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Abstract 

The primary aim of this Thesis is to further explore the relationship between 

respiratory muscle energetics and the O2 cost of strenuous exercise, as applied to 

healthy individuals and patients with Heart Failure (HF). A secondary aim was to 

develop an objective method of determining the gas-exchange and respiratory 

compensation thresholds during incremental cycling in young, healthy individuals. 

The results of the four Experiments conducted to achieve these aims are presented 

in this Thesis. 

Experiment 1 

The contribution of respiratory muscle O2 uptake ( O2respVɺ ) to the development  

of the slow component of O2 uptake kinetics ( ɺVO2sc
) is uncertain. The aim of this 

Experiment was to examine the impact of respiratory muscle unloading  

(via breathing HeO2) on the amplitude of the ɺVO2sc
 during heavy- (HVY)  

and severe-intensity (SEV) constant-load cycling. It was hypothesised that 

breathing HeO2 would reduce the amplitude of the ɺVO2sc
 by a greater amount 

during SEV than HVY trials. Eight healthy male recreational cyclists performed 

constant-load cycling under four conditions: (i) HVY exercise while breathing 

normal-air; (ii) HVY exercise while breathing HeO2; (iii) SEV exercise while 

breathing normal-air and (iv) SEV exercise while breathing HeO2. Breathing HeO2 

did not significantly attenuate the ɺVO2sc
 during HVY trials (−3 ± 14%, P > 0.05). 

However, breathing HeO2 significantly reduced the ɺVO2sc  
during SEV cycling tests 

(−45 ± 6%, P < 0.05). The decreased ɺVO2sc  
amplitude while breathing HeO2 likely 

reflects a decreased O2respVɺ . Minute ventilation was not different between 

breathing conditions (i.e., normal-air or HeO2) during HVY and SEV trials. 
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However, end-expiratory lung volume was significantly lower when breathing 

HeO2 during SEV work rate transitions (−12 ± 3%, P < 0.05). These data suggest 

that O2respVɺ
 
comprises a greater proportion of the ɺVO2sc

 during SEV compared  

with HVY exercise, and thus the impact of breathing HeO2 appears more 

pronounced during SEV trials. It is concluded that changes in end-expiratory lung 

volume and respiratory muscle work play an important role in the development of 

the ɺVO2sc
, particularly during severe-intensity exercise.  

Experiment 2 

The aim of this Experiment was to examine the influence of dynamic lung volumes 

and mean inspiratory flow on the amplitude of the ɺVO2sc
 during HVY and SEV 

constant-load cycling in young, healthy individuals (24 ± 1 yr; n = 10).  

Subjects demonstrated a significantly greater rise in expiratory reserve volume 

(ERV) and mean inspiratory flow over the ɺVO2sc
 period during SEV compared with 

HVY trials (P < 0.05). Inspiratory reserve volume (IRV) was, on average, smaller 

for SEV relative to HVY transitions (P < 0.05). The difference in the magnitudes  

of change in ERV and mean inspiratory flow, but not IRV, were positively 

correlated with the increase in ɺVO2sc
 amplitude between work rates (R2 = 0.86,  

P < 0.01). These findings suggest that dynamic hyperinflation and mean 

inspiratory flow (by increasing inspiratory resistive work and O2respVɺ )  

contribute to the development of the ɺVO2sc
, particularly when exercise is performed 

within the severe-intensity domain.  

Experiment 3 

Patients with HF display numerous derangements in ventilatory function, which 

together serve to increase the work of breathing (Wb) during exercise. However, 

the extent to which the resistive and elastic properties of the respiratory system 
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contribute to the higher Wb in these patients is unknown. The aim of this 

Experiment was to determine the resistive and elastic Wb in patients with stable 

HF (n = 9, NYHA I–II) and healthy control subjects (n = 9) at standardised minute 

ventilations during graded exercise. The resistive and elastic Wb were quantified 

using the modified Campbell diagram. Dynamic lung compliance was 

systematically lower for a given level of minute ventilation in HF patients than 

controls (P < 0.05). HF patients displayed slightly higher levels of inspiratory 

elastic Wb, with greater amounts of ventilatory constraint and resistive Wb than 

control subjects during exercise (P < 0.05). These findings indicate that the higher 

Wb in HF patients is primarily due to a greater resistive- rather than elastic-load to 

breathing. The greater resistive Wb in these patients likely reflects an increased 

hysteresivity of the airways and lung tissues. The marginally higher inspiratory 

elastic Wb observed in HF patients appears related to a combined decrease in the 

compliances of the lungs and chest wall. 

Experiment 4 

This Experiment investigated whether ‘break-points’ in breathing pattern 

correspond to the gas-exchange threshold (Tge) and the respiratory compensation 

threshold (RCT) during incremental cycling. Polynomial spline smoothing was used 

to detect accelerations and decelerations in pulmonary gas-exchange data, which 

provided an objective means of ‘break-point’ detection without assumption of the 

number and shape of said ‘break-points’. Twenty-eight recreational cyclists 

completed the study, with five individuals excluded from analyses due to low 

signal-to-noise ratios and/or high risk of ‘pseudo-threshold’ detection. In the 

remaining participants (n = 23), two separate and distinct accelerations in 

respiratory frequency (fR) during incremental work were observed, both of which 
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demonstrated trivial biases and reasonably small ± 95% limits of agreement (LOA) 

for the Tge (0.2 ± 3.0 ml of O2·kg-1·min-1) and RCT (0.0 ± 2.4 ml of O2·kg-1·min-1), 

respectively. A plateau in tidal volume (VT) near the Tge was identified in only 14 

individuals, and yielded the most unsatisfactory mean bias ± LOA of all 

comparisons made (–0.4 ± 5.3 ml of O2·kg-1·min-1). Conversely, 18 individuals 

displayed a VT-plateau in close proximity to the RCT evidenced by a mean bias ± 

LOA of 0.1 ± 3.1 ml of O2·kg-1·min-1. These findings suggest that the first and 

second accelerations in fR data correspond to the Tge and RCT, respectively, and 

that a plateau (or decline) in VT at the RCT is a common (but not universal) feature 

of the breathing pattern response to incremental cycling.  
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CHAPTER 1 

General Introduction

“Wisdom alone is a science of other sciences, and of itself” 

PLATO, 427 BC – 347 BC  
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The adenosine triphosphate (ATP) molecule is a ‘high-energy’ compound, often 

referred to as the ‘molecular unit of currency’ used in cellular energetic processes 

(Knowles, 1980). Hydrolysis of the terminal phosphate bond of the ATP molecule 

yields the requisite change in ‘free energy’ to: actively transport ions against their 

diffusion gradients across cell membranes (e.g., Na+/K+ ATPase); to provide a 

potent immune response to invading pathogens (e.g., NADPH oxidase); and/or to 

effect movement of intracellular contractile machinery (e.g., myosin ATPase). It is 

imperative that an organism continuously and rapidly synthesises/resynthesises 

ATP stores to maintain cellular homeostasis. It is equally important that an 

increase in ATP demand is met by an almost instantaneous up-regulation of the 

processes which generate ATP (Lehninger et al., 2005) – failure to do so results in 

the eventual destruction of the organism’s cells, tissues and, on a larger scale, 

organs (Eguchi et al., 1997; Leist et al., 1997; Lieberthal et al., 1998).  

There are three primary metabolic pathways responsible for ATP synthesis:  

(i) phosphocreatine (PCr) hydrolysis, a process that does not require oxygen (O2) 

(anaerobic); (ii) catabolism of glycogen or glucose (glycolysis) to lactate, also an 

anaerobic process; and (iii) the oxidation of substrates in a process requiring O2 

(oxidative phosporylation). By far the greatest source of ATP supply is via  

the aerobic/oxidative pathways involving the mitochondria (Wasserman et al., 

2005), where ATP is resynthesised from adenosine diphosphate (ADP) and 

inorganic phosphate (Pi). This process is energetically driven by the transfer  

of electrons via the mitochondrial enzymes of the electron transport chain, 

terminating at cytochrome-c oxidase, and resulting in the formation of H2O when  

a pair of hydrogen ions (H+) react with atomic oxygen (O2-) (Lehninger et al., 2005). 

This energetic pathway is therefore O2-dependent – it cannot proceed in  
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the absence of O2. The process of oxidative phosphorylation per unit time may be 

generalised using the equation:  

   
+ → +oxidative

phosphorylation

d ddU d

d d d d

2 2O COATP

t t t t
   Eqn. 1.1 

where U denotes the potential energy stored in food sources, CO2 represents 

carbon-dioxide, and t is the instantaneous value of time. For sake of simplicity, 

H2O has been omitted from Eqn. 1.1, and there is no attempt to balance the 

equation according to stoichiometric principles. The differential terms for O2, ATP 

and CO2 utilisation or output in Eqn. 1.1 are more commonly notated in the 

literature as ɺVO2 , ɺ[ATP] , ɺVCO2 , respectively. The process described in the above 

equations is termed cellular respiration or gas-exchange.  

Oxidative metabolism is dependent upon the integrated function of the respiratory 

(pulmonary vasculature and alveoli) and circulatory systems (heart and systemic 

vasculature). These physiological systems serve the role of transporting O2 from 

the atmosphere to the cell, and removing CO2 from the active tissues into the 

environment. The cardiovascular and respiratory systems are haemodynamically 

linked in series and, in turn, cannot be functionally separated. The 

‘interconnectedness’ between these two systems is apparent when considering the 

processes that link alveolar to cellular gas-exchange.  

The partial pressure of intra-alveolar O2 (PAO2) and CO2 (PACO2) are 

approximately equal to 105 mmHg and 40 mmHg at the end of inspiration, 

respectively, whereby PAO2 is proportional to the partial pressure of inspired O2 

(PIO2) and the amount of air that ventilates the alveoli (alveolar ventilation; ɺVA ). 

The blood perfusing the alveoli prior to exchange of O2 and CO2 is similar to that  

of mixed-venous blood returning from the peripheral vasculature (i.e., Pv̄O2 = 40 
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mmHg; Pv̄CO2 = 45 mmHg) (Brooks et al., 2005). Consequently, a pressure-

gradient is established where O2 diffuses from the alveoli to the capillary, and  

CO2 moves from the capillary to the alveoli. The oxygenated blood returns to  

the left heart via the pulmonary vein, and is distributed throughout the systemic 

arterial vasculature. As such, partial pressures of O2 and CO2 within the 

pulmonary venous blood are similar to the levels observed in systemic arterial 

vasculature (i.e., PaO2 = 100 mmHg; PaCO2 = 40 mmHg). At the tissue/capillary 

interface, O2 moves from the capillary into the cell, and CO2 from the cell into  

the capillary. Due to the consumption of O2 and the metabolic/non-metabolic 

production of CO2, systemic venous blood consists of a relatively lower partial 

pressure of O2 (i.e., Pv̄O2) and higher partial pressure of CO2 (i.e., Pv̄CO2).  

The venous affluent drained from the tissues returns to the right heart, and is 

distributed throughout the pulmonary arterial vasculature, providing the link 

between alveolar and cellular gas-exchange.  

At rest, the metabolic demands of active tissues are readily compensated for by the 

respiratory and circulatory systems. However, ɺVO2  and ɺVCO2  increase by 

approximately 15- to 20-fold during the transition from rest to maximal exercise 

(Dempsey et al., 2006; Haverkamp et al., 2005). Accordingly, if the active tissues 

are to receive adequate O2 supply, and for arterial blood-gases to be maintained, 

ɺVA  must rise in proportion to the metabolic demands of exercise. The relationships 

between cellular metabolism, arterial blood-gases and ɺVA  are summarised by the 

alveolar gas-equations outlined below: 

    
≈ = − ×

ɺ

ɺ

V

V

O2
A I2 2 2

A

aP O P O P O K    Eqn. 1.2 

    
= = ×

ɺ

ɺ

V

V

CO2
A2 2

A

aP CO P CO K   Eqn. 1.3 



General Introduction 

 6 

where K = 863. A further challenge in supporting alveolar gas-exchange is dealing 

with the ‘dead’ spaces of the lungs (i.e., pulmonary spaces which do not participate 

in gas-exchange). The dead space regions comprise the conducting airways 

(anatomical dead space), and the alveoli where gas-exchange is compromised due  

to ventilation-perfusion mismatching (physiologic dead space). The dead space 

volume (VD) approximates two-thirds of tidal volume (VT) at rest in healthy adults 

(Sun et al., 2002). During exercise, the surface area available for alveolar gas-

exchange is effectively increased via recruitment of additional pulmonary 

capillaries, ultimately reducing the VD/VT ratio (Hansen et al., 1984; Wasserman et 

al., 2005). Although it is important that ventilation (i.e., ɺVA ) is matched to 

metabolic demand, there exists the obligatory requirement that dead spaces be 

ventilated also. In which case, the ‘actual’ ventilatory demand that one must 

satisfy is equal to the sum of alveolar and dead space ventilation, termed the 

minute ventilation ( = +ɺ ɺ ɺV V VE A D ) – the subscript E refers to expired air. Thus, ɺVE  

must increase in proportion to both ɺVO2  and ɺVCO2  to avoid arterial hypoxaemia and 

hypercapnia, respectively, assuming that VD/VT decreases hyperbolically with 

increasing ɺVCO2  (Whipp and Pardy, 2011). The kinetics of ɺVCO2  are, however, 

appreciably slower than of ɺVO2  
during the non ‘steady-state’ transition from rest to 

exercise (Casaburi et al., 1989; Wasserman et al., 2005; Zhang et al., 1991). In the 

words of the late Brian Whipp (1998):  

“Under conditions in which ɺOV 2  
and ɺCOV 2  

differ, alveolar ventilation 

cannot meet the demands of both; hence PaO2 and PaCO2 cannot 

therefore both be regulated simultaneously.” 

It is well-established that ɺVE  follows the kinetic profile of ɺVCO2  more closely than 

that of ɺVO2  during muscular work (Casaburi et al., 1977; Casaburi et al., 1978; 
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Haouzi, 2006; Wasserman and Whipp, 1983). This tight coupling between ɺVE  and 

ɺVCO2  
suggests that regulation of PaCO2 is of higher physiological importance than 

that of ɺVO2  
during exercise. At sea level, PaO2 remains on the upper ‘flat’ region of 

the O2-Hb dissociation curve, whereby relatively large changes in PaO2 minimally 

affect Hb saturation and the arterial content of O2. On the other hand, PaCO2 

greatly influences the pH within the intracellular, interstitial and erythrocytic 

compartments. The equation below describes this process of interconversion 

between CO2 and H+:    

    
−+ +⇌ ⇌

+
3 2 3 2 2H HCO H CO H O CO    Eqn. 1.4 

where −
3HCO  is bicarbonate and H2CO3 is carbonic acid. The rapid 

hydration/dehydration of H2CO3 is catalysed by carbonic anhydrase, which is found 

in abundance within erythrocytes, and is bound to the sarcolemmal and endothelial 

surfaces (for review see Geers and Gros, 2000). The relative strength of any acid 

within aqueous solution is given by its dissociation constant (K’); i.e., the ratio 

between the number of dissociated protons (H+) and anions ( −
3HCO ) to non-

dissociated molecules of the acid (H2CO3). In reality, the concentration of H2CO3  

in the human is exceedingly small, and it suffices to use the product of H2O  

and CO2 in its place. The identity of K’ may then be rearranged and solved for 

arterial pH (pHa), yielding the Henderson-Hasselbalch equation. An alternative 

form of this equation is provided below:  

   

−      = + × × −              

ɺ

ɺ

V V

VV

E D3

TCO2

a
HCO

pH pK' log 1
25.8

  

  Eqn. 1.5

 

The above convention states that any given value of pHa may be achieved by 

changing: (i) the concentration of plasma −
3HCO ; (ii) the level of ɺVE  relative to  

ɺVCO2 ; and/or (iii) the ratio of VD to VT. Indeed, during moderate physical activity, 
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pHa remains within the normal range (7.35–7.45) because ɺVE  rises in proportion to 

ɺVCO2  and VD/VT decreases hyperbolically (Wasserman et al., 2005). At these work 

rates, the CO2 extant in the lungs is principally derived from the decarboxylation of 

Krebs cycle intermediates, and thus represents metabolic CO2 production. For 

work rates that engender a metabolic acidosis (heavy/severe exercise intensities), 

the accumulating H+ are sequestered by plasma −
3HCO , requiring that ɺVE / ɺVCO2  

increase (and PaCO2 decrease) in order to offset the reduction in pHa (i.e., 

respiratory compensation). Accordingly, the CO2 released from the lungs during 

heavy/severe exercise is both metabolic and non-metabolic in origin. 

It is clear that ɺVE  plays an important role in the regulation of pHa at rest and 

during exercise. To adequately ventilate the lungs, however, one must generate 

rhythmical oscillations in intrathoracic pressure so as to favour the ‘in-flow’ and 

‘out-flow’ of air during breathing. Intrathoracic pressure is modulated by the 

coordinated actions of the inspiratory and expiratory muscles; these are skeletal 

muscles which must overcome several opposing forces (elastic, resistive and 

inertive) during contraction to cause motion of the thorax (Campbell, 1958; 

Campbell et al., 1970). Consequently, the muscular effort associated with 

ventilating the lungs incurs a significant mechanical cost, such that the rate of O2 

consumed by the respiratory muscles ( O2respVɺ ) rises whenever ɺVE  is increased 

(Aaron et al., 1992; Bartlett et al., 1958; Coast et al., 1993; Margaria et al., 1960; 

Tenney and Reese, 1968). This point raises an interesting question: do the 

metabolic demands of exercise augment ɺVE  to the extent that the O2 cost of 

breathing constitutes a significant fraction of an individual’s whole-body energetic 

expenditure? 
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The present Thesis focuses on the contribution of respiratory muscle work to 

whole-body energetics during strenuous exercise, and examines whether this 

contribution is significant across all exercise intensities (or only at the very highest 

of work rates). The following Chapter will review the dynamics of ɺVO2  during 

exercise, the evolution of respiratory work during physical activity, and the 

interrelationship between the two as applied to healthy adults, and patient 

populations for whom the work of breathing may be pathologically increased.  
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The intricate nature by which cellular gas-exchange is linked to that occurring  

at the alveolar/capillary interface has been discussed in Chapter 1. This 

relationship affords insight into the metabolic processes within the muscle by 

measuring 
ɺVO2  at the mouth (proxy for lungs). An application of the principle 

described by Adolph Fick (i.e., the 'Fick Equation'; Acierno, 2000) provides a 

mathematical basis for understanding the highly integrated relationship which 

governs O2 supply/utilisation during transients in energetic turnover: 

 ( )O2 2 2a vO OV Q C C= ⋅ −ɺɺ   Eqn. 2.1 

where ɺQ  is the cardiac output and CaO2 – Cv̄O2 denotes the arteriovenous O2 

difference. A rise in ɺVO2  is representative of an increased O2 delivery and/or O2 

utilisation extant at the site of measurement. Humans are rarely in a metabolic 

‘steady-state’, with ATP supply and utilisation in constant flux, depending on the 

energetic demands of the activity performed. Accordingly, characterising the time-

course changes in ɺVO2  –its kinetics– provides novel insight into the dynamics of the 

integrated systems responsible for the delivery/utilisation of O2 during exercise.  

2.1 Dynamical systems overview 

A dynamical system refers to any abstract, mechanical or biological construct 

wherein a stimulus (input) is known to evoke a response (output) – a process which 

can be spatially and temporally resolved by a transfer function. A dynamically 

linear system is accurately described by a set of constants that are independent of 

stimulus magnitude, phase and profile (shape). On the other hand, non-linear 

behaviour is identified when such constants vary by some auxiliary function of the 

system’s input (e.g., exponential, logarithmic, cubic etc.). Dynamic systems analysis 

is routinely applied to ɺVO2  data to elucidate mechanisms controlling oxidative 

metabolism during exercise (Jones and Poole, 2005a; Jones and Poole, 2005b).  
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The manner in which system input (work rate) can be applied ranges from impulse 

and ramp functions, to the more complex sinusoidal and pseudo-random binary 

sequences (Hughson et al., 1991; Rossiter, 2010; Ward, 2000; Whipp, 1987; Xing et 

al., 1991). It is not within the scope of the present Thesis to explore ɺVO2  kinetics 

during all profiles of work rate ‘forcing’. Instead, the following sections focus on the 

most common of the ‘forcing’ functions: the square-wave or constant-load 

transition. The kinetics of ɺVO2  displays both dynamically linear and non-linear 

characteristics, depending on the amplitude of the square-wave forcing function.  

In order to understand the factors governing the ɺVO2  kinetic response to muscular 

work, one must first appreciate the range of exercise intensities (or domains) over 

which linear and non-linear behaviour is observed. 

2.2 Dynamics of gas-exchange during exercise 

The demand for ATP increases in a square-wave fashion at the onset of constant-

load exercise. However, aerobic ATP production does not adjust to this new work 

rate instantaneously. Rather, ɺVO2  demonstrates a ‘lagged’ response that is typified 

by three distinct phases (Figure 2.1) (Jones and Poole, 2005b; Whipp and 

Casaburi, 1982). Phase I manifests as an abrupt rise in ɺVO2  observed at exercise 

onset. Following Phase I, ɺVO2  exponentially increases (Phase II) before potentially 

reaching an asymptotic (Phase III) or ‘steady-state’ value – this phase of ɺVO2  

kinetics is governed by the intensity of the external work rate (see below).  

