.5 has been reached may prove to be a distinguishing
factor. Additionally, the fact that the tachypnoeic shift occurs in most but not all
subjects (Lucia et al 1999; Naranjo et al 2005) also requires further research, to
establish how and/or why a plateau is reached in VT in some but not all individuals.
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Similarly, the interaction between t|/tTor and VT during exercise needs to be further
examined.

At rest, in healthy adults, P1F is always higher than PEF (0.95 Vs O.SL.s' 1 ) whilst IP,;,.
is almost 3 times greater than tP,F (0.85 Vs 0.31s). After 5 minutes of constant load
exercise both PIF and PEF are significantly increased, with PIF remaining
significantly greater than PEF (p<0.0001); tPn. remains unchanged whilst tP[.; F is
significantly reduced (0.34 Vs 0.66s). During maximal incremental exercise PIF
becomes significantly smaller than PEF (4.8 Vs 5.3L.s~ 1 , p<0.0001) whilst tPi F
becomes significantly larger than tPHF (0.42 Vs 0.29s, p<0.0001). Thus as exercise
reaches maximal levels tPiF increases whilst tPFF falls; additionally tpn. as a fraction of
ti increases substantially at maximal exercise, whilst tPFF as a fraction of tE is
relatively unchanged, thus the increase in PEF is proportional to the decrease in tE
with tpEF adjusting to the reductions in IK, increases in PIF however bring about a less
efficient response in terms of ventilation, with tP]F increasing and the tpip/ti ratio
showing that over two thirds of ti are required before PIF is attained, despite the ever
decreasing t[. This possibly accounts for why II/ITOT becomes greater than 0.5, because
ti needs to be greater than tE to be able to achieve higher levels of PIF. This suggests
that inspiratory flow becomes the limiting factor for generation of higher levels of V,,
not expiratory flows. During recovery from maximal exercise PEF becomes shorter
than PIF within 5 minutes of recovery, although both take ~ 10 minutes to reach preexercise values. Interestingly, PIF and PEF were similar during MVV manoeuvres
and maximal exercise, whilst fB during MVVs was double that achieved during
maximal exercise and VT was halved in comparison to exercise.
A number of common time and flow domain parameters were examined throughout
this research. The described studies focused particularly on two indexes derived from
measurement of the tidal expiratory airflow profile OPPHRO and tPPFF8o) that have been
used to examine airflow responses in patients with respiratory disorders (Colasanti et
al 2004) during the course of exercise. The studies outlined in this thesis are the first
to examine the tPPFF20 and tPPFF8o indexes during the course of exercise. These indexes
are used to describe changes in the post peak expiratory flow; if no changes were
observed in flow then tPPEF2o and tPPEF80 would equal 180 degrees. A tPPEF20 below