When ɺVO2  is measured at the mouth, its kinetic response is accurately modelled by 

a two-term exponential equation: 

 
( ) ( )1 1 2 2TD / TD /

O2 1 2( ) 1 1t t
V t B A e A e

τ τ− − − −   = + − + −
   

ɺ
  Eqn. 2.2 
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where A is the amplitude change in ɺVO2 , B is the baseline component of ɺVO2 , τ is 

the time-constant of the exponential term, TD is the time-delay of the response, 

and the subscripts 1 and 2 refer to phases I and II, respectively. Note that the sum 

of the amplitudes B, A1 and A2 yields the total (Phase III ‘steady-state’, in this case) 

amplitude for the given work rate. However, the dynamic ɺVO2  response outlined by 

Eqn. 2.2 is true only for work rates performed below the blood lactate or gas-

exchange threshold (Tge). This range of work rates constitutes the moderate-

intensity domain where increases in ɺVO2 , ɺVE , heart rate and phosphocreatine (PCr) 

depletion reach a new ‘steady-state’ value within approximately 2–3 min of 

exercise, and blood lactate concentration remains close to resting values (Barstow 

et al., 1994; Casaburi et al., 1989; Rossiter et al., 1999; Roston et al., 1987).  

Figure 2.1. The O2 uptake response to constant-load exercise performed within the 

moderate, heavy and severe intensity domains. The solid continuous lines denote the 

underlying O2 uptake kinetic response during the work rate transition. The data presented in 

this Figure were obtained during pilot testing for Experiment 1. The symbols I, II, and III refer 

to the three phases of O2 uptake kinetics during constant-load exercise (see text for further 

explanation). The horizontal dotted lines indicate the initial trajectory of the Phase II O2 uptake 

kinetic response (i.e., the predicted ‘steady-state’ amplitude).  
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In contrast, exercise performed above the Tge is associated with a slowly developing 

component of increasing ɺVO2 . This time-dependent increase in ɺVO2  is termed the 

‘slow component’ of O2 uptake ( ɺVO2sc ). The emergence of the ɺVO2sc  during exercise 

performed above the Tge requires that Eqn. 2.2 be extended to: 

    
( ) ( ) ( )1 1 2 2 3 3TD / TD / TD /

O2 1 2 3( ) 1 1 1t t t
V t B A e A e A e

τ τ τ− − − − − −     = + − + − + −
     

ɺ
            Eqn. 2.3    

where the subscript 3 indicates that the corresponding parameter is a property of 

the ɺVO2sc . The amplitude of the ɺVO2sc  increases as a function of exercise-intensity 

for work rates above the Tge but below critical power (CP). The CP represents  

the highest work rate where a delayed ɺVO2sc  ‘steady-state’ value is achievable 

(typically after 15–20 min of constant-load exercise), albeit at a level higher than 

predicted from its initial trajectory (i.e., B + A1 + A2) (Rossiter, 2010). At these work 

rates, blood and muscle lactate concentration increases but also stabilises at values 

above rest (Jones et al., 2011; Jones and Poole, 2005b; Poole et al., 1988; 

Wasserman, 1967). The power outputs corresponding to the Tge and CP demarcate 

the lower and upper limits of the heavy-intensity domain, respectively.  

Work rates performed above CP exceed the capacity of the muscle to stabilise  

gas-exchange and metabolic parameters (Poole et al., 1988). Consequently, 

intramuscular concentrations of lactate, H+, Pi, ADP and potassium continuously 

increase, whereas PCr stores are progressively depleted (Jones et al., 2008).  

These changes occur concomitantly with a progressive rise in ɺVO2 , which continues 

to rise until maximal O2 uptake ( ɺVO2max ) is attained (Jones et al., 2011; Jones and 

Poole, 2005b). The CP and ɺVO2max  define the limits of the severe-intensity domain. 

Thus, the dynamic ɺVO2  response to submaximal muscular work is highly dependent 
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on whether exercise is performed in the moderate, heavy or severe domains. The 

three phases of ɺVO2  kinetics are described in further detail below.  

2.2.1 Phase I of O2 uptake kinetics 

The dynamics of muscle ɺVO2  during exercise is reflected in the exchange of O2 

occurring at the alveolar/capillary interface, but is temporally distorted by the 

muscle-to-lung circulatory transit delay and breath-by-breath variations in lung O2 

stores (Lador et al., 2008; Whipp et al., 1982; Wust et al., 2008). At the onset of 

constant-load exercise, it takes approximately 10–20 s for the blood draining from 

the muscles to be incorporated into the venous admixture perfusing the alveolar 

capillaries. During this time, ɺVO2  measured at the mouth abruptly increases in an 

exponential fashion, despite the O2 tension of pulmonary venous blood remaining 

unchanged from pre-exercise values. This first phase (Phase I) of pulmonary ɺVO2  

kinetics is largely attributable to an increase in cardiac output ( ɺQ) and, 

consequently, blood flow through the pulmonary circulation (De Cort et al., 1991; 

Whipp and Ward, 1982; Whipp et al., 1982; Yoshida et al., 1993).  

2.2.2 Phase II of O2 uptake kinetics 

Following the short circulatory delay at the onset of constant-load exercise  

(Phase I), the trajectory of increasing pulmonary ɺVO2  conforms to a 

monoexponential function (Whipp et al., 1982). This second phase (Phase II) 

represents a continued rise in ɺQ  concomitant with a widening of the arteriovenous 

O2 difference (i.e., CaO2 – Cv̄O2). The time-constant of this exponential rise (i.e., τ2) 

reflects the rate of adjustment of muscle ɺVO2  in meeting the energetic requirements 

of exercise (Barstow and Mole, 1987). The τ2 is thought to be determined by either 

O2 delivery to the active muscle (Hughson and Kowalchuk, 1995; Macdonald et al., 
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1997) or by the intracellular processes governing O2 utilisation (Jones et al., 2003b; 

Jones et al., 2004; Wilkerson et al., 2004a), or both.  

During moderate-intensity exercise, it is generally accepted that τ2 is constrained 

by an intracellular metabolic inertia; i.e., the relative ‘sluggishness’ in which rate-

limiting oxidative enzymes are activated, and/or from the incipient delay before 

mediators of oxidative metabolism become a potent stimulus for increasing 

mitochondrial ɺVO2  (for review see: Jones and Poole, 2005b; and Rossiter, 2010). 

Typical values of τ2 for a healthy, young adult range from 20 to 45 s during 

moderate exercise (Barstow et al., 1994; Barstow and Mole, 1991; Casaburi et al., 

1989; McCreary et al., 1996; Whipp et al., 1982). However, the weight of available 

evidence suggests that Phase II ɺVO2  on-kinetics are slower for heavy/severe work 

transitions (Casaburi et al., 1989; Engelen et al., 1996; Gerbino et al., 1996; 

Hughson et al., 2000; Jones and Poole, 2005b), appearing most marked for 

individuals with a relatively high proportion of Type II muscle fibres (Pringle et al., 

2003a). The longer time-constant (i.e., slower kinetics) of the Phase II ɺVO2  response 

to strenuous exercise is thought to reflect an O2-delivery limitation (Engelen et al., 

1996; Goodwin et al., 2012; Hughson and Kowalchuk, 1995; Hughson et al., 2001; 

Macdonald et al., 1997).  

The Phase II amplitude of ɺVO2  kinetics is proportional to work rate (W) by  

the parameter G, representing the ‘functional’ gain of the dynamic response 

(ml·min-1·W-1). In turn, the ɺVO2  amplitude of Phase II in Eqn’s 2.2 and 2.3 can be 

replaced by the expression: G·W. The factors which determine G are the 

phosphorylation efficiency of the muscle’s mitochondria (ATP yielded per O2 

consumed) and the mechanical efficiency of its contractile elements (force produced 

per ATP hydrolysed; Rossiter, 2010). The parameter G is ~10–11 ml·min-1·W-1 for 
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moderate work rate transitions (Ozyener et al., 2001; Pringle et al., 2003a; Whipp 

and Mahler, 1980; Wilkerson et al., 2004b). During exercise performed in the heavy 

domain, however, the magnitude of G reduces to ~8–9 ml·min-1·W-1, continuing to 

decline (<8 ml·min-1·W-1) the further work rate is increased (Jones et al., 2002; 

Pringle et al., 2003a; Pringle et al., 2003b; Wilkerson et al., 2004b). The lower G 

observed during heavy/severe exercise is attributed to recruitment of Type II 

muscle fibres (due to their inherently low ‘gain’), a decreased rate-of-appearance of 

key regulators of oxidative phosphorylation (ADP and creatine), and/or to a 

potential limitation in bulk and microvascular muscle O2 delivery (Koga et al., 

1999; Macdonald et al., 1997; Pringle et al., 2003a; Wilkerson et al., 2004b). The 

observation that τ2 and G vary across intensity domains illustrates the non-linear 

behaviour in the mechanisms controlling this ‘fast’ or ‘primary’ phase of ɺVO2  

kinetics. However, the most striking display of non-linear system dynamics is 

observed in the intensity-dependent (or more accurately the intensity-domain 

dependent) profile of the Phase III ɺVO2  response. 

2.2.3 Phase III of O2 uptake kinetics 

The monoexponential rise in ɺVO2  during Phase II approaches an asymptotic value 

(Phase III) within approximately 2 to 3 minutes during moderate-intensity exercise 

(Rossiter, 2010; Whipp et al., 1982). This ‘steady-state’ ɺVO2  reflects the adequacy  

of aerobic ATP supply in meeting the energetic requirements of the externally 

imposed work rate (Barstow et al., 1994). As previously discussed, however, 

exercise performed in the heavy and severe domains is associated with a slowly 

developing component of increasing O2 uptake ( ɺVO2sc ) despite a constant external 

work output (Jones et al., 2011). The ɺVO2sc  is best described as a linear  

or exponential function superimposed upon Phase II, with an independent  
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time delay (i.e., TD3 in Eqn. 2.3; Figure 2.3) (Barstow and Mole, 1991).  

This progressive rise in ɺVO2  is observed during exercise of various modes such as 

running, cycling and swimming (Billat et al., 1998; Borrani et al., 2001; Borrani et 

al., 2003; Demarie et al., 2001; Fernandes et al., 2003; Krustrup et al., 2004b; Lucia 

et al., 2000). The ɺVO2sc  is also thought to contribute to the disproportionate rise in 

ɺVO2  during the later stages of incremental exercise (Zoladz and Korzeniewski, 

2001) as well as isometric exercise (Bringard and Perrey, 2004). Although the ɺVO2sc  

is a common feature of the dynamic ɺVO2  response to strenuous exercise, its 

characteristics are dependent upon exercise-intensity.  

During heavy-intensity exercise, the slow ‘upward’ drift in ɺVO2  values stabilises 

after ~15–20 min at a level higher than that predicted from the initial trajectory  

of Phase II (i.e., >[B + A1 + A2]). In contrast, when exercise is performed above  

CP (severe intensity), the ɺVO2sc  does not stabilise but continues to increase until 

ɺVO2max  is attained (Jones et al., 2011; Rossiter, 2010). In the severe domain, 

exercise tolerance is greatly influenced by how ‘quickly’ ɺVO2  drifts towards maximal 

values (Burnley, 2007). The magnitude of the ɺVO2sc  can reach values  

in excess of 1.5 L·min-1 (Whipp, 1987; Whipp and Ward, 1990). Thus, the ɺVO2sc  

constitutes an important proportion of whole-body energetic expenditure  

during strenuous exercise, and elucidation of the factors contributing to its 

manifestation is warranted.  

2.2.4 The causes of the slow component of O2 uptake kinetics 

The factors which contribute to the development of the ɺVO2sc  may be classed into 

two broad categories: those localised to the site of the exercising muscles (intrinsic 

factors), and mechanisms occurring elsewhere in the body (extrinsic factors).  

For review see references: Gaesser and Poole (1996); Xu and Rhodes (1999 ); Zoladz 
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and Korzeniewski (2001). The principal factors intrinsic to the exercising muscle 

are the increasing energetic requirements of fatiguing muscle fibres, and  

the progressive recruitment of additional motor-units, primarily that of Type II 

fibres (Endo et al., 2007; Krustrup et al., 2008; Krustrup et al., 2004b; Sabapathy et 

al., 2005).  

The extrinsic factors contributing to the ɺVO2sc  are believed to originate primarily 

from an increasing O2 cost of cardiac and ventilatory work, consequent to  

the progressive augmentation of ɺQ  and ɺVE  during exercise (Aaron et al., 1992a; 

Jacobsen et al., 1998; Kitamura et al., 1972). It is important to note that  

other mechanisms are also purported to contribute to the ɺVO2sc , such as  

rising muscle/blood temperature (Jacobsen et al., 1998), elevated circulating 

catecholamines (Gaesser and Poole, 1996; Gaesser et al., 1994; Poole et al., 1991) 

and the additional ɺVO2  required to consume lactate via gluconeogenesis (Barstow, 

1994; Roston et al., 1987; Stringer et al., 1995). While it is theoretically possible 

that these factors may be a source of ‘excess’ ɺVO2  during heavy/severe exercise, 

their contribution to the amplitude of the ɺVO2sc  is expectedly small or has not been 

supported by empirical evidence (Bohnert et al., 1998; Casaburi et al., 1987; 

Duffield et al., 2007; Engelen et al., 1996; Gaesser et al., 1994; Jones et al., 2003a; 

Koga et al., 1997; Koppo et al., 2002; Sahlin et al., 2005; Schneider et al., 2007).  

2.2.4.1 Decreasing work efficiency of the exercising muscle 

In 1991, Poole et al. (1991) simultaneously measured ɺVO2  at the mouth (via open-

circuit spirometry) and the muscle (via thermodilution) during high-intensity 

cycling in trained individuals. The findings of the study revealed that ~86% of  

the ɺVO2sc  measured at the mouth was attributed to the increases in ɺVO2  observed at 

site of the exercising limbs. Similar observations have been confirmed  
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in untrained and recreationally-active individuals during heavy knee extensor 

exercise (Koga et al., 2005; Krustrup et al., 2009). Furthermore, studies using  

31P magnetic resonance spectroscopy have revealed that the ɺVO2sc  is associated 

with a ‘slow-component’ like response in PCr depletion during heavy exercise  

(Endo et al., 2007; Jones et al., 2008; Rossiter et al., 2002). This finding suggests 

that a large portion of the ɺVO2sc  can be explained by an increasing ATP cost of force 

production, rather than a greater O2 cost for a given ATP yield.   

It is generally accepted that the ɺVO2sc  originating from within the exercising 

muscles is due to the progressive recruitment of higher-order (Type II) muscle 

fibres (Endo et al., 2007; Krustrup et al., 2008; Krustrup et al., 2004b; Osborne and 

Schneider, 2006; Sabapathy et al., 2005), and/or to the metabolic changes occurring 

within already ‘recruited’ but ‘fatiguing’ motor-units (Pringle et al., 2003b; 

Scheuermann et al., 2001). Type II fast-glycolytic fibres are energetically  

less efficient than Type I slow-oxidative fibres (Crow and Kushmerick, 1982),  

at least for the contraction frequencies typically employed during human 

locomotion (Barclay and Weber, 2004). The lower efficiency of Type II fibres is 

related to a higher myosin ATPase turnover, increased ATP requirements of Ca2+ 

re-uptake into the sarcoplasmic reticulum, and lower mitochondrial oxidative 

capacity (Han et al., 2003; Stienen et al., 1996; Szentesi et al., 2001). These factors 

together increase the ATP cost of contractile and non-contractile processes within  

the muscle, thereby increasing the amount of ɺVO2  required to sustain a given work 

rate (Jones et al., 2011; Rossiter, 2010).  

It is presumed that Type I fibres are primarily recruited during moderate work 

rates, while a greater proportion of motor units activated during heavy/severe 

exercise are Type II muscle fibres (Krustrup et al., 2004b). Importantly, 
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neuromuscular blockade of Type I fibres, cycling at high pedal cadences, and prior 

glycogen depletion (protocols which presumably increase Type II fibre recruitment) 

lead to an increased ɺVO2sc  amplitude during heavy/severe exercise (Krustrup et al., 

2008; Krustrup et al., 2004a; Pringle et al., 2003b). Conversely, experimental 

designs which are thought to reduce Type II fibre recruitment cause an attenuation 

of the ɺVO2sc  (e.g., endurance training and ‘priming’ exercise) (Burnley et al., 2000; 

DiMenna et al., 2010; Saunders et al., 2003). In addition, many investigators have 

observed a continuous rise in electromyographic (EMG) activity of the exercising 

muscle over the ɺVO2sc  phase (Borrani et al., 2001; Krustrup et al., 2004b; 

Sabapathy et al., 2005). Finally, individuals with a greater proportion (%) of  

Type II fibres display a larger ɺVO2sc  amplitude than those with a higher percentage  

of Type I fibres (Barstow et al., 1996; Coyle et al., 1992). Clearly then, Type II 

fibres are a significant source of ‘excess’ ɺVO2  during heavy/severe work rate 

transitions, and their progressive recruitment during Phase III considerably 

influences the ɺVO2sc . However, emerging evidence indicates that serial recruitment 

of additional motor-units may not be required to generate a ɺVO2sc  response. 

Grassi et al. (2002) reported that a ‘slow component’ like response in ɺVO2  is  

rarely observed when isolated dog gastrocnemii are maximally activated in situ 

(~60–70% ɺVO2max ). Interestingly, retrospective analysis of this dataset reveals  

that a ‘slow component’ like response is evident when ɺVO2  values are normalised to 

force output (Zoladz et al., 2008). A similar observation has been reported in 

humans during 3 min of ‘all out’ sprint cycling (Vanhatalo et al., 2011). During this 

type of exercise, pulmonary ɺVO2  increases to maximal values within 30–90 s and 

remains elevated until the participant ceases exertion. The power output generated 

by the individual reaches an abrupt peak within 5 s of the start of exercise, and 

decreases by up to 50% at the end of the protocol (Burnley et al., 2006). 
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Vanhatalo et al. (2011) demonstrated that EMG activity of the exercising muscle 

decreases in concert with the falling power output during an ‘all out’ sprint cycle 

test. That power output and EMG activity decline, while ɺVO2  remains at its 

maximum, during maximal sprint cycling is indicative of a progressive reduction in 

work efficiency that is not associated with the serial recruitment of motor-units 

(Zoladz et al., 2008). Instead, this growing ATP cost of force-production may result 

from the fatigue process itself (Barclay, 1996; Woledge, 1998). That is, the 

increasing concentrations of metabolites (e.g., ADP, Pi, H+, and creatine) observed 

during strenuous exercise (Jones et al., 2008; Poole et al., 1988) may impair: (i) 

excitation-contraction coupling; (ii) Ca2+ re-uptake by the sarcoplasmic reticulum; 

and/or (iii) cross-bridge cycling and relaxation kinetics (Allen et al., 2008). These 

changes together augment the ɺVO2  requirements of contractile and non-contractile 

energetic processes within the muscle during heavy/severe exercise.  

It is also possible that the lower phosphorylation efficiency (P:O) of Type II 

(relative to Type I fibres) may contribute to the development of the ɺVO2sc  (Willis 

and Jackman, 1994). Furthermore, there appears a significant positive relationship 

between gene-expression for mitochondrial uncoupling protein 3 and the amplitude 

of the ɺVO2sc  (Russell et al., 2002). Notwithstanding this evidence, measurements of 

mitochondrial function in exercising humans demonstrate that P:O after fatiguing 

exercise (~120% ɺVO2max ) is unchanged from rest (Tonkonogi et al., 1999). Thus, the 

precise role of mitochondrial (dys)function in the development of the ɺVO2sc  is yet to 

be determined. The above section outlined the pivotal role that exercising muscle 

plays in the manifestation of the ɺVO2sc  during heavy/severe exercise. There is, 

however, a portion (~10–20%) of the ɺVO2sc  response which remains to be explained.  
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2.2.4.2 Increased cardiac work 

Many investigators have reported that heart rate and ɺQ  continuously increase 

during heavy/severe exercise (Faisal et al., 2009; Lucia et al., 2000; Richard et al., 

2004). The increasing heart rate and ɺQ  require that cardiac work and  

myocardial ɺVO2  rise in concert, potentially contributing to the ɺVO2sc  (Jones et al., 

2011; Poole et al., 1994). According to Kitamura et al. (1972), it is estimated that a 

20 beats·min-1 rise in heart rate will require an increase in myocardial ɺVO2   

of approximately 8 ml·min-1. Given that heart rate increases by ~15–20 beats·min-1 

over the ɺVO2sc  period during high-intensity cycling (Chick et al., 1991), and that the 

ɺVO2sc  amplitude may approach values in excess of 1.5 L·min-1 (Whipp, 1987; Whipp 

and Ward, 1990), it is probable that myocardial ɺVO2  constitutes only a small 

portion of the overall ɺVO2sc  response (less than 2%).  

2.2.4.3 Increased work of breathing 

The development of the ɺVO2sc  during heavy/severe exercise is associated with a 

progressive rise in ɺVE  (Casaburi et al., 1987; Poole et al., 1991; Poole et al., 1988). 

It is known that both the mechanical work of breathing (Wb) and O2 uptake of the 

respiratory muscles ( O2respVɺ ) rise disproportionately with increasing ɺVE  (Bartlett et 

al., 1958; Campbell et al., 1970; Guenette et al., 2007; Margaria et al., 1960; Milic-

Emili et al., 1962; Roussos and Campbell, 1986; Tenney and Reese, 1968). For this 

reason, it has been hypothesised that O2respVɺ  contributes to the amplitude of the 

ɺVO2sc  (Jones et al., 2011; Poole et al., 1994). Indeed, Carra et al. (2003) reported 

that increasing respiratory muscle work augmented the ɺVO2sc  amplitude by ~27%, 

whereas Bailey et al. (2010) demonstrated that respiratory muscle training 

decreases the amplitude the ɺVO2sc  during heavy/severe cycling. Although it is clear 

from these studies that Wb affects the O2 cost of exercise, the precise contribution 
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of respiratory muscle work to the amplitude of the ɺVO2sc  is uncertain. Current 

estimates vary, with reported values ranging from ~7–25% (Candau et al., 1998; 

Carra et al., 2003; Gaesser and Poole, 1996; Guezennec et al., 1996). This variance 

can be explained, at least in part, by the indirect nature in which O2respVɺ   

was estimated in each study. Alternatively, it is possible that the contribution of 

increasing O2respVɺ  to the ɺVO2sc  amplitude is not constant during exercise, but may 

instead differ across intensity domains. The following sections of text will develop 

this hypothesis by reviewing the nature of ɺVE  during exercise, and the aspects of 

breathing which dictate the mechanical and O2 cost of breathing. 

2.3 Dynamics of ventilation during exercise 

The ventilatory response to constant-load exercise is also characterised by three 

distinct phases, similar to that defined for the ɺVO2  kinetic response to exercise 

(Ward, 2000; Whipp and Ward, 1982). The initial rise in ɺVE  (Phase I) at exercise 

onset usually occurs within the first breath, and is thought to reflect a central 

neurogenic stimulus to breathe (1984; Miyamoto, 1989). This phase is followed by a 

monoexponential rise in ɺVE  (Phase II) displaying a time-constant (τ) of 

approximately 55–70 s; a time-course change that is noticeably slower than for ɺVO2  

(τ = 20–45 s), but is only marginally slower than for ɺVCO2  (τ = 50–60 s) (Casaburi et 

al., 1989; Whipp et al., 1982). For moderate-intensity exercise, ɺVE  reaches an 

asymptote by ~4–5 min after the work rate transition, remaining at this ‘steady-

state’ value until exercise cessation (Phase III) (Whipp and Pardy, 2011; Whipp 

and Ward, 1982; Whipp et al., 1982). The marginally slower τ for ɺVE  relative to 

ɺVCO2  during this phase (II) is often presented as evidence that ɺVE  is driven by some 

form of ‘ ɺVCO2 -related’ stimulus, and not vice versa (for review see Haouzi, 2006). 

The nature of the intimate coupling between ɺVE  and ɺVCO2  is unclear, but evidence 

favours a combination of chemical and neurogenic mechanisms which, together, 
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affect an appropriate level of ɺVE  during moderate exercise (Adams et al., 1984; 

Amann et al., 2010; Fink et al., 1995; Haouzi et al., 2004; Macefield and Gandevia, 

1991; Rausch et al., 1991; Raux et al., 2007; Wasserman et al., 1975). 

During heavy/severe exercise, the rising ɺVO2  that accompanies the ɺVO2sc  

necessitates an increasing ɺVCO2  contributed by oxidative metabolism.  

This increasing ‘metabolic’ CO2 production is compounded by an additional source 

of CO2 arising from bicarbonate buffering of H+, secondary to the exercise-induced 

metabolic acidosis. For these reasons, ɺVE  does not ‘plateau’ during Phase III  

but instead a ‘slow component’ response emerges (Poole et al., 1988; Ward, 2000; 

Whipp and Ward, 1982). The observation that ɺVE  displays a continued rise over 

time during heavy/severe exercise implies that Wb is progressively increasing, 

thereby augmenting O2respVɺ  for a given external work rate. As previously discussed, 

the growing O2respVɺ  which must accompany the progressively increasing ɺVE   

of heavy/severe exercise may constitute a significant proportion of the  

ɺVO2sc  amplitude (Jones et al., 2011; Poole et al., 1994). The mechanical  

factors which govern the work performed by the respiratory muscles during 

exercise are discussed in the following section. 

2.4 The mechanics of breathing during exercise 

Mechanical work is given by the integral of the force applied to an object,  

and its resulting displacement: ∫F·ds, where F is the applied force (Newtons; N)  

and s is the displacement (metres; m). In relation to the respiratory system, 

respiratory muscle pressure (Pmus) is the applied force and changes in lung  

volume (∆V) suffice for object displacement. Accordingly, the work of breathing  

is given by the integral of Pmus and lung volume: Wb = ∫Pmus·∆V (Rodarte and 

Rehder, 2011; Roussos and Campbell, 1986).  
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It should be noted that although mechanical work is classically defined in units of 

force per unit area (i.e., N·m), the Wb is often reported in the literature as  

work expended per minute (i.e., J·min-1), which is technically an index of 

mechanical power. The overall mechanical work performed by the respiratory 

muscles during breathing (i.e., Wb) is divided into three general components: the 

elastic, resistive and inertive components. In healthy adults, inertive pressure  

losses during spontaneous breathing may be ignored because the volume 

acceleration of the respiratory system is negligible within the normal range of fR 

values observed during exercise (Campbell et al., 1970; Mead, 1956).  

The properties of the lungs and chest wall which determine the Wb are only 

discussed briefly here. The Reader is directed to Appendix A for a more detailed 

account of breathing mechanics.  

The Wb is best illustrated on the pressure-volume diagram of the respiratory 

system (Figure 2.2). The solid, sigmoid line displayed in each panel of Figure 2.2 

represents the quasistatic pressure-volume relationship of the respiratory system 

(PRS). This line denotes the combined elastic recoil exerted by the lungs and chest 

wall across the vital capacity range. PRS is very negative a lung volumes nearing 

residual volume due to the compression of the rib-cage and passive stretching of 

the diaphragm, and is very positive at lung volumes nearing total lung capacity 

(TLC) because of the exponential rise in lung elastic recoil (Campbell et al., 1970; 

Hoppin, 1999; Rahn et al., 1946).  

Mechanical ‘relaxation’ of the respiratory system occurs at the lung volume where 

PRS = 0, indicating that ‘inward’ elastic forces of the lungs are equally opposed by 

the ‘outward’ recoil of the chest wall (Leith and Brown, 1999; Villars et al., 2002). 

This volume is also termed the functional residual capacity (FRC). Figure 2.2A 
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shows the pathway for Pmus during very light/moderate exercise. The elastic Wb 

performed by the respiratory muscles during inspiration is given by the integrated 

area ABCA. This area represents the potential energy stored in the structural 

elements of the lungs and chest wall (Campbell, 1958; Otis et al., 1950).  

Close inspection of this diagram reveals that inspiratory elastic Wb is determined 

by VT, and the compliance of the respiratory system (slope of line ADC).  

The compliance of the respiratory system is, in turn, given by the inversed sum of 

compliances of the lungs and chest wall (Campbell, 1958; Campbell et al., 1970).  

The lungs and chest wall are not perfectly elastic, and further mechanical work 

must be performed by the respiratory muscles to generate airflow. This additional 

work, termed the resistive Wb, is required to overcome the viscance of the lung and 

chest wall tissues (tissue resistance), and the opposition to gas movement across 

the tracheobronchial tree (airways resistance). The two primary determinants  

of resistive Wb are airway calibre and the instantaneous rate of airflow (Guenette 

et al., 2009; Haverkamp et al., 2005; Rodarte and Rehder, 2011). During quiet 

breathing, the resistive Wb during inspiration and expiration is given by the 

integrated areas ADCEA and AFCDA, respectively (Figure 2.2A). It must be noted 

that during expiration at rest and during very light exercise, the mechanical work 

defined by AFCDA (expiratory resistive Wb) falls within the triangular area 

delimited by ABCA (inspiratory elastic Wb). In this case, the potential energy 

stored in the respiratory system from the previous inspiration is sufficient to 

overcome the resistive work of expiration, such that expiration proceeds passively 

and end-expiratory lung volume (EELV) equals FRC. The total Wb is given by the 

sum of the elastic and resistive components multiplied by fR. 
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Figure 2.2. The pressure-volume (left panels) and flow-volume (right panels) relationships 

obtained during very light exercise (A and B), heavy exercise (C and D), and exercise with 

dynamic hyperinflation (E and F). VC: vital capacity; EVɺ : minute ventilation; VT: tidal volume; 

fR: respiratory frequency. The sigmoid, continuous lines in Panels A, C and E represent the 

quasistatic pressure-volume curve of the respiratory system. The solid continuous loops in these 

panels denote the pathway of respiratory muscle pressure over the tidal breath. These loops were 

obtained during pilot testing for Experiment 3. The grey shaded area demarcates the range of critical 

expiratory pressures required to produce maximal flow. The dashed line in Panel E illustrates the 

effect of intrinsic positive end-expiratory pressures on respiratory muscle work. The outermost 

continuous loop in Panels B, D and F represents the maximal flow-volume envelope, whereas the 

innermost loops are dynamic flow-volume relationships while spontaneously breathing during 

exercise. *N.B.: the scaling of the x and y axes in Panel A are different to those of Panels C and E.    
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The ventilatory requirements (i.e., ɺVE ) of very light-to-moderate exercise are met 

via increases in both VT and fR (Bechbache et al., 1979; Hey et al., 1966; Whipp and 

Pardy, 2011). Within this intensity domain, higher fR values are achieved by 

a relatively proportional shortening of inspiratory and expiratory times (TI and TE, 

respectively). The expansion of VT is achieved by decreasing EELV below FRC, and 

increasing end-inspiratory lung volume (EILV) above resting values (Aliverti et al., 

1997; Henke et al., 1988; Whipp and Pardy, 2011). However, it is not beneficial to 

increase EILV beyond ~80% of TLC due to the large elastic-load imposed on the 

respiratory muscles by the lungs (Campbell et al., 1970; Haverkamp et al., 2005; 

Hoppin, 1999; Rahn et al., 1946). In turn, VT and EILV plateau during 

heavy/severe exercise, and further increments in ɺVE  are achieved by increasing fR 

(Gallagher et al., 1987; Hey et al., 1966; Legrand et al., 2007b).  

Figure 2.2C illustrates the pathway of Pmus during heavy-intensity exercise.  

The inspiratory elastic Wb is given by the integrated area GBCG. It can be seen 

that mechanical work is expended by the expiratory muscles in order to decrease 

EELV below FRC (expiratory elastic Wb, area DGAD). By shifting EELV below 

FRC, elastic potential energy is stored in the chest wall, abdomen and diaphragm 

during expiration, and then recovered during the early moments of the proceeding 

inspiration (Campbell et al., 1970; Dempsey et al., 2006). Moreover, the mechanical 

action of the diaphragm is enhanced due to an increase in its length, and 

inspiratory elastic Wb is minimised because the tidal breath is positioned over the 

linear region of the pressure-volume curve of the respiratory system (Aliverti et al., 

2003; Haverkamp et al., 2005; Henke et al., 1988; Loring and Mead, 1982; Whipp 

and Pardy, 2011). It is readily observed in Figure 2.2C that elastic work 

performed during inspiration (area GCBG) is no longer sufficient to allow 

expiration to proceed passively, and active mechanical work must be contributed by 
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the expiratory muscles to generate airflow (area GDFBG). And, while a certain 

amount of potential energy is available at the onset of inspiration (expiratory 

elastic Wb, area DGAD), the majority of inspiratory resistive Wb is contributed by 

the inspiratory muscles (defined by the integrated area HGCEH).  

During heavy-intensity exercise, the rising EILV increases the magnitude of radial 

forces acting upon the airways, serving to ‘tether’ the airways open, reducing the 

resistive Wb (Briscoe and Dubois, 1958; Rodarte and Rehder, 2011).  

Such ‘mechanical’ regulation of airway calibre is complemented by the 

bronchodilation which accompanies strenuous exercise (Kagawa and Kerr, 1970; 

Pichon et al., 2005; Warren et al., 1984). Notwithstanding these changes in airway 

calibre, the tachypnoea of heavy/severe exercise promotes the development  

of turbulent gas flow within most regions of the lungs, necessitating an increased 

driving pressure to produce a given rate of airflow (Amis et al., 1999; Dempsey et 

al., 2010). Indeed, the resistive Wb of inspiration rises exponentially with 

increasing inspiratory flow rates (Guenette et al., 2009). In addition, the rising fR  

is commensurate with a sustained increase in expiratory flow rates, which may 

eventually meet or exceed those “maximally” achievable for a given lung volume 

(Dempsey et al., 2006; Johnson et al., 1999).  

The resistive Wb is greatly increased during expiratory flow-limitation, owing to 

the development of respiratory pressures far in excess of those required to produce 

maximal flow (shaded areas in Figure 2.2), secondary to dynamic collapse of 

smaller diameter airways (Johnson et al., 1992). Moreover, expiratory flow-

limitation necessarily lengthens TE which slows the shortening velocity of the 

expiratory muscles, and increases their pressure-generating capacity, potentially 

exacerbating the degree of dynamic airways collapse.  
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To minimise expiratory flow-limitation, an individual tends to increase  

their operating lung volumes (i.e., EELV and EILV) during exercise, thereby 

permitting the generation of higher tidal airflows (Johnson et al., 1992; Pellegrino 

et al., 1993). Should the ventilatory demand be increased further, and/or the 

maximal expiratory flow-volume envelope be severely reduced (e.g., obstructive 

lung disease), the individual is forced to raise EELV far above FRC (dynamic 

hyperinflation) and increase EILV toward values nearing TLC.  

The pathway for Pmus of an individual presenting with dynamic hyperinflation 

during heavy/severe exercise is displayed in Figure 2.2E. An EELV held above 

FRC demands that EILV increase in order to maintain VT and thus ɺVE  during 

exercise. This ‘upward’ shift of operating lung volumes positions the tidal breath 

over the non-linear portion of the respiratory system’s pressure-volume curve, 

imposing a large elastic-load on the respiratory muscles (inspiratory elastic Wb 

defined by integrated area ABCDA). Additionally, dynamic hyperinflation 

generates an intrinsic positive end-expiratory pressure – a ‘threshold-load’ that 

inspiratory muscles must overcome to produce airflow (line A through D). The work 

performed against this threshold-load during inspiration is defined by the 

integrated area AICDA. If dynamic hyperinflation is severe, the diaphragm is 

‘flattened’ such that its mechanical advantage and pressure-generating capacity is 

all but eliminated (D'Angelo and Sant'Ambrogio, 1974; de Troyer and Loring, 2011; 

De Troyer et al., 1982; Loring and Mead, 1982), and contraction of the muscle may 

produce a paradoxical ‘inward’ movement of the caudal rib-cage (i.e., 'hoover's sign'; 

Aliverti et al., 2009; Garcia-Pachon, 2002). 

It is important to note that respiratory muscles may perform negative (eccentric) 

work throughout the reciprocal phases of respiration: e.g., the inspiratory muscles 
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remain active for the majority of expiration during spontaneous breathing at rest 

(Agostoni et al., 1960; Campbell, 1958; Campbell et al., 1970). Moreover,  

large amounts of mechanical work may be lost to compression of thoracic gas,  

or to deformation of the chest wall at high levels of ɺVE  during exercise  

(Goldman et al., 1976; Milic-Emili and Orzalesi, 1998). These factors are discussed 

further in Appendix A.  

The relationship between ɺVE  and the Wb during incremental exercise is displayed 

in Figure 2.3A. It is well-established that respiratory muscle work rises 

exponentially with increasing ɺVE  (Campbell et al., 1970; Guenette et al., 2007; 

Margaria et al., 1960; Milic-Emili et al., 1962; Roussos and Campbell, 1986).  

The factors contributing to this disproportionate relationship vary with age 

(Estenne et al., 1985; Frank et al., 1957b; Turner et al., 1968), gender (Guenette et 

al., 2009; Guenette et al., 2007; Holmgren and Herzog, 1973; McClaran et al., 1998) 

and disease state (e.g., restrictive v obstructive lung disorders; Dodd et al., 1984; 

Grimby et al., 1973; Hart et al., 2002; Souza et al., 2003). Nevertheless, for  

young healthy adults, the Wb rises more steeply at higher levels of ɺVE  because  

of flow-dependent increases in inspiratory lung resistance (due to airflow  

turbulence), the attainment of critical expiratory pressures leading to  

flow-limitation (‘wasted’ effort) and the development of large inspiratory elastic  

loads secondary to dynamic hyperinflation.  

2.5 The O2 cost of breathing during exercise 

In an earlier section of this Thesis, it was stated that ɺVO2  of the exercising limbs 

must rise in proportion to ATP demand to enable prolonged, muscular work. 

The energetics of respiratory muscle contraction is no different. Respiratory muscle 

O2 uptake (i.e., O2respVɺ ) may be known if the mechanical work performed  
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by these muscles, and their energetic ‘efficiency’ (eresp) are given, such that:  

O2respVɺ  = α·(Wb·eresp-1); where α is the energy liberated (kJ) per liter of O2 (Margaria 

et al., 1960). Reported values for eresp vary greatly among investigators, ranging 

from 1–25% (for review see Roussos and Campbell, 1986). The reason for this 

variance is probably due to the differing means by which the Wb and O2respVɺ  were 

measured in previous studies. It is however unlikely that eresp is any higher than 

the ‘work efficiency’ reported for exercising muscles (i.e., >25%; Gaesser and 

Brooks, 1975; Kang et al., 1997; Luhtanen et al., 1987; Taylor and Heglund, 1982). 

Figure 2.3B displays the relationship between ɺVE  and O2respVɺ  during exercise. The 

O2respVɺ  values displayed in this panel were estimated using the equation outline 

above, assuming a probable range of eresp values (3–25%) and that α = 20.26 kJ per 

liter of O2 (Margaria et al., 1960; Milic-Emili et al., 1962). The values of Wb used in 

this calculation were averaged from Panel A. It must be appreciated that 

determining the O2respVɺ  by this method assumes that eresp is independent of Wb and 

ɺVE . On the contrary, evidence suggests that eresp may decline by half at levels of ɺVE  

higher than ~100 L·min-1 (Bartlett et al., 1958; Tenney and Reese, 1968). The 

influence of a declining efficiency on O2respVɺ  at minute ventilations >100 L·min-1 is 

also depicted in Figure 2.3B (i.e., lines joining the ‘efficiency’ slopes of 10 and 5%).  
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The factors contributing to the estimated decline in eresp at high minute 

ventilations is unclear. It is thought that respiratory neuromuscular fatigue 

develops when ɺVE  is sustained at levels >120 L·min-1 during exercise (Johnson et 

al., 1993); thus a decrement in muscular efficiency may be due to fatigue-related 

processes (Woledge, 1998). However, Babcock et al. (1995) demonstrated that 

respiratory muscle fatigue is observed only when hyperventilation occurs 

commensurate with heavy/severe exercise, and not during ‘ventilatory mimicking’ 

trials from which O2respVɺ  data are typically obtained (Aaron et al., 1992a; Aaron et 

Figure 2.3. The relationship between the mechanical work of breathing (A), 

respiratory muscle O2 uptake (B) and minute ventilation during incremental exercise. 

The pilot data presented in Panel A was obtained in a small number of healthy, young adults 

during data collection for Experiment 4 of the present Thesis. The Wb was determined using the 

modified Campbell diagram (see Appendix A). The other data included in this Panel are from 

experiments performed by other investigators, whereby the Wb was calculated by integrating 

the area enclosed by the oesophageal pressure-volume loop obtained during exercise. Regardless 

of the methods used for analysis of respiratory work, it is clear that Wb rises exponentially with 

minute ventilation during exercise of increasing intensities. The dotted line in Panel B 

illustrates a theoretical example where respiratory muscle efficiency declines from 10 to 5% at 

minute ventilations ≳100 L·min-1 (possibly due to fatigue-related processes).  
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al., 1992b; Coast et al., 1993; McGregor and Becklake, 1961; Murray, 1959; Vella et 

al., 2006; Vogiatzis et al., 2009). It is also possible that significant amounts of 

mechanical work are not accounted for when determining the Wb via traditional 

methods at high minute ventilations (see above). This measurement error 

significantly affects the computation of eresp. Other factors which may contribute to 

a decreasing eresp relate to the intrinsic mechanical properties of the respiratory 

muscles. For example, the inspiratory muscles are obliged to contract at 

increasingly shorter fibre lengths during hyperinflation, thereby decreasing eresp in 

a manner dictated by the muscle’s force-length characteristics (Collett and Engel, 

1986). Moreover, the faster velocities of shortening that accompany high levels of 

ɺVE  attenuate the capacity of the respiratory muscles to develop tension during 

contraction which may, in this case, reduce eresp according to the muscles’ force-

velocity profiles (Campbell et al., 1970; Mommaerts, 1969; Roussos and Campbell, 

1986). It is clear from Figure 2.3B, however, that regardless of whether eresp is 

constant or not, the relationship between ɺVE  and O2respVɺ  is exponential in form. 

When ɺVE  has been reported to reach values higher than 220 L·min-1 during 

incremental exercise (Secher, 1993), it is perhaps not surprising to learn that 

O2respVɺ  constitutes a significant fraction of total energetic expenditure during very 

strenuous exercise. In fact, the respiratory muscles incur approximately 15%  

of the whole-body ɺVO2  and ɺQ  responses during maximal intensity exercise  

(Aaron et al., 1992b; Harms et al., 1998). In elite athletes, whose ɺVO2max  values may 

exceed 75 ml of O2·kg-1·min-1 (Legaz Arrese et al., 2005), approximately 11 ml of 

O2·kg-1·min-1 (~15% of total) may be consumed by the respiratory muscles.  

That O2respVɺ  within this population may be in the order of three metabolic 

equivalents (3.5 ml of O2·kg-1·min-1) during maximal exercise, while incurring ~15% 

of the ɺQ  response, implies a significant energetic requirement of the respiratory 
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muscles which must be satisfied during intense exercise (to prevent respiratory 

muscle fatigue). If O2respVɺ  requires a significant proportion of total ɺVO2  during 

strenuous exercise, does this contribution remain constant across all intensities?  

2.6 The relationship between minute ventilation and O2 uptake 

The relationship between ɺVE  and ɺVO2  is most conveniently determined using  

the paradigm of continuous, incremental exercise (Figure 2.4). The advantage of 

this type of exercise is that an individual is exposed to the ‘full-span’ of work rates 

that can be met with increases in ɺVO2 , within a time scale of 8–12 min (Wasserman 

et al., 2005). However, while it is generally accepted that ɺVO2  rises linearly with 

work rate during ramping protocols (for review see Rossiter, 2010; but also see 

Zoladz and Korzeniewski, 2001; Zoladz et al., 2007), ɺVE  increases in a more 

disproportionate fashion, evidencing two distinct ‘threshold-like’ responses:  

the anaerobic threshold (AT) and the respiratory compensation threshold (RCT).  