184

180 is indicative of expiratory airflow braking while an increase (>180°) represents
increased respiratory muscle activity during expiration; a decrease in IPPKFSO points to
airflow obstruction and hyperinflation (Colasanti et al. 2004). At rest throughout this
research tPPEF20 was ~ 183° (i.e. normal), meaning that the post peak flow is linear,
and expiration was passive i.e. no RM activity. During exercise this index increased in
proportion to exercise intensity. During short duration constant load exercise it
increased up to -190°, during exercise at 76 % VO2MAX il reached 195°, at 86
% V°2MAx it increased up to 199°, during maximal incremental exercise it reached
over 200° and during the voluntary MVV manoeuvre it exceeded 210°. Thus this
index can be used as a non-invasive method of determining the activity of the RM
during exercise. During recovery from maximal exercise tPPEE20 returns to pre-exercise
levels within minutes of exercise termination; 10 minutes post exercise tPPEF2o drops
below pre-exercise levels suggesting reductions in RM activity following maximal
exercise.
In chronic obstruction pulmonary disorders the tPPEF8o index falls below 150°
indicating flow obstruction. In healthy adults the tPPEpso index at rest was ~ 157°, at
the start of exercise it typically decreased to significantly lower levels, but as exercise
progressed and intensified it increased back towards pre-exercise levels. At the end of
5 minutes of constant intensity exercise tPPEEso fell to -138°, a value that is similar to
the level attained at rest in patients with COPD, and indicating a degree of bronchoconstriction. However, at the end of exercise to volitional exhaustion it reached or
exceeded resting levels, possibly due to broncho-dilation; broncho-dilation occurs
during exercise as a result of increased adrenaline secretion. The overall pattern in
tppEFSO was one in which tPPEF8o decreased during exercise up to -60 %VO2MAX then
increased back towards baseline. In recovery from maximal exercise there was an
initial decrease to - 146° during the first few minutes of recovery, thereafter returning
to pre-exercise levels; the fall in tPPEE80 following maximal exercise may represent
changes in airflow that are similar to those which occur in exercise-induced asthma.
tppEFSo during the MVV manoeuvres was found to be significantly lower (<150°) than
that obtained during maximal exercise. Whilst significant changes in tPPEF2o and tPPEF80
were observed throughout exercise more research is needed to quantify the
appropriateness and reliability of these indices during exercise in health. This research
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is promising as at the moment there are few easy ways of measuring airflow
obstruction whilst exercising; typically methods require the subject to make special
manoeuvres, such as total inspiratory capacity manoeuvres (De Bisschop et al 2003).
Although the effect exercise has on time and flow domain parameters was the primary
purpose of this research the fatigability and adaptability of the RM was also
examined. Examination of the post exercise breathing pattern indicated the
development of RMF, whereby rapid shallow breathing occurred in recovery from
exercise in some but not all subjects. To further investigate the effect exercise has on
the RM I measured the ability of healthy adults to produce maximal respiratory
pressures following maximal incremental exercise. The inspiratory and expiratory
muscles were found to be affected with both maximal inspiratory and expiratory
pressures being reduced by -12% following exercise; there was a different pattern of
muscle recovery, with the inspiratory muscles quickly returning to baseline levels
immediately after exercise cessation whilst the expiratory muscles remained effected
for up to 10 minutes post exercise. Thus post exercise breathing patterns and measures
of maximal respiratory pressures can be used to determine the effect exercise has on
the muscles of respiration. Further research into exercise-induced RMF may benefit
from looking at changes in both the breathing pattern and measures of maximal
respiratory pressures following exercise.
The respiratory system is usually not associated with exercise limitation in health.
However, if performance can be enhanced as a result of specifically training a
component of the respiratory system, then that component must have limited
performance in the first place. A vast amount of research has examined the effects a
period of specific RMT has on exercise and pulmonary function. This thesis further
examines this question, looking at how maximal inspiratory or expiratory muscle
training effects breathing pattern at rest and during moderate intensity constant load
exercise. Whilst RMT improved RM strength exercise performance and breathing
patterns were unaffected in the IMT group; effort perceptions were reduced in the
EMT, and PIF was increased during exercise.
In conclusion, this research has shown that a number of time and flow domain
parameters of the tidal airflow profile reach potentially limiting levels at the
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termination point of exhaustive exercise. The results show that the inspiratory flow
profile becomes more distorted than the expiratory flow profile, leading to increased
sensations of breathlessness and perhaps an added stimulus to terminate exercise.
Throughout the reported studies the point of volitional exercise termination coincided
with a particular inspiratory flow-time profile, whereby t| became equal to or
exceeded tH (t|/tTOT > 0.5), PEF became significantly greater than PIF, and tp,,.
doubled. This is separate to significant airflow obstruction, as many studies (see
section 2.4.3) have shown this only to occur in elite athletes. Thus as exercise reaches
maximal levels a point is reached where the time available to complete inspiration is
insufficient to allow peak flow rates and maximum V r to be maintained.
During the hyperventilation associated with maximal exercise a number of time and
flow parameters seem to reach the point where they can be increased no further; at
this point exercise is terminated. I believe these changes in flow and timing are
brought about by the tachypnoeic breathing pattern which occurs during exercise. The
tachypnoeic breathing pattern adopted in the majority of subjects was associated with
an increasingly mistimed and distorted respiratory cycle profile. This distorted
respiratory profile provides a sufficiently dyspnogenic stimulus to contribute to
exercise termination. A major contributing factor to the increased dyspneic sensations
is the increased fB and ti/tTOT, which increases the work of the RM; towards the end of
exercise the increases in fB required to achieve the required levels of V,, are
unsustainable, the concomitant increases in flow rate and reductions in cycle duration
make such increases unachievable. Further studies to quantify this and link the
dyspnogenic stimulus with exercise intolerance would be useful.
Whilst O, transport and utilisation are key determinants in an individuals capacity to
perform exercise, I believe that certain components of the tidal airflow profile
(namely fB, t|/trOT, tP,F) play an important role in dictating when exercise is
terminated, particularly in untrained/ recreationally active adults; additionally the
added effects of the increased work of breathing and the 'blood steal' phenomonen
further contributes to exercise termination and intolerance in both trained and
untrained individuals. Thus, whilst conditions such as EIAH and EFL are associated
with increasing levels of fitness, the increased RM work during heavy exercise in both
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trained and untrained individuals serves to limit their capacity for exercise. In
untrained subjects the increased RM work serves firstly to increase the sensation of
breathlessness and thus contributes and/or leads to exercise intolerance. It is important
to consider the fact that untrained individuals commonly terminate exercise because
they are 'out of breath', i.e. the sensation of breathing discomfort becomes too much
for them to tolerate. Secondly, the increased RM work increases effort perceptions in
the working locomotor muscles as a result of competition for the available blood flow
and 0,.

This thesis illustrates in close detail how the respiratory system responds to exercise.
Exercise is a time when the need for O2 uptake and CO2 excretion is at its greatest.
These studies show how the integrity of the breathing cycle is maintained against an
increasing demand for ventilation. For the first time the complex interaction between
timing and flow are shown to be rate limiting. These important findings warrant
further investigation as there is still a great deal to learn about the exercising
respiratory system.
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