The AT is defined as the exercise-intensity above which anaerobic metabolism 

begins to contribute an increasing amount of ATP to the total energetic 

requirements of muscular work (Haseler et al., 2004; Macdonald et al., 1997; 

Wilkerson et al., 2006). The AT generally occurs at approximately 50–60% ɺVO2max  

for untrained individuals, whereas it might be as high as 65–80% ɺVO2max  in highly 

trained persons (Withers et al., 1981). It should be noted that the AT is a concept 

which cannot be measured directly. Instead, the AT must be inferred from 

characteristic changes in physiological variables during incremental exercise.  

For example, the onset of blood lactate accumulation (i.e., blood lactate threshold; 

BLT) is regarded as a surrogate measure of the AT. This rationale is based on the 

premise that a rise in arterial blood lactate reflects an abrupt increase in anaerobic 

glycolysis (Wasserman et al., 2005). In addition, the exercise-intensity where  
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a disproportionate increase in ɺVE  occurs with respect to work rate and ɺVO2   

has been regarded as a non-invasive estimate of the AT. This point during 

incremental exercise is termed the ventilatory or gas-exchange threshold (Tge) 

(Beaver et al., 1986; Wasserman et al., 1994).  

Figure 2.4. The ventilatory and gas-exchange parameters during incremental 

cycling in a representative healthy, young male subject. The data presented in this 

Figure were obtained during pilot testing for Experiment 1. The vertical grey bars represent 

the region of O2 uptake values that correspond to the gas-exchange threshold (Tge) and 

respiratory compensation threshold (RCT), respectively. PETO2: partial pressure of end-tidal 

O2 ; PETCO2: partial pressure of end-tidal CO2. 
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The mechanisms contributing to the Tge are still debated (Brooks, 1985; Davis, 

1985; Hopker et al., 2011). The model proposed by Wasserman (1982) is the most 

cited explanation for the Tge. The model is described as follows: the AT is evidenced 

by a systematic rise in intramuscular lactate formation → lactate formation results 

in the liberation of H+ into the cytosol, and leads to an intracellular acidosis → the 

accumulating H+ are buffered by intramuscular potassium bicarbonate to form 

‘non-metabolic’ CO2 → this ‘non-metabolic’ CO2 is transported out of the cell into 

the systemic venous circulation, and towards the lungs to participate in alveolar 

gas-exchange. The increased CO2-flow to the lungs is believed to stimulate 

chemoreceptors located within the pulmonary arterial vasculature, subsequently 

increasing ɺVE  (Hempleman and Posner, 2004; Phillipson et al., 1981; Sheldon and 

Green, 1982). Accordingly, while ɺVE  increases disproportionately with respect to 

ɺVO2  and work rate, it rises in a manner proportional to ɺVCO2  at the mouth; thus, 

PaCO2  is maintained within 5-10 mmHg of resting values (Powers and Howley, 

2004). It is, however, unlikely that stimulation of pulmonary chemoreceptors in 

humans (if indeed they do exist) is sufficient to evoke the magnitude of change in 

ɺVE  observed at the Tge (Dempsey, 2006; Dempsey et al., 2006; Dempsey et al., 

1985; McMahon et al., 2002). Instead, there exists a convincing body of evidence 

which favours central and/or peripheral neurogenic mechanisms as important 

contributors to the Tge (Glass et al., 1997; Glass et al., 1998; Hug et al., 2003; Lucia 

et al., 1999; Mateika and Duffin, 1994; Nagata et al., 1981). 

At higher intensities during incremental exercise, ɺVE  begins to increase 

disproportionately with respect to ɺVCO2  (Figure 2.4). In turn, isocapnia is no 

longer maintained, and PaCO2 progressively declines to constrain the fall in 

arterial pH (Powers and Howley, 2004). This point demarcates the threshold of 

respiratory compensation for exercise-induced metabolic acidosis (i.e., RCT).  
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Many investigators regard the peripheral chemoreceptors as the ‘sole mediators’  

of the ventilatory response observed at the RCT (Rausch et al., 1991; Ward, 1994; 

Wasserman et al., 1975). However, this rationale for the RCT is not universally 

agreed upon. 

Hagberg et al. (1982) demonstrated that patients with McArdle’s Syndrome present 

with a normal hyperventilatory response to incremental exercise, despite the 

absence of a metabolic acidaemia. In healthy individuals, clamping of arterial pH 

via intravenous infusion of bicarbonate marginally delays the onset of the RCT, 

and only ‘moderately’ reduces the amount of hyperventilation evident above this 

threshold (Meyer et al., 2004; Peronnet et al., 2007). Furthermore, Henson et al. 

(1992) reported that dopamine-inhibition of the carotid bodies does not affect the 

development of exercise hyperventilation. Some investigators have even proposed 

that during sustained arterial hypocapnia the peripheral chemoreceptors may 

constrain the hyperventilation above the RCT rather than augment it (Forster and 

Pan, 1994; Majcherczyk and Willshaw, 1973; Pan et al., 1986; Peronnet et al., 2007; 

Ward, 2007). It has been reported that locomotor neuromuscular activity increases 

disproportionately at the RCT during incremental exercise (Hug et al., 2003; Lucia 

et al., 1999). These data support the notion that central/peripheral neurogenic 

factors play an important role in the development of hyperventilation during 

heavy/severe exercise (Amann et al., 2010, 2011). Notwithstanding these conflicting 

data, it is likely that hyperventilation above the RCT results from the combined 

effects of neurogenic and chemoreceptive stimuli on the respiratory controller. 
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2.7 Indirect demarcation of the heavy- and severe-intensity 

domains via the respiratory compensation threshold 

The ‘intensity’ of physical exertion may be categorised into the moderate, heavy 

and severe domains (see Section 2.2). The work rates performed above an 

individual’s maximal aerobic power (extreme domain) are herein ignored for sake 

of expediency. It is the heavy- and severe-intensity domains of which 

Experiments 1 and 2 are concerned; that is, the range of work rates where a 

slowly developing component of increasing ɺVO2  may be observed (i.e., ɺVO2sc ). It is 

generally accepted that critical power (i.e., CP) demarcates the boundary between 

the heavy- and severe-intensity domains (Jones et al., 2011; Jones and Poole, 

2005b; Rossiter, 2010). The most common method of determining CP is via the 

construction of an individual’s ‘power-exhaustion time’ relationship. To obtain  

this relationship, an individual typically performs a battery of exhaustive,  

constant-load exercise bouts (~3–4 trials) at work rates designed to cause task 

failure within approximately 3–15 min (Coats et al., 2003; Moritani et al., 1981; 

Poole et al., 1988; Rossiter, 2010). The power output for each trial is plotted against 

exhaustion time, yielding a hyperbolic function where the asymptote on the 

ordinate axis represents the individual’s CP (Monod and Scherrer, 1965; Morton, 

2006). Determining CP using this method is highly sensitive and valid (Hinckson 

and Hopkins, 2005; Jones et al., 2008; Poole et al., 1990); however, it is time 

consuming for both the participant and investigators involved, especially if the 

research project entails a number of visits to the laboratory thereafter.  

In a recent investigation, Dekerle et al. (2003) reported that CP (determined  

via series testing) and the RCT (obtained during a single incremental test)  

occurred at similar power outputs (278 ± 22 W v 286 ± 28 W, P = 0.96). 

Interestingly, the power outputs associated with the CP and RCT were not 



Chapter 2 

 45 

significantly correlated (r = 0.07). Any attempt to elucidate a physiological 

relationship between CP and the RCT is probably futile. For example, the RCT 

occurs at a lower power output during slow compared with fast ramping protocols 

(i.e., 8 W·min-1 v 65 W·min-1) (Scheuermann and Kowalchuk, 1998). If the 

incremental stage is further extended to approximately 4–5 min, respiratory 

compensation for metabolic acidosis is observed at the first work rate performed 

above the Tge (Wasserman et al., 2011; Wasserman et al., 1973). On the other hand, 

the Tge and CP are considered distinct from each other (Monod and Scherrer, 1965; 

Poole et al., 1990; Poole et al., 1988). Nevertheless, one cannot escape the marked 

similarity between exercise intensities reported for the RCT and CP in the wider 

literature (i.e., ~80–85% ɺVO2peak ) (Barker et al., 2006; Dekerle et al., 2003; Legrand 

et al., 2007a; Legrand et al., 2007b; Poole et al., 1990; Poole et al., 1988; Simon et 

al., 1983). Further analysis of the data published by Dekerle et al. reveal that 

although the RCT and CP are not strongly related, there exists an appreciable level 

of absolute agreement between parameters.  

Figure 2.5 displays the Bland-Altman analysis of the power outputs corresponding 

to the RCT and CP. When the entire dataset is analysed, the power outputs at the 

RCT systematically overestimate the CP by approximately 9 W with relatively 

wide ± 95% limits of agreement (LOA ± 71 W). Intraclass correlational analysis 

(ICC) of these same data indicates a poor level of absolute agreement between 

parameters (ICC = 0.04, P = 0.52). However, if two outliers are removed from the 

analysis (data points circled in gray), the systematic bias ± LOA decreases to 7 ± 44 

W. This appended dataset yields an ICC value of 0.71 (P < 0.05) indicating  

a relatively strong level of agreement between the RCT and CP. While it must be 

conceded that the above analyses are strictly informal, it appears reasonable  

to suggest that work rates corresponding to the RCT obtained using 
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standard incremental protocols (e.g., 25–30 W·min-1) broadly reflects the CP. It is 

emphasised, however, that no attempt is made to draw any physiological 

relationship between the RCT and CP in this discussion: rather, the agreement 

between these two parameters is likely serendipitous. 
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Figure 2.5. The absolute agreement between the respiratory compensation 

threshold (RCT) and critical power (CP). The data presented here were extracted from 

Figure 2 in the paper published by Dekerle et al. (2003) using commercially available graph 

digitizing software (GetData Graph Digitizer, v 2.24). The investigators determined the RCT 

using an incremental protocol of 25–30 W·min-1, and the CP using the traditional ‘series 

testing’ approach (see text for further explanation). The horizontal dotted and dashed lines 

represent the mean bias and ± 95% limits of agreement, respectively. The gray circles 

signify data points which lay outside the ± 95% limits of agreement. 
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#The title of the manuscript written by  ADDIN EN.CITE  implies that these investigators increased 
the Wb during exercise via augmenting inspiratory resistance. However, it is clear from the Methods 
section of their manuscript that respiratory muscle work was altered by using an elastic threshold 
loading device. Henceforth, the findings of Carra et al. (2003) will be referred to as affecting an 
increase in the O2Vɺ  via inspiratory elastic loading during strenuous exercise.  

2.8 Respiratory muscle work and the slow component of O2 uptake 

kinetics  

In reviewing the current literature, it is clear that there is a paucity of research 

exploring the contribution of O2respVɺ  to the ɺVO2sc  during heavy/severe exercise 

(Bailey et al., 2010; Carra et al., 2003). Carra et al. (2003) were the first to publish 

data examining the influence of O2respVɺ  on the development of the ɺVO2sc . These 

investigators reported that inspiratory elastic threshold-loading# during exercise 

increases the amplitude of the ɺVO2sc  by approximately 27%. While these findings 

support the notion that respiratory muscle work affects the development of the 

ɺVO2sc , the generalisability of this data appears limited to individuals who suffer 

from an increased elastic Wb (e.g., patients with obstructive lung disease). Perhaps 

it is more relevant to examine whether the magnitude of O2respVɺ  under normal 

conditions is sufficient to contribute to the ɺVO2sc  during strenuous exercise?  

Targeted training of the inspiratory muscles reduces the O2 cost of breathing  

(i.e., O2respVɺ ), especially at minute ventilations higher than ~100 L·min-1 (Bradley 

and Leith, 1978; Turner et al., 2011). In turn, it can be expected that inspiratory 

muscle training may decrease the ɺVO2sc  amplitude. Bailey et al. (2010) recruited 

eight healthy, young adults into a 4 week inspiratory muscle training programme. 

These investigators reported that inspiratory muscle training decreased the 

amplitude of the ɺVO2sc  during severe (~12%) and maximal intensity exercise 

(~36%). These data favour the argument that O2respVɺ  constitutes a significant 

fraction of the ɺVO2sc  amplitude, but only when a chronic intervention (i.e., 

inspiratory muscle training) is used to decrease the O2 cost of breathing.  
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Whether acute unloading of the Wb (by decreasing the O2respVɺ ) attenuates the ɺVO2sc  

amplitude is yet to be determined. Moreover, no study to date has examined  

the contribution of O2respVɺ  to the ɺVO2sc  with respect to exercise-intensity domain. 

The fraction of the ɺVO2sc  amplitude contributed by the respiratory muscles is 

dependent on whether ɺVE  is of sufficient magnitude to cause an appreciable rise in 

O2respVɺ  (argument 1), and whether ɺVE  and thus O2respVɺ  progressively increases over 

the ɺVO2sc  phase during heavy/severe exercise (argument 2). Using these two points, 

a rationale may be constructed explaining why the contribution of O2respVɺ  to the 

ɺVO2sc  amplitude may be higher for severe compared with heavy work rates.  

It is elementary the further that exercise-intensity (and ɺVO2 ) is increased,  

the greater the amplitude change in ɺVE  during the early phase of constant-load 

exercise (Casaburi et al., 1989). On this basis alone, O2respVɺ  is likely to be higher for 

severe compared with heavy work rate transitions, due to the obligatory increase in 

power output between these two intensity domains. The augmented ɺVO2  during 

severe work rate transitions is accompanied by an increased ɺVCO2  evolved at the 

lungs. At high compared with low values of ɺVCO2 , ɺVE  must increase to a 

disproportionately greater extent to affect a given degree of respiratory 

compensation (decrease in PaCO2) for metabolic acidosis (see Eqn. 1.3 and  

Figure 2.6). Importantly, not only is the magnitude of acidosis appreciably greater 

for severe work rate transitions, but the production of H+ at these intensities does 

not stabilise, and so muscle and arterial pH continuously decline over the ɺVO2sc  

phase until exhaustion (Jones et al., 2008; Poole et al., 1988).  
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For the reason that ɺVCO2  and the demand for respiratory compensation  

(i.e., decrease in PaCO2) is larger for severe work rates, one can expect that ɺVE  will 

be higher (argument 1) and increase to a relatively greater extent (argument 2) 

over the ɺVO2sc  phase during exercise performed above an individual’s CP (rather 

than below this threshold). Further, because O2respVɺ  rises disproportionately with 

ɺVE  at high minute ventilations (Bartlett et al., 1958; Roussos and Campbell, 1986; 

Tenney and Reese, 1968), it can be reasoned that O2respVɺ  constitutes a larger 

fraction of the ɺVO2sc  amplitude during severe relative to heavy work rate 
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transitions. This hypothesis would be confirmed if one could demonstrate that 

acute unloading of the Wb (by decreasing O2respVɺ ) causes a greater reduction in the 

ɺVO2sc  amplitude during severe- compared with heavy-intensity exercise. 

It is worthy to note that decreasing the Wb may attenuate the ɺVO2sc  via 

mechanisms other than a direct reduction in O2respVɺ  during exercise. Recall that 

respiratory muscles incur approximately 10–15% of whole-body ɺVO2  and ɺQ  during 

maximal-intensity exercise (Aaron et al., 1992b; Harms et al., 1998). If the O2 and 

blood flow demands of the respiratory muscles are lowered while exercising at this 

intensity, one might expect that ɺQ  is redistributed to the locomotor muscles. 

Indeed, it has been demonstrated that enhanced O2 delivery to the locomotor 

muscles attenuates the amplitude of the ɺVO2sc  (Haseler et al., 2004; Macdonald et 

al., 1997; Wilkerson et al., 2006). It is therefore possible that unloading the  

Wb reduces the O2 demands of the respiratory muscles, improves O2 delivery to the 

locomotor muscles, ultimately decreasing the amplitude of the ɺVO2sc  during 

maximal intensity exercise. Many investigators have demonstrated that high levels 

of Wb are associated with reductions in limb vascular conductance and  

perfusion at rest (Rodman et al., 2003; Sheel et al., 2001; Sheel et al., 2002; St 

Croix et al., 2000) and during maximal intensity exercise (Harms et al., 1997; 

Harms et al., 1998; Legrand et al., 2007a; Ogata et al., 2007; Ogata et al., 2004; 

Rodman et al., 2003; Romer et al., 2006). It is believed that metabolite 

accumulation within the respiratory muscles stimulates group III and IV nerve 

afferents which, in turn, augments sympathetic efferent discharge to the (in)active 

muscles during exercise (Hussain et al., 1991), ultimately enhancing O2 delivery to 

the respiratory muscles at the expense of those contributing to locomotion (for 

review see Harms and Dempsey, 1999).  
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Respiratory muscle fatigue is thought to be the primary cause of this ‘respiratory 

steal’ phenomenon, owing to the large amounts of metabolites produced during 

fatiguing contractions of the diaphragm (and presumably the intercostal muscles) 

(Fregosi and Dempsey, 1986; Janeen M, 2000). It has been established that 

diaphragmatic fatigue occurs during prolonged (>10 min) constant-load exercise at 

work rates higher than 85% ɺVO2max  
(Babcock et al., 2002; Johnson et al., 1993). It 

follows that respiratory muscle fatigue evokes the sympathetically mediated 

redistribution of ɺQ  during exercise performed at similar intensities (e.g., severe). 

Indeed, a ‘respiratory steal’ of Qɺ  is not observed when exercise is performed at 

intensities ranging between ~50–70% ɺVO2max  (Wetter et al., 1999) – such work rates 

are unlikely to cause respiratory muscle (see above). It is also possible that these 

exercise intensities do not cause competition between vascular beds, and hence do 

not elicit a ‘respiratory steal’ of blood flow, because ɺQ  is not maximal during the 

physical activity (Harms and Dempsey, 1999). With this in mind, it may be 

suggested that two factors are required to precipitate a ‘respiratory steal’ 

phenomenon: (i) respiratory muscle fatigue; and (ii) a truly maximal or limiting ɺQ  

response. Thus, it is expected that competition for O2 delivery between respiratory 

and locomotor muscles is most severe for individuals with an inordinately high Wb 

and/or an impaired ɺQ  response during exercise. The most extreme demonstration 

of these two pathologies can be found in the patient with Heart Failure. 

2.9 The work of breathing in Heart Failure 

The aetiology of Heart Failure (HF) is complex and multifactorial (Lip et al., 2000). 

The causes of HF include: (i) coronary artery disease; (ii) hypertension; (iii) 

cardiomyopathies; (iv) valvular stenoses or incompetencies; (v) congenital defects of 

the myocardium (e.g., atrial/ventricular septal defects); (vi) chronic arrhythmias; 

(vii) drug abuse; and (viii) pericardial disease. The majority of patients with HF 
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present with a diminished ɺQ  during submaximal exercise compared with healthy, 

age-matched individuals (Sullivan et al., 1988; Sullivan et al., 1989; Sullivan and 

Cobb, 1992; Weber et al., 1982; Wilson and Ferraro, 1983). The extent of this 

impaired cardiac function is such that HF patients may only achieve <50% of the 

peak ɺQ  observed in healthy individuals during incremental exercise (Piña et al., 

2003). If systemic O2 delivery is constrained at relatively low work rates in patients 

with HF, is it then possible that a ‘respiratory steal’ of ɺQ  precipitates at 

submaximal exercise intensities in this population?  

Several investigators have examined the influence of acutely unloading the Wb on 

exercise tolerance, exertional dyspnoea and locomotor O2 delivery during exercise 

in HF patients (Borghi-Silva et al., 2008; Mancini et al., 1997; O'Donnell et al., 

1999; Olson et al., 2010a). Mancini et al. (1997) demonstrated that decreasing the 

resistive Wb via breathing helium-oxygen (HeO2) extends task duration in HF 

patients during incremental exercise. Moreover, thirteen of the fifteen patients in 

that study reported that breathing was subjectively ‘easier’ during the HeO2 

compared with normal-air trials. O'Donnell et al. (1999) used inspiratory pressure-

support to unload the respiratory muscles during moderate-intensity cycling in  

HF patients. In support of the findings of Mancini et al., O’Donnell et al. reported 

that ventilatory assistance extended the duration of constant-load exercise, 

commensurate with lower ratings of leg discomfort. Interestingly, the improvement 

in time to exhaustion in these patients was strongly associated with a reduction 

pulmonary ɺVO2  during the exercise bout – the attenuated ɺVO2  values were ascribed 

to a lower O2 cost of breathing (i.e., O2respVɺ ). The above findings are supportive of a 

‘respiratory steal’ phenomenon occurring during submaximal exercise in HF 

patients, insofar as leg discomfort is attenuated and exercise tolerance increases 

when the Wb –and ultimately O2respVɺ – is reduced during physical exertion.   
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More recently, Borghi-Silva et al. (2008) demonstrated that unloading the 

respiratory muscles via proportional assisted ventilation (PAV) improved leg 

oxygenation/blood volume (assessed using near-infrared spectroscopy) during 

submaximal exercise in HF patients. These changes in peripheral skeletal muscle 

perfusion occurred concomitant with an increase in exercise duration (~40%). Olson 

et al. (2010a) directly measured leg blood flow during exercise (via thermodilution) 

in HF patients and healthy age-matched control subjects. The investigators 

demonstrated that acutely decreasing the Wb (using PAV) augmented leg blood 

flow during moderate-intensity cycling for HF patients, while no increase in leg O2 

delivery was evident for control subjects. The results of Borghi-Silva et al. and 

Olsen et al. confirm the notion that respiratory and locomotor muscles compete for 

O2 delivery during submaximal exercise, and that such competition between 

vascular beds significantly impacts the HF patient’s ability to perform sustained 

muscular work. It is intuitive that under conditions of limited (or at least 

constrained) systemic O2 delivery, active tissues must compete for available ɺQ  to 

support the rising metabolic and ventilatory demands of physical activity. 

However, it was stated earlier that a ‘respiratory steal’ of ɺQ  may also occur when 

the mechanical cost of breathing is inordinately high. Indeed, patients with HF 

often display abnormalities in ventilatory function that together serve to increase 

the Wb in this population. The reasons for the increased Wb in HF are two-fold: 

patients tend to breathe at higher levels of ɺVE  for a given ɺVCO2  and ɺVO2  (i.e., 

hyperventilation; Clark and McDonagh, 1997; Tumminello et al., 2007); and the 

work contributed by the respiratory muscles at a given ɺVE  is inherently greater 

(i.e., mechanical derangement; Mancini, 1995; Mandak and McConnell, 1998).  

Some potential mechanisms which may explain the ‘excessive’ ɺVE  during exercise 

in HF relate to a greater ‘chemical’ ventilatory stimulus secondary to peripheral 
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skeletal muscle hypoperfusion and muscle de-conditioning (LeJemtel et al., 1986; 

Lipkin et al., 1988; Sullivan et al., 1991), abnormal central/peripheral metaboreflex 

sensitivity (Ciarka et al., 2006; Olson et al., 2010b; Tomita et al., 2003), stimulation 

of juxta-pulmonary receptors due to pulmonary oedema (Gehlbach and Geppert, 

2004), and an increased VD/VT consequent to alveolar ventilation-perfusion 

mismatching (Rubin and Brown, 1984; Wada et al., 1993). Overall, the 

hyperventilation observed during exercise in HF necessitates that the Wb and 

O2respVɺ
 

are higher for any given work rate, as determined by the ɺVE - O2respVɺ  

relationship (see Figure 2.3). The determinants of respiratory muscle work are 

discussed in Section 2.4, and are treated more thoroughly in Appendix A. In 

general, the mechanical cost of breathing (i.e., Wb) is the sum of its resistive and 

elastic components. Thus, if the pathogenesis of HF affects the viscoelastic 

properties of the lungs or chest wall (or both), then it is reasonable to expect that 

respiratory muscle work and O2respVɺ  will be higher for a given level of ɺVE   

(i.e., mechanical derangement).  

Christie and Meakins (1934) were the first to document that patients with 

congestive HF require larger swings in intrathoracic pressures to achieve a similar 

VT compared with their healthier counterparts; that is, the distensibility or 

compliance of the lung is markedly reduced in this population. Since then, many 

investigators have corroborated their findings, reporting that dynamic lung 

compliance in HF patients is systematically lower compared with healthy 

individuals, and appears to worsen during physical exertion (Agostoni et al., 2003; 

Agostoni et al., 2002; Evans et al., 1995; Frank et al., 1957a; Pepine and Wiener, 

1972). This reduced compliance (or increased ‘stiffness’) of the lungs has been 

attributed to: the competition between lung and cardiac tissue for intrathoracic 

space (e.g., cardiomegaly); the erectile nature of an engorged pulmonary and/or 
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bronchial vasculature; the development of pulmonary interstitial oedema, 

particularly during exercise; and remodelling of the lung parenchyma due to 

elevated circulating cytokines and/or chronic hydrostatic insult (Agostoni et al., 

2003; Ceridon et al., 2011; Ebert, 1961; Milani et al., 1996; Olson et al., 2007). The 

primary consequence of such decreased lung compliance in HF patients is an 

increased elastic-load imposed on the respiratory muscles during inspiration.  

The mechanisms contributing to the increased lung stiffness in HF patients are 

also likely to augment the resistive-load to breathing. For example, pulmonary 

interstitial oedema is believed to increase airways resistance via encroachment of 

the airway wall on the luminal space (‘concentric’ thickening). Moreover, the 

accumulation of fluid within the interstitial compartment and/or on the airway 

surface affects the distribution of radial and interfacial forces acting on the airway 

wall itself (Cabanes et al., 1989; Pellegrino et al., 2003; Wetzel et al., 1993).  

This maldistribution of extra-luminal forces impacts the geometry and stability of 

the airways, such that smaller dependent conduits become more susceptible  

to dynamic closure at lower transmural pressures during forceful expiration.  

Indeed, HF patients typically display obstructive defects in resting pulmonary 

function, and severe ventilatory constraint during physical exertion  

(e.g., expiratory flow-limitation and dynamic hyperinflation; Daganou et al., 1999; 

Johnson et al., 2000; Johnson et al., 2001; Witte et al., 2002).  

Sustained pulmonary congestion may also cause an increase in airway 

hyperresponsiveness in these patients (Cabanes et al., 1989; Sasaki et al., 1990; 

Witte et al., 2002; Witte et al., 2004). Although an enhanced bronchomotor tone 

may serve to stabilise the airways, it significantly reduces airway diameter and 

increases lung resistance. Lung ‘hysteresivity’ is the sum of airways resistance and 
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the viscosity of parenchymal tissues (see Appendix A). Accordingly, it is important 

to note that pulmonary congestion and an enhanced bronchomotor tone are both 

known to increase lung tissue viscance (Barnas et al., 1995; Kaczka et al., 1997; 

Lutchen et al., 1994). It can therefore be reasoned that pulmonary congestion, 

through primary and/or secondary influences, may lead to an increase in airways 

and lung tissue resistance, increasing the resistive-load to breathing during 

exercise in patients with HF. 

The rationale outlined above describes several mechanisms which are believed to 

augment the Wb in HF patients (i.e., increased resistive and elastic Wb). There are 

many studies which document that respiratory muscle work is greater in patients 

with HF compared with healthy, age-matched individuals (Christie, 1953; 

Hayward and Knott, 1955; Marshall et al., 1954; Olson et al., 2010a). However, 

these studies have typically compared the Wb between groups at similar absolute 

(or relative) exercise intensities. It is unknown whether this reportedly higher Wb 

in HF patients is due to derangements in respiratory mechanics (higher Wb for a 

given ɺVE ) or to the hyperventilatory response to exercise (i.e., increased ɺVE  for a 

given work rate), or both. Therefore, it would be of interest to determine the Wb 

(and its resistive and elastic components) at standardised minute ventilations 

during physical activity in patients with HF, so as to further understand the 

respiratory complications associated with the disease, enhance current therapies 

and/or inform alternative treatment strategies. 

2.10 Experimental aims 

The primary aim of this Thesis is to provide a better understanding of the energetic 

consequences of breathing during heavy/severe exercise, as applied to healthy 

individuals and patients with HF. Experiments 1 and 2 will directly address this 
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aim by firstly establishing whether unloading the Wb exercise leads to a reduction 

in the ɺVO2sc  amplitude during heavy- and/or severe-intensity exercise (Chapter 3), 

and secondly by determining which aspects of breathing mechanics influence the 

development the ɺVO2sc  at similar work rate intensities (Chapter 4). Experiment 3 

(Chapter 4) will systematically quantify the resistive and elastic components of 

respiratory muscle work during graded cycling in patients with HF and healthy, 

age-matched control subjects. Finally, Experiment 4 (Chapter 6) will focus 

exclusively on developing an objective method for determining the Tge and RCT 

during incremental cycling in healthy, young subjects.  
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3.1 INTRODUCTION  

The oxygen uptake ( ɺVO2 ) response to constant-load exercise can be characterised 

by three transient phases. Phase I is a rapid early increase in ɺVO2  (lasting 15–30 s) 

and represents the circulatory transit delay between the exercising muscle and the 

lungs (Whipp and Casaburi, 1982). Following the Phase I response, the Phase II 

rise in ɺVO2  is best described by an exponential function that attains a ‘steady-state’ 

value (Phase III) within 2–3 min (Whipp and Casaburi, 1982). However, a ‘steady-

state’ Phase III is only evident when exercise is performed below an individual’s 

lactate or gas-exchange threshold (Tge). During exercise performed above the Tge 

but below critical power, the attainment of a ‘steady-state’ is delayed (and its 

amplitude augmented) consequent to an emerging ‘slow component’ of the ɺVO2  

response ( ɺVO2sc ). This range of work rates constitutes the heavy-intensity domain. 

If the external work rate is above critical power (severe-intensity domain),  

ɺVO2  does not stabilise but instead the ɺVO2sc  drives the O2 ‘cost’ of exercise toward 

peak O2 uptake ( ɺVO2peak ) (for review see Jones et al., 2011). 

It is generally accepted that the ɺVO2sc  originates primarily from within the 

exercising muscles (Poole et al., 1991), and that the additional recruitment  

of muscle fibres (primarily fast-twitch) during heavy/severe exercise is a major 

causative factor (Jones and Poole, 2005; Krustrup et al., 2004; Sabapathy et al., 

2005). Additionally, respiratory muscle work may also contribute to the energy cost 

of the ɺVO2sc . The contribution of respiratory muscle work to the ɺVO2sc  is estimated 

to be within the range of ~7–25% during strenuous exercise (Candau et al., 1998; 

Carra et al., 2003; Gaesser and Poole, 1996; Guezennec et al., 1996). Indeed, Carra 

et al. (2003) reported that increasing respiratory muscle work via elastic-loaded 

breathing augments the ɺVO2sc  amplitude by ~27% during heavy-intensity cycling. 

These findings indicate that respiratory muscle work may constitute an important 
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fraction of the ɺVO2sc  when the work of breathing is high during exercise. Although 

these investigators demonstrated that an increase in respiratory muscle work 

augments the energy cost of the ɺVO2sc , it has yet to be determined if a reduction in 

the work associated with breathing attenuates the ɺVO2sc .  

Previous studies have used pressure-assisted ventilation (PAV) (Harms et al., 1998; 

Romer et al., 2007) or reduced-density gases (HeO2) (Babb, 2001; Esposito and 

Ferretti, 1997; Johnson et al., 1996; Powers et al., 1986; Spitler et al., 1980; Tong et 

al., 2004) to unload the respiratory muscles during exercise. Some of these studies 

have demonstrated an improvement in exercise capacity (Powers et al., 1986; Tong 

et al., 2004), or a concomitant reduction in whole-body ɺVO2  (Johnson et al., 1996; 

Spitler et al., 1980) when breathing HeO2 during strenuous exercise. Together, 

these findings suggest that the O2 cost of breathing is decreased while breathing 

HeO2 during exercise. Therefore, it is reasonable to expect that breathing HeO2 

may also attenuate the amplitude of the ɺVO2sc . Consequently, a reduction in  

the ɺVO2sc  would indicate that respiratory muscle O2 uptake ( O2respVɺ ) during 

strenuous exercise is an important determinant of the ɺVO2sc  response in young, 

healthy individuals. It is well-established that the O2 cost of breathing increases 

disproportionately at minute ventilations higher than ~100 L⋅min-1 (Bartlett et al., 

1958; Tenney and Reese, 1968). It is thus not surprising to learn that  

the respiratory muscles incur ~15% of total ɺVO2  and cardiac output during 

maximal-intensity exercise (Aaron et al., 1992b; Harms et al., 1998).  

The contribution of O2respVɺ  to the ɺVO2sc  is dependent on whether the absolute level 

of ɺVE  is of sufficient magnitude to elicit an appreciable increase in O2respVɺ ,  

and whether ɺVE  rises in concert with ɺVO2  during the ‘slow component’ phase. It is 

intuitive that the further work rate is increased above the Tge, the greater the 
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amplitude change in ɺVE  (and thus O2respVɺ ) during the early phase of the constant-

load transition (Casaburi et al., 1989). On this point alone, the O2respVɺ  is likely to be 

greater for severe compared with heavy work rate transitions. Additionally, the 

higher rates of oxidative metabolism (i.e., ɺVO2 ) required of severe-intensity 

exercise demands that metabolic and non-metabolic CO2 production ( ɺVCO2 ) increase 

concomitantly. The higher ɺVCO2  of severe relative to heavy work rates necessitates 

that ɺVE  increases to a disproportionately greater extent in order to affect a given 

degree of respiratory compensation (i.e., reduced PaCO2; see Section 2.8 and 

Figure 2.6). Importantly, the demand for respiratory compensation is greater for 

severe compared with heavy work rate intensities, largely due to the exercising 

muscle’s inability to stabilise the rate of H+ production, portending the rapid 

decline in muscle and arterial pH over the ɺVO2sc  phase (Jones et al., 2008; Poole et 

al., 1988). According to this rationale, ɺVE  and O2respVɺ  during severe-intensity 

exercise are both larger in magnitude, and rise to a relatively greater extent over 

the ‘slow component’ phase, than for heavy work rate transitions. Consequently, it 

can be expected that O2respVɺ  constitutes a greater fraction of the ɺVO2sc  amplitude 

during severe- compared with heavy-intensity exercise.  

The aim of the present study was to examine the impact of HeO2 breathing on  

the ɺVO2sc  amplitude during heavy and severe constant-load cycling. It was 

hypothesised that breathing HeO2 during strenuous exercise would reduce 

respiratory muscle work, and this in turn would decrease the amplitude of the 

ɺVO2sc . Because the O2 cost of breathing increases disproportionately at high minute 

ventilations, and that ɺVE  is expected to rise to a larger extent over the ɺVO2sc  phase 

for severe work rates, it was reasoned that decreasing respiratory muscle work (via 

HeO2 breathing) would attenuate the ɺVO2sc  by a greater amount during severe- 

compared with heavy-intensity exercise. 
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3.2 METHODS 

3.2.1 Subjects and ethical approval  

Eight healthy male recreational cyclists (24 ± 2 yr; 79.6 ± 3.0 kg)  

volunteered to participate in the present study and provided written informed 

consent. The subjects underwent a pre-participatory health screening to  

ensure they were physically active non-smokers, with no history of cardiac  

or pulmonary disease. The present study conformed to the principles outlined  

in the Declaration of Helsinki and was approved by the Griffith University  

Human Research Ethics Committee.  

3.2.2 Incremental exercise test  

Subjects performed an incremental exercise test to volitional fatigue on an 

electronically-braked cycle ergometer (Lode Excalibur Sport V2.0, Groningen, 

Netherlands) to determine their Tge, RCT and ɺVO2peak . The incremental exercise 

test commenced with 3 min of unloaded cycling, after which the power output was 

increased by 15 W every 30 s (i.e., 30 W⋅min-1) until the subjects could no longer 

continue despite verbal encouragement. A self-selected pedal cadence (70–90 

rev⋅min-1) was maintained by each subject until exhaustion. Cardiac rhythm and 

heart rate were monitored using a CM5 electrode configuration (Lohmeier M607, 

Munich, Germany). Gas-exchange parameters were measured breath-by-breath 

(MedGraphics CPX/D, Medical Graphics Corporation, St. Paul, MN, USA) and 

subsequently averaged over 30-s intervals. The averaged gas-exchange values were 

used to determine the Tge and RCT by the modified V-slope (Schneider et al., 1993) 

and the ventilatory equivalents method (Wasserman et al., 2005), respectively. 

Threshold determination was performed visually by two investigators in a blinded 

manner. In the event that the investigators’ results did not agree, a third 
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investigator was consulted. ɺVO2peak  was reported as the average of the two highest 

30-s values obtained during the incremental exercise protocol. 

3.2.3 Experimental design  

To determine the impact of HeO2 breathing on the amplitude of the ɺVO2sc , each 

subject performed eight constant-load cycling trials – two repeat transitions for 

each of the following four experimental conditions: heavy- (HVY) and severe-

intensity (SEV) cycling while breathing normal-air or HeO2. It was argued in an 

earlier section of this Thesis that the RCT determined from standard incremental 

exercise protocols (i.e., 25–30 W⋅min-1) broadly reflects the critical power  

(see Section 2.7), and subsequently demarcates the boundary between the heavy- 

and severe-intensity domains. Accordingly, the work rates for HVY trials were 

determined as 50% of the difference between the power output attained at the Tge, 

and that achieved at RCT. For SEV trials, the work rates were 15% of the 

difference between the power output attained at RCT and peak power output 

(Wpeak). These calculations ensured that HVY work rates were above the Tge, but 

below the RCT, and that SEV trials were performed above the RCT, but below 

ɺVO2peak . Each test was separated by at least 48 hours. The order of the tests was 

randomised, and the subjects were blinded to the breathing condition. 

3.2.4 Constant-load exercise tests  

Each constant-load exercise test commenced with 5 min of unloaded cycling using 

an electronically-braked cycle ergometer (Lode Excalibur Sport V2.0, Groningen, 

Netherlands). The pre-determined power output was then applied immediately 

with no prior warning given to the subject. The subjects exercised for 6 min 

followed by a further 6 min of active recovery. Subjects were instructed to maintain 
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a constant pedal cadence during each test and between tests, consistent with that 

used during the incremental protocol. All subjects successfully completed each 

experimental protocol without premature fatigue.  

Before each constant-load test, subjects performed a forced vital capacity (FVC), 

slow vital capacity (SVC), and a maximal voluntary ventilation (MVV) manoeuvre 

while breathing either HeO2 or normal-air, depending on the experimental 

condition. The SVC test was used to determine the subject’s resting inspiratory 

capacity (IC). All pulmonary function testing was performed and reported in 

accordance with American Thoracic Society guidelines (Miller et al., 2005). 

Gas-exchange data during the constant-load tests were measured breath-by-breath 

(MedGraphics CPX/D, Medical Graphics Corporation, St. Paul, MN, USA). The O2 

and CO2 analysers were calibrated before each test using room-air and a reference 

gas mixture (12%O2; 5%CO2; balanced N2). Subjects breathed through a 

mouthpiece attached to a bi-directional differential pressure pneumotachograph 

(pre-Vent Medical Graphics Corporation, St. Paul, MN, USA) while wearing a nose-

clip. The pneumotachograph was calibrated at varying flow rates (30–360 L⋅min-1) 

using a 3-L syringe and the relevant gas (normal-air or HeO2). A 2-way non-

rebreathing valve (Hans Rudolph Inc., Kansas City, MO, USA) was attached 

immediately distal to the pneumotachograph. The inspiratory port of the breathing 

valve was connected, via a 3-way stop-cock, to a 200-L meteorological balloon 

(continuously primed with gas) containing either HeO2 (21%O2; 79%He) or normal-

air (21%O2; 79%N2). The external resistance of the inspiratory circuit was matched 

for the two breathing conditions (normal-air and HeO2) using a method similar to 

that described by Esposito and Ferretti (1997). Gas temperature and humidity 

were kept constant for both the normal-air and HeO2 breathing conditions. Three 
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minutes before the constant-load exercise test commenced, the subject was 

switched onto the breathing circuit to promote complete mixing of the gas contents 

in the lung. To ensure that they were blinded to the experimental condition  

(i.e., HeO2 or normal-air breathing), subjects were asked to refrain from speaking 

during each trial until a 3-min ‘wash-out’ period of breathing room-air after the 

test was completed.  

At rest and at the end of constant-load exercise (i.e., 6 min), subjects were 

instructed to perform a maximal inspiratory manoeuvre to total lung capacity  

in order to determine IC. The IC manoeuvre was demonstrated to the subject 

during a familiarisation session, as well as before each exercise test. In addition, 

subjects were required to practice the manoeuvre to ensure that satisfactory 

measurements could be obtained. Subjects were verbally encouraged to provide a 

maximal effort at each measurement point during the exercise test. During the IC 

manoeuvre, an investigator inspected the tidal breaths which were displayed on-

line in real-time. In the event that an unsatisfactory IC was performed, the subject 

was asked to repeat the trial. Exercise IC values were calculated as the change in 

volume from end-expiration during normal tidal breathing, to end-inspiration 

during the rapid inhalation to total lung capacity. The IC values reported in the 

present study represent the average of the two repeat trials. The IC measurements 

were used to estimate changes in end-expiratory lung volume at rest (ICrest) and at 

the end of constant-load exercise (ICEE). An increased ICEE represented a reduction 

in end-expiratory lung volume, and a decreased ICEE indicated an increase in end-

expiratory lung volume, at the end of constant-load exercise. The change in IC from 

rest to end-exercise (∆IC = ICrest – ICEE) provided an index of dynamic 

hyperinflation. A positive ∆IC denoted a progressive increase in end-expiratory 

lung volume above resting values by the end of exercise, whereas a negative ∆IC 
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represented a decrease in end-expiratory lung volume below resting values by the 

end of exercise (O'Donnell et al., 2001). 

3.2.5 Modelling O2 uptake kinetics 

 The breath-by-breath ɺVO2  data for each trial were inspected for aberrant breaths 

caused by coughing or swallowing. Any breaths greater than 3 standard deviations 

from the local mean were eliminated. The breath-by-breath ɺVO2  data for each trial 

were then interpolated to 1-s intervals, time-aligned to the start of exercise, and 

averaged for each condition. Data from the first 120 s of unloaded cycling were 

omitted from further analysis. The ɺVO2  data were then modelled using non-linear 

regression to determine the kinetic parameters (SigmaPlot, version 11.0, Systat 

Software Inc., San Jose, CA, USA). The model comprised a two exponential term 

equation with independent time delays for the ɺVO2  primary and slow components. 

   
pc pc sc sc( TD /τ ) ( TD /τ )

O O O O2 2bl 2pc 2sc( ) 1 1t tV t V V e V e− − − −   = + − + −   
ɺ ɺ ɺ ɺ

   
Eqn. 3.1

  

where ɺVO2 , τ and TD represent the asymptotic amplitude, time-constant and time 

delay of each exponential function, respectively. Subscripts BL, PC and SC refer to 

the baseline, primary component and slow component, respectively. The first 15 s 

of data following the onset of the exercise were excluded from the model fitting to 

minimise the influence of the Phase I response on the O2pcVɺ  (Phase II) response 

(Sabapathy et al., 2005). 

3.2.6 Estimated respiratory muscle O2 uptake, ventilatory response 

and breathing pattern 

Both the mechanical work of breathing (Wb) and respiratory muscle ɺVO2  ( O2respVɺ ) 

were estimated using the regression equations proposed by Coast et al. (1993). 
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Estimations of the Wb and O2respVɺ  were calculated for the normal-air breathing 

trials only, as these equations cannot be applied to breathing HeO2. 

 Wb = –0.251 + 0.0382· ɺVE  + 0.00176·( ɺVE )2  Eqn. 3.2 

 
O2respVɺ  = 34.9 + 7.45·Wb  Eqn. 3.3   

where Wb represents the work of breathing in kilogram meters per minute, while 

O2respVɺ  denotes the O2 uptake of the respiratory muscles in millilitres per minute, 

and ɺVE  signifies expired minute ventilation in litres per minute. The contribution 

of the O2respVɺ  to the ɺVO2sc  was calculated using the method described by Carra et 

al. (2003). The change (∆) in ɺVE , fR and VT over the ‘slow component’ phase was 

determined by calculating the absolute difference between values observed at TDsc 

and the end of exercise (i.e., 6-min). These differences were also divided by the 

power output of the corresponding trial (HVY or SEV) to provide an index of 

‘proportionality’ between the change in ventilatory parameters and work rate. 

3.2.7 Statistical analyses 

The accuracy of the curve fitting procedure was assessed by calculating  

the coefficients of determination (R2) and correlation (r) for each corresponding 

2-trial average. The 95% confidence interval (CI95%) for τpc was calculated from  

the standard error estimates of the regression model used to describe ɺVO2  kinetics. 

The influence of end-expiratory lung volume on the amplitude of the ɺVO2sc   

was assessed by examining the relationship between the difference in IC values 

(i.e., ICEE[HeO2] – ICEE[normal-air]) and the amplitude of the ɺVO2sc   

(i.e., ɺVO2sc [HeO2] – ɺVO2sc [normal-air]) for the breathing conditions. The influence  

of dynamic hyperinflation (i.e., ∆IC values) upon the ɺVO2sc  was assessed in  

a similar manner. Each relationship was evaluated using Pearson’s correlation  
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co-efficient. Two-way repeated measures analysis of variance were performed to 

assess main effects and/or interactions between time (i.e., TDsc and 6-min) and 

breathing condition (normal-air v HeO2) for each work rate (HVY and SEV), 

separately. Pair-wise comparisons were assessed using the Bonferroni post-hoc 

adjustment. All results are presented as mean ± standard error of the mean (SEM) 

and were analysed using SPSS 15.0 (SPSS, Inc., Chicago, IL, USA). Statistical 

analyses were considered significant if P < 0.05. 

3.3 RESULTS 

The subjects were recreationally active with an average ɺVO2peak  of 4.35 ± 0.20 

L⋅min-1 (54.8 ± 2.4 ml⋅kg-1⋅min-1) and Wpeak of 401 ± 19 W. The mean ɺVE  value 

achieved at ɺVO2peak  was 161.2 ± 7.1 L⋅min-1. The average ɺVO2  values obtained at 

the Tge and RCT were 53.5 ± 3.2% ɺVO2peak  (50 ± 2%Wpeak) and 77.8 ± 2.1% ɺVO2peak   

(78 ± 1%Wpeak), respectively. The average power outputs for the HVY and SEV 

trials were 258 ± 15 W (64 ± 1%Wpeak) and 326 ± 17 W (81 ± 1%Wpeak), respectively.  

The subjects displayed normal pulmonary function when breathing normal-air 

(Table 3.1). However, breathing HeO2 significantly increased FVC, forced 

expiratory volume in 1 s (FEV1), FEV1/FVC, peak expiratory flow-rate and MVV  

(P < 0.05); although, resting IC was not different between breathing conditions. 
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Table 3.1. Pulmonary function test results. 

     Normal-air HeO2 

FVC (L)     6.18 ± 0.18      6.38 ± 0.19** 

FVC (% predicted) 104 ± 2               107 ± 2* 

FEV1 (L)     5.09 ± 0.12     5.61 ± 0.13** 

FEV1 (% predicted) 104 ± 2 113 ± 3** 

FEV1/FVC (%)   82.9 ± 1.8   88.6 ± 1.0** 

PEFR (L⋅s-1)   10.5 ± 0.2   14.4 ± 0.3** 

PEFR (% predicted)   99 ± 2 136 ± 3** 

ICrest (L)     3.95 ± 0.13 3.85 ± 0.14 

MVV (L⋅min-1) 162.9 ± 3.8 179.6 ± 4.3** 

Values presented are means ± SEM. FVC: forced vital capacity; FEV1: forced expiratory 

volume in 1 s; PEFR: peak expiratory flow rate; ICrest: inspiratory capacity at rest;  

MVV: maximal voluntary ventilation. Significantly different from normal-air condition;  

**P < 0.01, *P < 0.05. 

3.3.1 O2 uptake kinetics  

The best-fit kinetic parameters of the ɺVO2  response to the heavy and severe cycling 

trials are presented in Table 3.2, with the grouped average response illustrated in 

Figure 3.1.  The mean values determined for the coefficient of determination (R2), 

a measure of how well a regression model describes the data, were not different 

between normal-air (95 ± 1%) and HeO2 trials (95 ± 1%), indicating a good fit of the 

model to the measured ɺVO2  values regardless of inspired gas mixture.  

The coefficient of correlation (r) between the residuals and model fit was, on 

average, <10−3 for both the normal-air and HeO2 trials. This indicates that the 

deviations of the measured ɺVO2  responses from the mean were independent of time 

and breathing condition, and were distributed randomly around the regression 
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line. The CI95% values for τpc were not different between normal-air (8 ± 1 s) and 

HeO2 (8 ± 1 s) trials. Overall, the accuracy of the method used to estimate ɺVO2  

kinetic parameters was identical for both breathing trials.  

Table 3.2. O2 uptake kinetics for constant-load exercise performed while breathing 

normal-air or HeO2 at heavy (HVY) and severe (SEV) work rate intensities. 

 HVY SEV 

 Normal-air HeO2   Normal-air HeO2 

O2blVɺ  (ml⋅min-1)      1195 ± 72    1216 ± 78 1250 ± 76    1171 ± 66 

O2pcVɺ  (ml⋅min-1) 1995 ± 141    1863 ± 100   2405 ± 184    2305 ± 140 

ɺVO2sc (ml⋅min-1) 380 ± 72      322 ± 51     967 ± 130      531 ± 112* 

O2EEVɺ  (ml⋅min-1) 3570 ± 202  3402 ± 180*   4555 ± 162  4007 ± 166* 

TDpc (s) 14.2 ± 1.2     15.6 ± 2.6   11.3 ± 1.9     10.9 ± 1.9 

TDsc (s) 157.9 ± 21.1   137.8 ± 15.3   156.1 ± 21.8   152.6 ± 20.4 

τpc (s) 29.0 ± 2.7     29.7 ± 4.1   34.1 ± 6.1     34.0 ± 5.6 

Values presented are means ± SEM. O
2bl

Vɺ : O2 uptake during unloaded cycling; O
2pc

Vɺ : O2 uptake 

amplitude of the primary component (Phase II); O
2sc

Vɺ : O2 uptake amplitude of the slow 

component; O
2EE

Vɺ : O2 uptake at end-exercise; TDpc: time-delay of the primary component; TDsc: 

time-delay of the slow component; τpc: time-constant of the primary component. *Significantly 

different between normal-air and HeO2 for identical work rates (i.e., HVY or SEV), P < 0.05. 

Neither baseline O2 uptake ( O2blVɺ ; i.e., unloaded cycling) or the primary component 

amplitude ( O2pcVɺ ) were significantly different between normal-air and  

HeO2 breathing conditions during HVY or SEV trials. The τpc was similar  

between all four experimental conditions, and not significantly different.  

For HVY constant-load exercise, the ɺVO2sc  amplitude was not different between 

HeO2 and normal-air conditions. However, ɺVO2  at 6 min of constant-load exercise  

( O2EEVɺ ) was significantly lower (5.0%) during HVY trials when breathing HeO2 
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compared to normal-air (P < 0.05). The ɺVO2sc  was significantly reduced during SEV 

exercise while breathing HeO2, and O2EEVɺ  decreased by 12% (P < 0.05).  

The O2EEVɺ  measured during SEV trials while breathing normal-air was not 

different from ɺVO2peak . 

  

Figure 3.1. Average O2 uptake kinetic response during heavy- (top-panel) and 

severe-intensity (bottom-panel) constant-load exercise while breathing normal-

air and HeO2 (n = 8). The solid lines represent the model-fit for each condition. The 

solid vertical line indicates the onset of the pre-determined work rate. 
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3.3.2 Estimated respiratory muscle O2 uptake, ventilatory response 

and breathing pattern 

The calculated ɺVO2  of the respiratory muscles (i.e., O2respVɺ ) significantly increased 

from the start of the ɺVO2sc  (i.e., TDsc) to 6 min during the HVY (26 ± 9 ∆ ml⋅min-1,  

P < 0.05) and SEV cycling tests (171 ± 35 ∆ ml⋅min-1, P < 0.05). The estimated 

contribution of O2respVɺ  to the amplitude of the ɺVO2sc  was significantly higher during 

severe- compared with heavy-intensity exercise (17 ± 2% v 7 ± 2%, P < 0.05). 

There were no significant differences in ɺVE , VT and fR between breathing 

conditions (normal-air v HeO2) for either work rate. The ventilatory response  

and breathing pattern corresponding to TDsc and end-exercise (EE) are provided 

in Figure 3.2. The overall ventilatory response to constant-load exercise  

(i.e., ɺVE ) was systematically higher during SEV than for HVY trials (P < 0.05). 

There was a significant increase in ɺVE  and fR during the ɺVO2sc  phase that was 

independent of breathing condition (normal-air v HeO2) during the HVY ( EV∆ ɺ  = 

11.5 ± 3.3 L⋅min-1; ∆fR = 5 ± 1 breaths⋅min-1, P < 0.05) and SEV trials ( EV∆ ɺ  = 43.1 ± 

4.0 L⋅min-1; ∆fR = 12 ± 1 breaths⋅min-1, P < 0.05). There was no difference in VT over 

the duration of the ɺVO2sc  at each work rate. ɺVE  and fR were systematically higher 

during SEV with HVY exercise while breathing normal-air (P < 0.05). The rate  

of rise in ɺVE  and fR over the ‘slow component’ phase was disproportionately greater 

(P < 0.05) during SEV ( EV∆ ɺ  = 131 ± 11 x10-3 L⋅min-1⋅W-1; ∆fR = 38 ± 5 x10-3 

breaths⋅min-1⋅W-1) compared with HVY trials ( EV∆ ɺ  = 35 ± 11 x10-3 L⋅min-1⋅W-1; ∆fR = 

18 ± 5 x10-3 breaths⋅min-1⋅W-1).  
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3.3.3 Inspiratory capacity  

The measured IC at the end of exercise (ICEE) was not different during HVY (3.74 ± 

0.16 L) compared with SEV cycling tests (3.64 ± 0.15 L) while breathing normal-

air. Breathing HeO2 did not alter ICEE during HVY exercise (3.78 ± 0.20 L) relative 

Figure 3.2. Ventilatory response during heavy- (left panels) and severe-intensity 

(right panels) constant-load exercise (n = 8). The black (normal-air) and white (HeO2) 

vertical bars represent means ± SEM. UC: unloaded cycling; TDsc: the start of the slow 

component of O2 uptake kinetics; EE: the end of constant-load exercise (i.e., 6 min). 
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to breathing normal-air. However, during the SEV trials, breathing HeO2 

significantly increased ICEE (4.07 ± 0.15 L) compared to normal-air (P < 0.05). The 

increased ICEE represents a reduction in end-expiratory lung volume during these 

trials. The ∆IC values for each work rate and breathing condition are displayed in 

Figure 3.3. There was no difference in ∆IC between normal-air and HeO2 during 

the HVY condition. However, HeO2 significantly reduced ∆IC when exercise was 

performed in the severe-intensity domain (i.e., SEV; P < 0.05). A strong negative 

correlation was observed for the magnitude of change in ICEE and ɺVO2sc  values 

between normal-air and HeO2 breathing trials (r = –0.77, R2 = 0.59, P < 0.05). 

Additionally, the magnitude of change in ∆IC and ɺVO2sc  was strongly correlated in 

the negative direction (r = –0.70, R2 = 0.50, P < 0.05). These relationships are 

illustrated in Figure 3.4. 

  

Figure 3.3. The difference in inspiratory capacity from rest to the end of heavy-

(HVY) and severe-intensity (SEV) constant-load exercise (n = 8). The black (normal-

air) and white (HeO2) vertical bars represent means ± SEM. ∆IC is the change in inspiratory 

capacity measured at the end of constant-load exercise (ICEE) and at rest (ICrest). Note: a

positive ∆IC denotes an increase in end-expiratory lung volume above the resting value, 

whereas a negative ∆IC suggests a reduction in end-expiratory lung volume below the resting 

value. *Significant difference between normal-air and HeO2, P < 0.05.  
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Figure 3.4. The relationship between the slow component of O2 uptake kinetics, 

inspiratory capacity (top-panel) and dynamic hyperinflation (bottom-panel) when 

breathing HeO2 during exercise (n = 16). ɺVO2sc : slow component of O2 uptake kinetics. These 

data represent the difference between HeO2 and normal-air breathing trials during heavy- (closed 

circles) and severe-intensity (open circles) constant-load exercise. Note: the subject with the 

greatest reduction in end-expiratory lung volume and dynamic hyperinflation also demonstrated 

the largest decrement in the slow component of O2 uptake kinetics. 
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3.4 DISCUSSION 

The major findings of the present study were that breathing HeO2 decreased  

the amplitude of the ɺVO2sc  and end-expiratory lung volume during severe- but not 

heavy-intensity exercise. The reduction in end-expiratory lung volume was related 

to the decrease in the ɺVO2sc  observed during the HeO2 trials, relative to normal-air. 

These findings suggest that end-expiratory lung volume, by altering the O2 cost  

of breathing, plays an important role in the development of the ɺVO2sc . Moreover, 

the impact of breathing HeO2 on reducing end-expiratory lung volume and  

the ɺVO2sc  appears more pronounced for work rates performed within the severe- 

compared with heavy-intensity domain.  

The majority of the ɺVO2sc  (~86%) originates from within the exercising muscle itself 

(Jones and Poole, 2005; Poole et al., 1994; Poole et al., 1991). Other factors that 

contribute to the ɺVO2sc  are not well understood. Previous investigators have 

observed an upward drift in ɺVE  over the duration of the ɺVO2sc  (Casaburi et al., 

1987; Poole et al., 1991). An increase in ɺVE  alone incurs an additional energetic 

cost, commensurate with an increase in whole-body ɺVO2  (Aaron et al., 1992a; Coast 

et al., 1993). Consequently, respiratory muscle work has been proposed as an 

important contributing factor to the amplitude of the ɺVO2sc  (Gaesser and Poole, 

1996; Jones and Poole, 2005; Lucia et al., 2000). Indeed, a significant rise in ɺVE  

was observed across the duration of the ɺVO2sc  during both the HVY (~15%) and 

SEV cycling trials (~40%). It was estimated that the contribution of O2respVɺ  to  

the ɺVO2sc  was approximately 7% and 17% for the HVY and SEV conditions, 

respectively. These estimations are in agreement with those of other studies, where 

O2respVɺ  comprised a relatively small proportion of the ɺVO2sc  (Candau et al., 1998; 

Carra et al., 2003; Gaesser and Poole, 1996). However, the present data indicate 
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that the relative contribution of O2respVɺ  to the energy cost of the ɺVO2sc  is dependent 

upon whether exercise is performed within the heavy- or severe-intensity domains.  

The two primary factors governing the contribution of O2respVɺ  to the ɺVO2sc  

amplitude are that: (i) ɺVE  must be of sufficient magnitude to cause an appreciable 

increase in O2respVɺ  and that (ii) ɺVE  rises alongside the emerging ‘slow component’ 

of ɺVO2  during strenuous activity. During SEV trials, not only was ɺVE  

systematically higher during exercise than for HVY exercise, but the magnitude of 

exercise hyperpnoea was consistently greater than ~100 L·min-1 – a level of ɺVE  

above which the O2 cost of breathing is known to rise inexorably (Bartlett et al., 

1958; Tenney and Reese, 1968). Moreover, the amplitude and rate of increase in 

ɺVE  over the ‘slow component’ phase was greater for SEV compared with HVY 

trials when expressed relative to power output. This relatively greater (and faster) 

rise in ɺVE  over the ɺVO2sc  period was primarily affected by an increasing 

tachypnoea, which was also disproportionately greater for SEV than HVY trials. 

These findings support the notion that ɺVE  and O2respVɺ  are both larger in 

magnitude, and rise to a relatively greater extent, over the ɺVO2sc  phase for SEV 

compared with HVY work rate transitions. In turn, this characteristic ventilatory 

response may explain the larger contribution of O2respVɺ  to the ɺVO2sc  during 

constant-load exercise performed in the severe-intensity domain. 

It cannot be denied that breathing HeO2 decreased the overall O2 cost of exercise 

during the HVY trials (i.e., O2EEVɺ ). However, the lower O2EEVɺ  did not alter the 

amplitude of the ɺVO2sc . On the other hand, breathing HeO2 considerably reduced 

the ɺVO2sc  (~45%) and O2EEVɺ  (~12%) during the SEV cycling tests. Therefore, the 

impact of breathing HeO2 upon respiratory muscle unloading appears relatively 

greater during severe- compared with heavy-intensity exercise.  
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The means by which HeO2 breathing unloads the respiratory muscles is related to 

the physical properties of the gas. The density of the HeO2 gas-mixture used in the 

present study was approximately one-third that of the normal-air mixture. 

Poiseuille’s Law can be used to describe the determinants of airflow ( ɺVE ) in 

relation to the human lung. For a given driving pressure, radius, and length of the 

conduit airway, turbulent airflow is dependent upon the density of the carrier 

medium (e.g., He). Accordingly, Babb (2001) demonstrated that respiratory muscle 

work remained unchanged when breathing HeO2 at maximal exercise, and this 

subsequently increased ɺVE . In the present study, however, ɺVE  was unaffected by 

breathing HeO2 at the TDsc and at the end of constant-load exercise (i.e., 6 min) 

regardless of work rate. Similarly, other investigators have failed to observe an 

augmented ventilatory response while breathing HeO2 at rest and during 

submaximal exercise (DeWeese et al., 1983, 1984; Esposito and Ferretti, 1997). 

Importantly, DeWeese et al. (1983, 1984) reported a significant reduction in 

inspiratory neural drive when breathing HeO2 at rest, evidenced by a reduction in 

mouth-occlusion pressure. These investigators concluded that respiratory 

neuromuscular output was reduced to keep ɺVE  relatively constant while breathing 

HeO2. Based on the findings of DeWeese et al. (1983, 1984), and the similar ɺVE  

values obtained during normal-air and HeO2 breathing trials in present study, it is 

reasonable to conclude that respiratory muscle work and O2respVɺ  were reduced 

when subjects breathed HeO2 during exercise. 

The relationship between end-expiratory lung volume and O2respVɺ  is well 

documented (Collett and Engel, 1986; Pitcher and Cunningham, 1993; Tzelepis et 

al., 1988). The increased energetic ‘cost’ associated with high end-expiratory lung 

volumes is attributed to greater inspiratory elastic work performed against the 

lungs and chest wall at higher lung volumes, and decreased diaphragmatic 
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contractile-efficiency due to reduced sarcomere length ('flattened diaphragm'; De 

Troyer and Wilson, 2009; O'Donnell and Webb, 2008; Sliwinski et al., 1998). In 

turn, one could expect O2respVɺ  to decrease when breathing at a relatively lower end-

expiratory lung volume. There was no significant difference in end-expiratory lung 

volume between breathing conditions by the end of the HVY cycling tests. 

Conversely, breathing HeO2 appreciably reduced end-expiratory lung volume 

(~12%) during SEV trials. Other investigators have observed a similar decrease in 

end-expiratory lung volume when breathing HeO2 during submaximal and 

maximal exercise (Babb, 2001; McClaran et al., 1999). VT was slightly higher (~6%) 

at the end of the SEV cycling tests while breathing HeO2 compared to normal-air 

(Figure 3.2). However, this observed increase in VT was not statistically 

significant (P = 0.11). While it is possible that end-inspiratory lung volume was 

similar between breathing conditions, the relative decrease in this operating lung 

volume was greater than the observed increase in VT. Therefore, it is reasonable to 

assume that end-inspiratory lung volume was significantly reduced during severe-

intensity exercise while breathing HeO2. The potential reduction in end-inspiratory 

lung volume during these trials may have lowered inspiratory elastic work and 

O2respVɺ , ultimately decreasing the ɺVO2sc . The present data, however, indicates that 

the attenuated ɺVO2sc  was more closely related to the reduction in end-expiratory 

lung volume observed during the SEV trials while breathing HeO2.  

The results of the present study indicate a small degree of dynamic hyperinflation 

during HVY trials, regardless of breathing condition. Importantly, a negative ∆IC 

was observed when exercise was performed in the severe-intensity domain while 

breathing HeO2, indicating that end-expiratory lung volume had shifted below 

functional residual capacity by the end of the exercise bout. An end-expiratory lung 

volume below functional residual capacity is purported to reduce O2respVɺ  by:  
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1) increasing diaphragmatic mechanical efficiency; 2) storing elastic potential 

energy in the chest-wall, abdomen and diaphragm; and 3) by positioning the tidal 

breath over the linear region of the pressure-volume curve of the lung and chest-

wall (Johnson et al., 1999). A significant correlation between the decrease in end-

expiratory lung volume (ICEE[HeO2] – ICEE[normal-air]) and the amplitude of the 

ɺVO2sc  ( ɺVO2sc [HeO2] – ɺVO2sc [normal-air]) was observed while breathing HeO2 

relative to normal-air (r = –0.77). Moreover, a significant relationship was observed 

between the reduction in dynamic hyperinflation (∆IC[HeO2] – ∆IC[normal-air]) 

and the ɺVO2sc  between HeO2 and normal-air breathing trials (r = –0.70). These 

findings suggest that approximately half (~55%) of the reduction in the ɺVO2sc  could 

be accounted for by the decrease in end-expiratory lung volume (i.e., increased 

ICEE) and the lower amount of hyperinflation (i.e., decreased ∆IC) observed when 

breathing HeO2 during exercise (see Figure 3.4). During the SEV cycling tests, it 

is concluded that breathing HeO2 decreased end-expiratory lung volume to below 

functional residual capacity, and subsequently reduced O2respVɺ . This lower lung 

volume may explain why the ɺVO2sc  was attenuated only during severe- but not 

heavy-intensity exercise. 

The reduction in the ɺVO2sc  when breathing HeO2 (~436 ml·min-1) was greater than 

the estimated O2respVɺ  for SEV trials while breathing normal-air (~370 ml·min-1).  

It would be unreasonable to state that breathing HeO2 eliminated all respiratory 

muscle work and O2respVɺ  during the SEV trials. Instead, breathing HeO2 may have 

indirectly decreased the ɺVO2sc  originating from within the exercising muscles.  

It has been proposed that diaphragmatic fatigue elicits a reflex vasoconstriction of 

the blood vessels within locomotor muscles (Harms et al., 1997; Romer et al., 2006b; 

Sheel et al., 2002), thereby re-directing cardiac output away from locomotor to 

respiratory muscles during exercise. This process has been termed a ‘respiratory 
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steal’ (for review see Harms and Dempsey, 1999). It has been demonstrated that 

attenuating the ‘respiratory steal’ of systemic cardiac output in healthy 

individuals, through reductions in respiratory muscle work, leads to an enhanced 

blood flow to the locomotor muscles at rest, and during exercise (Harms et al., 1997; 

Harms et al., 1998; Sheel et al., 2001; Sheel et al., 2002; St Croix et al., 2000). 

Chiappa et al. (2009) demonstrated that breathing HeO2 during submaximal 

exercise improved lower limb O2 delivery in patients with chronic obstructive 

pulmonary disease. Therefore, respiratory muscle unloading may curtail 

diaphragmatic fatigue and offset a ‘respiratory steal’ of cardiac output, ultimately 

improving O2 delivery to the exercising limbs.  

Previous research suggests that an increase in O2 delivery to the active muscle 

reduces the amplitude of the ɺVO2sc  during strenuous exercise (Haseler et al., 2004; 

Macdonald et al., 1997; Wilkerson et al., 2006). However, the mechanism by which 

an enhanced O2 delivery to the active muscle reduces the ɺVO2sc  is not well 

understood. It has been demonstrated that improved O2 delivery to the exercising 

limbs reduces muscle fatigue (Hogan et al., 1999), which may delay the recruitment 

of additional (primarily fast-twitch) muscle fibres. Therefore, it can be reasoned 

that breathing HeO2 attenuated the ‘respiratory steal’ phenomenon during the SEV 

trials, and this may have resulted in improved O2 delivery to the limbs.  

This enhanced O2 delivery to the exercising muscle may have delayed the 

recruitment of additional muscle fibres, thereby decreasing the amplitude of the 

ɺVO2sc . Recent evidence suggests that blood flow to the locomotor muscle becomes 

limited at work rates performed above ~80%Wpeak during progressive exercise 

(Vogiatzis et al., 2009) – an exercise-intensity similar to that of the SEV trials in 

this study (i.e., ~81%Wpeak). It is therefore possible that breathing HeO2 may have 

improved O2 delivery to the active limbs, and subsequently reduced the amplitude 
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of the ɺVO2sc  only during severe-intensity exercise. However, this hypothesis 

remains speculative until further data is published on the matter.  

The presence of arterial hypoxaemia during severe-intensity exercise may 

compromise O2 transport to the locomotor muscles and augment the recruitment of 

type II muscle fibres (Dousset et al., 2001; Romer et al., 2006a) – factors implicated 

in the development of the ɺVO2sc . Breathing HeO2 has been reported to partially 

reverse arterial hypoxaemia during severe-intensity exercise, possibly due to the 

alleviation of ventilatory constraint (i.e., flow-limitation; Dempsey et al., 1984). 

However, other investigators have failed to confirm these findings (Buono and 

Maly, 1996; Inbar, 1993). Arterial content of O2 was not measured in the present 

study. Therefore, it cannot be determined whether breathing HeO2 decreased the 

amplitude of the ɺVO2sc  during the SEV trials by improving the arterial content of 

O2, and thus O2 delivery to the exercising muscles. 

3.4.1 Limitations  

There was the possibility that HeO2 reduced the accuracy of the O2 analyser, 

because the instrument was not calibrated against a special-mix of HeO2. Due to 

the greater viscosity of HeO2 relative to normal-air (for review see Hess et al., 

2006), an approximate 8% reduction in the sample rate through the internal circuit 

of the metabolic cart was expected. This reduction in sample rate may have 

resulted in a small underestimation of ɺVO2  values (Proctor and Beck, 1996).  

It should be noted that ɺVO2  measured during unloaded cycling was not 

significantly different between breathing conditions. Additionally, the ɺVO2sc  

observed during the HVY trials was not significantly different when breathing 

HeO2 compared to normal-air (Table 3.2). Moreover, breathing HeO2 did not 

decrease the goodness-of-fit of the regression model used to describe the ɺVO2  
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kinetic response to exercise (see Results). These findings support the notion that 

breathing HeO2 caused a reduction in the ɺVO2sc  during the SEV trials, and did not 

reduce the accuracy of the O2 analyser. 

3.4.2 Conclusion  

Unloading the respiratory muscles by breathing HeO2 resulted in a significant 

reduction in the amplitude of the ɺVO2sc  only when exercise was performed within 

the severe-intensity domain. These results can be explained, in part, by the 

relatively greater contribution of O2respVɺ  to the ɺVO2sc  during the SEV (~17%) 

compared with HVY trials (~7%). Moreover, the lower end-expiratory lung volume 

observed while breathing HeO2 is likely to have decreased the O2 cost of breathing, 

thereby attenuating the ɺVO2sc  during severe-intensity exercise. Therefore, it is 

concluded that end-expiratory lung volume, in conjunction with absolute ɺVE , are 

important determinants of the ɺVO2sc , particularly for SEV work rate transitions. 
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4.1 INTRODUCTION 

During constant-load exercise performed below the gas-exchange threshold (Tge), 

pulmonary O2 uptake ( ɺVO2 ) increases exponentially, reaching an asymptotic value 

within ~2–3 minutes. At work rates performed above the Tge but below critical 

power (i.e., heavy-intensity domain), the attainment of a ɺVO2  ‘steady-state’ values 

is delayed, secondary to a slowly developing component of increasing O2 uptake  

( ɺVO2sc ). Conversely, when exercise is performed above critical power (i.e., severe-

intensity domain), the amplitude of the ɺVO2sc  continuously increases until the ɺVO2  

reaches peak values ( ɺVO2peak ). For a detailed review on the aetiology of the ɺVO2sc , 

the reader is directed to the works of: Gaesser and Poole (1996); Jones et al. (2011); 

and Jones and Poole (2005). 

The majority (~86%) of the ɺVO2sc  is reported to originate from within the exercising 

muscles (Jones and Poole, 2005; Poole et al., 1994; Poole et al., 1991), and has been 

attributed to the progressive recruitment of muscle fibres (primarily fast-twitch)  

as active motor-units begin to fatigue (Jones and Poole, 2005; Krustrup et al., 2004; 

Sabapathy et al., 2005). Additionally, other sources of ɺVO2  may contribute to  

the amplitude of the ɺVO2sc . Many investigators have suggested that respiratory 

muscle O2 uptake ( O2respVɺ ) constitutes ~7–25% of the amplitude of the ɺVO2sc   

during high-intensity exercise (Candau et al., 1998; Carra et al., 2003; Gaesser and 

Poole, 1996; Guezennec et al., 1996; Riley and Cooper, 2002). The findings of 

Experiment 1 indicate that this relative contribution may be intensity dependent.  

That is, O2respVɺ  may comprise a greater proportion of the ɺVO2sc  during severe- 

compared with heavy-intensity exercise. Although the higher O2respVɺ / ɺVO2sc  ratio  

is anticipated for severe work rate transitions, due to the larger magnitude  

and rate of rise in ɺVE  over the ‘slow component’ phase (Experiment 1),  



Experiment 2 

124 

the changes in breathing mechanics contributing to such a disproportionate 

increase in the O2 cost of breathing are unknown. 

The findings of Experiment 1 revealed that the greater magnitude, and rate of 

rise in ɺVE  over the ɺVO2sc  phase during severe relative to heavy work rate 

transitions is primarily mediated by a pronounced tachypnoea (i.e., progressively 

increasing fR). It can be reasoned that this tachypnoeic-shift in breathing pattern 

abruptly shortens the time of inspiration (TI), and results in a disproportionate 

increase in mean inspiratory flow rates (VT/TI). Guenette et al. (2009) observed an 

exponential relationship between VT/TI and the amount of inspiratory work 

performed against the resistance of the airways and lung tissues during 

incremental exercise. Therefore, a progressive rise in VT/TI during strenuous 

exercise may lead to an increase in inspiratory resistive work of breathing, thereby 

increasing the contribution of O2respVɺ  to the amplitude of the ɺVO2sc  – one can expect 

the influence of VT/TI on the ɺVO2sc  amplitude to be more pronounced for severe 

compared with heavy work rate intensities. 

Experiment 1 also demonstrated that resistive unloading of respiratory muscle 

work (via breathing helium-oxygen) attenuates the amplitude of the ɺVO2sc  to a 

greater extent during severe- compared with heavy-intensity exercise. 

Interestingly, the reduction in the ɺVO2sc  amplitude was accompanied by a decrease 

in the amount of dynamic hyperinflation observed during severe exercise. It is well-

established that dynamic hyperinflation increases the O2 cost of breathing at rest 

(Collett and Engel, 1986; Pitcher and Cunningham, 1993; Tzelepis et al., 1988). 

Moreover, dynamic hyperinflation necessitates an increase in end-inspiratory lung 

volume in order to preserve VT during exercise. Higher end-inspiratory lung 

volumes would augment inspiratory elastic work, and presumably, the O2 cost of 
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breathing (i.e., O2respVɺ ). In support of this rationale, Carra et al. (2003) reported 

that inspiratory elastic loading increased the amplitude of the ɺVO2sc  by ~27% 

during heavy-intensity constant-load exercise. Thus, the presence of dynamic 

hyperinflation, higher end-inspiratory lung volumes, and increasing amounts of 

inspiratory resistive work, may together increase the contribution of O2respVɺ  to the 

ɺVO2sc  during severe- compared with heavy-intensity exercise.  

The purpose of this study was to explore the relationships between dynamic lung 

volumes, mean inspiratory flow rate, and the amplitude of the ɺVO2sc  during heavy- 

and severe-intensity cycling in young, healthy subjects. It was hypothesised that a 

relatively greater increase in dynamic lung volumes, and a larger rise in VT/TI, 

would be observed over the ɺVO2sc  phase during severe- compared with heavy-

intensity cycling. Such a disproportionate rise in both VT/TI and dynamic lung 

volumes would, in turn, increase respiratory muscle work and the O2 cost of 

breathing. Accordingly, it was expected that the disproportionately greater rise in 

VT/TI and dynamic lung volumes would positively correlate with the increase in the 

ɺVO2sc  amplitude between heavy and severe work rate intensities. 

4.2 METHODS 

4.2.1 Subjects and ethical approval 

Eight male and two female recreational cyclists volunteered to participate in the 

present study and provided written informed consent. The subjects underwent a 

pre-participatory health screening to ensure they were physically active non-

smokers, with no history of cardiac or pulmonary disease. The present study was 

approved by the Griffith University Human Research Ethics Committee.  
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4.2.2 Incremental exercise test 

Subjects performed an incremental exercise test to volitional fatigue on an 

electronically-braked cycle ergometer (Lode Excalibur Sport V2.0, Groningen, 

Netherlands) to determine their Tge, respiratory compensation threshold (RCT) 

and ɺVO2peak . The incremental exercise test commenced with 3 min of unloaded 

cycling, after which the power output was increased by 10–15 W every 30 s  

(i.e., 20–30 W⋅min-1) until the subjects could no longer continue despite verbal 

encouragement. A self-selected pedal cadence (70–90 rev⋅min-1) was maintained by 

each subject until exhaustion. Cardiac rhythm and heart rate were monitored 

using a CM5 electrode configuration (Lohmeier M607, Munich, Germany). Gas-

exchange parameters were measured breath-by-breath (MedGraphics CPX/D, 

Medical Graphics Corporation, St. Paul, MN, USA) and subsequently averaged 

over 30-s intervals. The O2 and CO2 analysers were calibrated before each test 

using room air and a calibration gas (12%O2; 5%CO2; balanced N2).  

Subjects breathed through a mouthpiece attached to a bi-directional differential 

pressure pneumotachograph (pre-Vent, Medical Graphics Corporation, St. Paul, 

MN, USA) while wearing a nose-clip. The pneumotachograph was calibrated at 

varying flow rates (30–360 L·min-1) using a 3 L syringe. Peak exercise values are 

reported as the average of the two highest 30-s values obtained during  

the incremental exercise protocol. The Tge and RCT were determined using  

the modified V-slope (Schneider et al., 1993) and ventilatory equivalents methods 

(Wasserman et al., 2005), respectively.  

4.2.3 Experimental design 

To examine the influence of changes in dynamic lung volumes and VT/TI on the 

amplitude of the ɺVO2sc , each subject performed four constant-load exercise bouts – 
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two repeat transitions at heavy (HVY) and severe (SEV) work rate intensities. The 

power outputs corresponding to the HVY and SEV trials were determined using 

the same algorithm outlined in Section 3.2.3 of Experiment 1. All exercise bouts 

were separated by at least 48 hours, and the order of each test was randomised.  

4.2.4 Constant-load exercise tests 

Each constant-load exercise test commenced with 5 min of unloaded cycling using 

an electronically-braked cycle ergometer (Lode Excalibur Sport V2.0, Groningen, 

Netherlands). The pre-determined power output was applied immediately with no 

prior warning given to the subject. For HVY trials, the subjects were required to 

sustain the selected power output for 10 min. For the severe-intensity cycling tests 

(i.e., SEV), the subjects were encouraged to exercise until volitional fatigue. Each 

bout of constant-load exercise was followed by a further 6 min of active recovery. 

Subjects were instructed to maintain a constant pedal cadence during each test 

and between tests, consistent with that used during the incremental exercise test. 

Gas-exchange data during the constant-load tests were obtained using the same 

methods as described for the incremental exercise test. The amplitude of the ɺVO2sc  

was quantified as the rise in ɺVO2  from the third to the final minute of constant-

load exercise (Jones and Poole, 2005; Wasserman et al., 2005).  

4.2.5 Dynamic lung volumes 

Before each constant-load bout, subjects performed a forced vital capacity (FVC) 

manoeuvre at rest, while seated on the cycle ergometer. Subjects were also 

instructed to perform a maximal inspiratory manoeuvre to total lung capacity to 

determine inspiratory capacity (IC) while at rest, and during the third and final 

minutes of constant-load exercise. Subjects were required to notify investigators 
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when they felt near volitional fatigue (i.e., within the next 30 s) during the SEV 

condition. This warning allowed the investigators to record an IC value as close to 

exhaustion as possible. The IC manoeuvre was demonstrated to the subject before 

each exercise test. Subjects were required to practice the manoeuvre to ensure that 

satisfactory and repeatable measurements could be obtained. During the IC 

manoeuvre, an investigator inspected the tidal breaths which were displayed on a 

computer monitor in real-time; in the event that an unsatisfactory IC was 

performed, the subject was asked to repeat the manoeuvre. To compensate for 

thermal-drift, the volume trace was corrected using the IC ratio method detailed by 

Dolmage and Goldstein (Dolmage and Goldstein, 2002). IC values were then 

averaged across the two repeat trials of both work rates, and were used to calculate 

inspiratory and expiratory reserve lung volumes (IRV and ERV, respectively).  

A significantly higher exercise ERV compared to resting values represented an 

end-expiratory lung volume above functional residual capacity (i.e., dynamic 

hyperinflation), whereas an exercise ERV significantly lower than resting values 

denoted an end-expiratory lung below functional residual capacity (O'Donnell et al., 

2001). The changes in IRV and ERV values from the third to the final minute of 

constant-load exercise were used to assess the trend in dynamic lung volumes over 

the ɺVO2sc  phase. All pulmonary function tests were performed in accordance with 

the recommendations of the American Thoracic Society (Miller et al., 2005). 

4.2.6 Estimated respiratory muscle O2 uptake 

Both the work of breathing (Wb) and respiratory muscle O2 uptake ( O2respVɺ ) were 

estimated using the equations proposed by Coast et al. (1993) as described in 

Section 3.2.6 of Experiment 1. The contribution of O2respVɺ  to the ɺVO2sc  was 

calculated using a similar method described in Experiment 1. The ɺVE  values 
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observed at the third and final minute of exercise were used to quantify the rise in 

O2respVɺ  over the duration of the ɺVO2sc . 

4.2.7 Statistical analyses 

Two-way repeated measures analyses of variance were used to assess main effects 

and/or interactions between exercise time and work rate. Pair-wise comparisons 

were assessed using the Bonferroni post-hoc adjustment. A multiple linear 

regression model was used to examine the influence of dynamic lung volumes (i.e., 

IRV and ERV) and mean inspiratory flow rate (i.e., VT/TI) on the amplitude of the 

ɺVO2sc  between HVY and SEV trials. All results are presented as mean ± standard 

error of the mean (SEM) and were analysed using SPSS 17.0 (SPSS, Inc., Chicago, 

IL, USA). Statistical analyses were considered significant if P < 0.05. 

4.3 RESULTS 

The subjects’ physical characteristics and resting pulmonary function test results 

are reported in Table 4.1. Subjects were recreationally active with an average 

ɺVO2peak  of 3.89 ± 0.27 L⋅min-1 (52.6 ± 2.3 ml⋅kg-1⋅min-1) and Wpeak of 362 ± 25 W.  

The mean ɺVE  value achieved at ɺVO2peak  was 146.6 ± 9.4 L⋅min-1. The average  

ɺVO2  values obtained at the Tge and the respiratory compensation threshold were 

53.5 ± 2.4% ɺVO2peak  (50 ± 2%Wpeak) and 77.5 ± 1.5% ɺVO2peak  (78 ± 1%Wpeak), 

respectively. The average power outputs for HVY and SEV trials were 232 ± 18 W 

(64 ± 1%Wpeak) and 294 ± 21 W (81 ± 1%Wpeak), respectively. The mean exhaustion 

time for SEV trials was 431 ± 26 s. 

  



Experiment 2 

130 

Table 4.1. Subject’s physical characteristics and 

pulmonary function test results. 

Age (yr)    24.1 ± 1.1 

Height (cm)  179.3 ± 3.0 

Mass (kg)    74.9 ± 4.0 

FVC (L)      5.64 ± 0.39 

FVC (%pred.)  101.5 ± 2.5 

FEV1 (L)      4.66 ± 0.29 

FEV1 (%pred.)  101.0 ± 2.9 

FEV1/FVC (%)    83.3 ± 0.1 

MVV (L·min-1)    177.2 ± 11.0 

IC (L)    3.65 ± 0.20 

Values represent means ± SEM. FVC: forced vital capacity; 

FEV1: forced expiratory volume in 1 s; IC: inspiratory capacity; 

MVV: maximum voluntary ventilation 

4.3.1 O2 uptake response to constant-load exercise 

The ɺVO2  responses to HVY and SEV trials are illustrated in Figure 4.1. 

Pulmonary ɺVO2  was systematically higher from the third to the final minute of 

exercise during SEV compared with HVY transitions (P < 0.05). The amplitude of 

the ɺVO2sc  was disproportionately greater during the SEV (11.7 ± 1.6 ml·kg-1·min-1, 

0.04 ± 0.01 ml·kg-1·min-1·W-1) compared with HVY trials (4.8 ± 1.0 ml·kg-1·min-1, 

0.02 ± 0.01 ml·kg-1·min-1·W-1) (P < 0.05). The ɺVO2  measured during the final minute 

of SEV exercise (56.0 ± 2.6 ml·kg-1·min-1) was not different from ɺVO2peak . The 

estimated contribution of O2respVɺ  to the amplitude of the ɺVO2sc  was significantly 

greater during SEV compared with HVY trials (18 ± 2 % v 9 ± 1%, P < 0.05). 
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4.3.2 Ventilatory response to constant-load exercise 

The ventilatory responses to heavy- and severe-intensity constant-load exercise are 

displayed in Figure 4.2. ɺVE  and fR values increased significantly from the third to 

the final minute of exercise during both the HVY and SEV trials (P < 0.05).  

The magnitudes of the rise in ɺVE  and fR were significantly greater for SEV relative 

to HVY work rate intensities (P < 0.05). VT values were significantly greater at the 

third minute of exercise during SEV compared with HVY trials (P < 0.05), but no 

difference between work rates was observed by the end of exercise. Moreover,  

VT values decreased significantly between the third and final minute of exercise 

Figure 4.1. The O2 uptake responses to heavy- (closed circles) and severe-

intensity (open circles) constant-load exercise. Values represent means ± SEM. The 

vertical dotted line denotes the onset of constant-load exercise. Note that exercise duration 

was terminated at 10 minutes for heavy work rate transitions. *Significantly different 

between heavy- and severe-intensity trials, P < 0.05. †Significantly different from the third 

minute of heavy- and severe-intensity exercise, P < 0.05. ‡Significantly different between 

values at the end of heavy- and severe-intensity trials, P < 0.05.  
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during SEV, but not HVY trials (P < 0.05). Despite this progressive decline in VT, 

the greater rise in fR led to a greater increase in VT/TI values over the ɺVO2sc  phase 

(∆VT/TI) during SEV relative to HVY trials (1.64 ± 0.20 L·s-1 v 0.38 ± 0.08 L·s-1,  

P < 0.05). Mean ∆VT/TI values were disproportionately greater during SEV 

compared with HVY transitions, when expressed relative to power output (0.35 ± 

0.06 L·min-1·W-1 v 0.13 ± 0.03 L·min-1·W-1, P < 0.05). 

  

Figure 4.2. The ventilatory responses to heavy- (closed bars) and severe-

intensity (open bars) constant-load exercise. Values represent means ± SEM. 

Unloaded: period of unloaded cycling; End Ex.: end of exercise. *Significantly different 

between heavy- and severe-intensity trials, P < 0.05. †Significant change in values from 

the third to the final minute of heavy- and severe-intensity exercise, P < 0.05. 
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Figure 4.3. Dynamic lung volumes during heavy- (closed bars) and severe-intensity 

(open bars) constant-load exercise. Values represent means ± SEM. End Ex.: end of exercise; 

IRV: inspiratory reserve volume; ERV: expiratory reserve volume. Note: a smaller IRV indicates a 

higher end-inspiratory lung volume during exercise. *Significantly different between heavy- and 

severe-intensity trials, P < 0.05. †Significant change in values from the third to the final minute of 

heavy- and severe-intensity exercise, P < 0.05. #Significantly different from rest, P < 0.05. 
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4.3.3 Dynamic lung volumes during constant-load exercise 

The changes in dynamic lung volumes observed during constant-load exercise  

are displayed in Figure 4.3. Overall, IRV values were smaller during SEV 

compared with HVY trials (P < 0.05). IRV values increased significantly over the 

ɺVO2sc  phase during the HVY transitions (153 ± 70 ml, 0.74 ml·W-1, P < 0.05), 

indicating a progressive decline in end-inspiratory lung volume. There was no 

change in IRV values from the third to the final minute of SEV exercise (132 ± 67 

ml, 0.47 ± 0.20 ml·W-1). The mean ERV observed at the third minute of constant-

load exercise was not different from resting values for both trials. ERV values 

decreased significantly over the period of the ɺVO2sc  during HVY trials (–118 ± 37 

ml, –0.57 ± 0.17 ml·W-1, P < 0.05), where the ERV observed at the end of the test 

was significantly lower than resting values (–82 ± 28 ml, P < 0.05). However, ERV 

increased significantly over the same time period during SEV trials (187 ± 53 ml, 

0.64 ± 0.18 ml·W-1, P < 0.05) – the ERV observed at the end of SEV exercise was 

significantly higher compared to resting values (166 ± 70 ml, P < 0.05). The 

magnitude of change in ERV values over the duration of the ɺVO2sc  (∆ERV) was 

significantly greater for SEV compared with HVY transitions (P < 0.05). 

4.3.4 The influence of changes in dynamic lung volumes and 

inspiratory flow rate on the slow component of O2 uptake 

The mean difference in ɺVO2sc , ∆IRV, ∆ERV and ∆VT/TI values between SEV and 

HVY trials were 7.9 ± 0.8 ml·kg-1·min-1 (0.02 ± 0.01 ml·kg-1·min-1·W-1), –21 ± 102 ml 

(–0.28 ± 0.39 ml·W-1), 279 ± 16 ml (1.21 ± 0.16 ml·W-1) and 1.22 ± 0.26 L·s-1 (0.22 ± 

0.05 L·min-1·W-1), respectively. The multiple regression equation used to examine 

the influence of ∆IRV, ∆ERV and ∆VT/TI scores on the ɺVO2sc  amplitude between 

work rates is presented in Table 4.2. The regression model accounted for a 
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significant proportion of the variance for the difference in ɺVO2sc  amplitudes 

observed between SEV and HVY trials (r = 0.93, R2 = 0.86, P < 0.01). Figure 4.4 

illustrates the relationships between ∆IRV, ∆ERV, ∆VT/TI and the amplitude of the 

ɺVO2sc  between work rates, separately. The results of the multiple regression 

revealed that ∆ERV and ∆VT/TI, but not ∆IRV, were significant predictors of the 

increase in ɺVO2sc  amplitudes between work rates. It is important to note that 

despite the significance of these parameters, the partial R2 values for both ∆ERV 

and ∆VT/TI were relatively small (~20%). 

Table 4.2. Multiple regression parameters illustrating the influence of changes in dynamic lung 

volumes and mean inspiratory flow rate on the amplitude of the slow component of O2 uptake. 

 Co-efficient CI95% Semi-partial R2 P-value 

y0 (intercept) 0.005 0.005 – 0.221 

∆IRV (ml·W-1) 0.000 0.003 0.001 0.864 

∆ERV (ml·W-1) 0.010 0.009 0.203 0.026 

∆VT/TI (L·min-1·W-1) 0.029 0.024 0.209 0.025 

The multiple regression equation in the above table is expressed as: O
2sc

Vɺ = y0 + (β1 x ∆IRV) + (β2 x ∆ERV) + 

(β3 x ∆VT/TI); where β1, β2 and β3 represent the beta co-efficients of the corresponding model parameters. 

CI95%: 95% confidence interval; O
2sc

Vɺ : O2 uptake slow component amplitude; ∆: magnitude of change in 

values from the third to the final minute of constant-load exercise; IRV: inspiratory reserve volume; ERV: 

expiratory reserve volume; VT/TI: mean inspiratory flow rate. The values used in the multiple regression 

equation represent the difference in the magnitude of change in each parameter over the O
2sc

Vɺ  phase 

between heavy- and severe-intensity constant-load exercise (e.g., ∆VT/TI[SEV] – ∆VT/TI[HVY]). 
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4.4  DISCUSSION 

The primary findings of the present study were three-fold: (i) mean inspiratory flow 

rates (i.e., VT/TI) were disproportionately greater during SEV compared with HVY 

trials; (ii) ERV progressively increased above functional residual capacity during 

SEV exercise only; and (iii) the larger the increases in VT/TI and ERV from the 

third to the final minute of exercise, the greater the difference in ɺVO2sc  amplitude 

between SEV and HVY cycling trials. These results indicate that increases in end-

expiratory lung volume, and VT/TI (by augmenting inspiratory resistive work) 

contribute to the development of the ɺVO2sc  – particularly when exercise is 

performed within the severe-intensity domain. 

Several studies have suggested that ~86% of the ɺVO2sc  can be explained by factors 

intrinsic to the exercising muscles (Jones and Poole, 2005; Krustrup et al., 2004; 

Sabapathy et al., 2005). On the other hand, the mechanisms responsible for  

the remainder of the ɺVO2sc  amplitude are not clearly understood. Given that ɺVE  

also rises over the duration of the ɺVO2sc , the O2 cost of breathing is thought  

to contribute to the amplitude of the ɺVO2sc  (Gaesser and Poole, 1996; Jones and 

Poole, 2005). A significant rise in ɺVE  was observed over the duration of the ɺVO2sc  

(i.e., 3-min to the end of exercise) for both HVY and SEV trials – the extent of this 

rise was relatively greater for SEV (~34%) compared with HVY work rate 

intensities (~16%). Based on the equations defined by Coast et al. (1993), the 

contribution of O2respVɺ  to the amplitude of the ɺVO2sc  was approximately 9% and 

18% during HVY and SEV cycling trials, respectively. These findings are consistent 

with the O2respVɺ / ɺVO2sc  ratios reported for HVY and SEV work rate transitions in 

Experiment 1. Furthermore, the present data suggest that increases in both end-

expiratory lung volume (i.e., ERV) and mean inspiratory flow rate (i.e., VT/TI) 

contribute to the relatively greater O2respVɺ  during severe-intensity exercise. 
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4.4.1 Inspiratory flow rate and the slow component of O2 uptake 

A progressive increase in fR values, concomitant with a downward trend in VT, was 

observed over the ɺVO2sc  
phase during the SEV trials. In spite of the progressive 

decline in VT, the relatively greater shortening of inspiratory time (tachypnoea) led 

to a sustained increase in mean inspiratory flow rate over the duration of the ɺVO2sc  

during SEV compared with HVY work rate transitions. These observations are in 

agreement with those of Experiment 1, whereby it was determined that the rate 

of rise in fR over the duration of the ɺVO2sc  was disproportionately greater SEV than 

for HVY trials. According to Poiseuille’s Law, airflow during inspiration  

is determined by: (i) the effective length and radius of the bronchial tree, (ii) gas 

viscosity when flow is laminar and density when flow is turbulent, and (iii)  

the pressure gradient between the pleural cavity and the atmosphere 

(transpulmonary pressure). Previous investigators have observed a significant 

amount of bronchodilation at the end of dynamic exercise in non-asthmatic, 

healthy subjects (Guenette et al., 2010; Warren et al., 1984). Reddy et al. (1996) 

reported that inhaled bronchodilators have a minimal impact on maximal 

achievable inspiratory flows during an FVC manoeuvre performed at rest. 

Notwithstanding the larger effective airway radius, an increase in mean 

inspiratory flow rate during exercise most likely reflects the development of larger 

inspiratory muscle pressures and thus O2respVɺ .  

Guenette et al. (2009) observed a disproportionate relationship between VT/TI and 

the amount of inspiratory muscle work performed against the resistance of the 

airways and lung tissues (i.e., resistive work) during incremental exercise. In the 

present study, the relative magnitude of rise in mean inspiratory flow rate over the 

ɺVO2sc  phase (i.e., ∆VT/TI) was greater during severe-intensity exercise. A significant 
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relationship between ∆VT/TI and the ɺVO2sc  amplitude during constant-load exercise 

was also observed between work rates (see Figure 4.4). These observations,  

in conjunction with those made by Guenette et al. (2009), suggest that inspiratory 

resistive work was higher, and increased to a greater extent, over the course of  

the ɺVO2sc  during severe- compared with heavy-intensity exercise. Thus, it is 

proposed that increases in VT/TI, by augmenting inspiratory resistive work, 

contributes to the amplitude of the ɺVO2sc , particularly for severe-intensity exercise. 

The disproportionate, and progressively augmenting tachypnoea observed for SEV 

transitions is likely to have increased end-expiratory lung volume (Figure 4.3), 

thereby contributing a further source of respiratory muscle work, ultimately 

increasing the O2 cost of breathing during exercise. 

4.4.2 Dynamic lung volumes and the slow component of O2 uptake  

The onset of tachypnoea may promote the development of expiratory flow-

limitation, because of increases in expiratory flow rates consequent to an abrupt 

and progressive shortening of expiratory duration (Dempsey et al., 2006).  

To minimise expiratory flow-limitation, end-expiratory lung volume may increase 

during exercise (i.e., dynamic hyperinflation), thereby permitting the generation  

of higher flow rates (Johnson et al., 1992; Pellegrino et al., 1993). The influence  

of dynamic hyperinflation on O2respVɺ  is well-established (Brancatisano et al., 1993; 

Collett and Engel, 1986; Pitcher and Cunningham, 1993; Tzelepis et al., 1988). 

Firstly, when end-expiratory lung volume is held above functional residual 

capacity, the mechanical advantage of the inspiratory muscles is reduced due to  

a shorter initial fibre length (i.e., 'flattened diaphragm'; Brancatisano et al., 1993; 

Collett and Engel, 1986; Pitcher and Cunningham, 1993). A greater amount  

of respiratory muscle force and O2respVɺ  is therefore required to generate a given 
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inspiratory swing in intrathoracic pressure. Secondly, dynamic hyperinflation also 

creates an elastic threshold-load that must be overcome by the inspiratory muscles 

before airflow can occur (Loring et al., 2009). Lastly, lung hyperinflation reduces 

the dynamic compliance of the respiratory system by positioning the tidal breath 

over the upper, stiffer region of the pressure-volume curve of the lung and chest 

wall – larger, negative inspiratory muscle pressures are then required to preserve 

VT during exercise (Johnson et al., 1999).  

In the present study, end-expiratory lung volume increased over the duration of the 

ɺVO2sc  phase (evidenced by positive ∆ERV values) during the SEV but not HVY 

trials. Moreover, the ERV observed at the end of the SEV cycling tests  

was significantly higher than values measured at rest (i.e., dynamic 

hyperinflation). Importantly, subjects who exhibited the greatest increase in ∆ERV 

between work rates also demonstrated the largest increase in the amplitude of the 

ɺVO2sc  (see Figure 4.4). These observations support the findings of Experiment 1, 

where a reduction in the magnitude of dynamic hyperinflation (via breathing 

HeO2) occurred commensurate with an attenuated ɺVO2sc  amplitude, but only 

during severe-intensity exercise. For the reasons outlined above, it is suggested 

that the dynamic hyperinflation observed during the SEV trials led to a greater O2 

cost of breathing, thereby increasing the contribution of O2respVɺ  to the ɺVO2sc . 

In the presence of dynamic hyperinflation, end-inspiratory lung volume must rise 

in order to maintain VT during exercise. The dynamic compliance of the lung, 

however, rapidly declines as end-inspiratory lung volume approaches total lung 

capacity (Johnson et al., 1992; Rahn et al., 1946; Stubbing et al., 1980). Thus, 

dynamic hyperinflation may indirectly augment O2respVɺ  through increasing end-

inspiratory lung volume, and the elastic work of inspiration (Ferguson, 2006). 
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Overall, the subjects in the present study demonstrated smaller IRV values during 

SEV compared with HVY trials, indicating that end-inspiratory lung volume and 

inspiratory elastic work were systematically higher during severe-intensity cycling. 

However, IRV values tended to increase over the ɺVO2sc  phase (i.e., ∆IRV) during 

HVY trials, yet remained similar between the third and final minutes of SEV 

exercise. These findings suggest that inspiratory elastic-load was relatively 

constant (SEV trials) or may have declined (HVY trials) over the ɺVO2sc  phase 

during constant-load exercise. On the other hand, the dynamic hyperinflation 

observed during the SEV trials may have increased the inspiratory elastic-load 

through the development of an intrinsic positive end-expiratory pressure (discussed 

earlier). Thus, it remains unclear whether the greater contribution of O2respVɺ  to the 

amplitude of the ɺVO2sc  can be explained by an increasing amount of inspiratory 

elastic work during severe-intensity exercise. 

4.4.3 Limitations 

It is acknowledged that without measurements of intra-oesophageal pressure, and 

the construction of lung and chest wall pressure-volume curves, one cannot rely 

solely on changes in airflow to infer changes in the resistive work of breathing.  

If airway calibre improves during exercise (i.e., exercise-induced bronchodilation), 

then the amount of respiratory muscle work required to overcome the resistance of 

the airways and lung tissues is necessarily reduced. Previous investigators have 

reported an appreciable decline in airway resistance during exercise in non-

asthmatic, healthy individuals (Guenette et al., 2010; Warren et al., 1984). 

Importantly, the impact of bronchodilation on respiratory flow rates appears 

limited to the expiratory limb of the maximal volitional flow-volume envelope 

(Reddy et al., 1996). For this reason, the present study made no attempt to relate 
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changes in mean expiratory flow rates (i.e., VT/TE) to expiratory resistive work 

during constant-load exercise bouts. On the other hand, the regression equation 

used by Guenette et al. (2009) to describe the relationship between VT/TI and 

inspiratory resistive work produced an average R2 value of 0.99 for all subjects. 

Thus, the changes in VT/TI observed in the present study most likely reflect 

increases in inspiratory resistive work of breathing during constant-load exercise. 

4.4.4 Conclusion 

In healthy untrained individuals, end-expiratory lung volume progressively rises 

above functional residual capacity during SEV compared with HVY exercise.  

This dynamic hyperinflation likely reduces the mechanical advantage of the 

inspiratory muscles, augmenting the O2 cost of breathing, thereby increasing the 

contribution of O2respVɺ  to the amplitude of the ɺVO2sc . In addition, this larger 

contribution might also be explained by the disproportionately greater rise in VT/TI, 

and therefore inspiratory resistive work, during SEV compared with HVY trials. 

While the changes in ERV and VT/TI between the third and final minute of exercise 

were indeed significant predictors of the ɺVO2sc  amplitude, the partial R2 values  

of each parameter were relatively small (i.e., ~20%). Thus, during strenuous 

activity, the progressive rise in ɺVO2  from within the exercising muscles remains  

the primary contributor to the ɺVO2sc  amplitude. Further studies are required  

to more completely understand (and better quantify) the impact of the resistive  

and elastic components of respiratory muscle work on the ɺVO2sc  amplitude  

during severe-intensity exercise. 
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5.1 INTRODUCTION 

The capacity to perform exercise is often severely reduced in patients with Heart 

Failure (HF) (Drexler et al., 1992; Esposito et al., 2010; Pina et al., 2003).  

These patients typically display a blunted cardiac output response to exercise 

concomitant with derangements in ventilatory function, including: gas-exchange 

abnormalities, obstructive-restrictive lung disorders, decreased lung compliance, 

etc (Gehlbach and Geppert, 2004; Johnson, 2001; Mancini, 1995; Mandak and 

McConnell, 1998). Accordingly, the energetic demands of exercise for HF patients 

may be compounded by an inordinately high work of breathing (Wb) for a given 

level of minute ventilation ( ɺVE ) and/or external work (Christie, 1953; Hayward and 

Knott, 1955). This heightened Wb necessitates greater O2 delivery to  

the respiratory muscles, potentially at the expense of O2 supply to the exercising 

limbs, impairing the patient’s ability to perform muscular work (Dempsey, 2010; 

Olson et al., 2010). Indeed, exercise capacity improves in these patients when the 

Wb is unloaded via assisted ventilation or by breathing reduced density gases 

(Mancini et al., 1997; O'Donnell et al., 1999). It can then be reasoned that an 

elevated Wb contributes to the development of exertional fatigue in HF. Despite 

this rationale, there exists no systematic quantification of the Wb across the range 

of minute ventilations experienced by HF patients during dynamic exercise.  

Pulmonary function in HF patients is typified by an overall restrictive lung 

disorder secondary to an increase in the elasticity of lung tissues, and/or a 

decreased ability to inflate the lungs due to an enlarged heart (i.e., cardiomegaly) 

(Agostoni et al., 2002; Dimopoulou et al., 1998; Olson et al., 2007; Ries et al., 1986; 

Waxman, 2001). In addition, there is cause to believe that resistance of the airways 

and lung tissues is greater in HF patients compared to healthy, age-matched 

individuals at rest, and during exercise (Witte et al., 2002; Witte et al., 2004b). 
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Such ventilatory derangements in these patients would serve to increase the 

amount of respiratory muscle work required to achieve a given tidal volume (VT) 

and respiratory frequency (fR), thereby changing the pattern of breathing observed 

during exercise. Although many investigators appreciate that the resistance and 

elastance of the respiratory system are greater in this population, it is uncertain to 

what extent these parameters contribute to the overall higher Wb anticipated in 

these patients at a given level of ɺVE  during exercise.  

The aims of the present study were to quantify the resistive and elastic components 

of the Wb in patients with stable HF and healthy, age-matched individuals  

at standardised levels of ɺVE  during graded exercise. It was hypothesised that 

HF patients would display greater amounts of resistive and elastic Wb at each level 

of ɺVE  than control subjects. Currently, there are no specific guidelines for  

the management of respiratory symptoms in HF. The findings of this study  

may therefore aide in the improvement of existing treatment strategies for  

these patients, and/or indicate other therapeutic targets to consider in the  

clinical management of this population. 

5.2 METHODS 

5.2.1 Subjects and Ethical Approval 

Nine patients with a history of HF, and nine healthy, age-matched control subjects 

volunteered to participate in the present study. The HF patients recruited for the 

study were required to meet the following criteria: (i) at least a 1-year history of 

known HF; (ii) New York Heart Association (NYHA) Class I, II or III symptoms; 

(iii) an ejection fraction ≤35% measured via echocardiography; (iv) no history of 

dangerous cardiac arrhythmias; (v) no pacemakers; (vi) at least one prior 

hospitalisation due to HF. All patients were receiving standard optimised 
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pharmacotherapies for the management of HF at the time of the study. The age-

matched control subjects were recruited from the surrounding community, and 

were current non-smokers (past 15 yr) with no history of cardiac or pulmonary 

diseases. Participants were excluded from the study if BMI ≥35 kg·m2 and/or 

reported a smoking history >15 pack-years. All participants provided written 

informed consent to participate in the study, which had been approved by the 

Institutional Review Board of the Mayo Clinic and Foundation. Each subject had 

been exposed to formal exercise testing on at least one prior occasion –  

all individuals were familiar with the exercise mode of cycle ergometry. 

5.2.2 Graded exercise test 

All subjects performed a graded exercise test to volitional exhaustion on an 

electronically-braked upright cycle ergometer (Lode Corival, Groningen, 

Netherlands). The graded exercise protocol commenced with 2 min of unloaded 

cycling, after which the power output was increased every 2 min by 20 W  

(for HF patients) or 30 W (for control subjects). A self-selected pedal cadence  

(60–70 rev·min-1) was maintained by each subject until exhaustion. Cardiac rhythm 

and heart rate were monitored continuously during the graded exercise test.  

Each individual reported an RPE score of 18–20 at volitional exhaustion. 

Pulmonary gas-exchange was determined breath-by-breath via mass spectrometry 

(model 1100; Pelkin-Elmer, MA, USA) and a bi-directional differential  

pressure pneumotachograph (pre-Vent, Medical Graphics Corporation, St. Paul, 

MN, USA) while wearing a nose-clip. Peak values are reported as the average of 

the final 60 s of graded exercise. 
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5.2.3 Respiratory pressures  

Oesophageal pressure (Poes) was measured using a latex balloon-tip catheter 

(Ackrad Laboratories, CooperSurgical, Trumbull, CT, USA) that was inserted via 

the nose to approximately 45 cm distal to the nares. The balloon-tip catheter was 

inflated with 1 ml of air, and the “occlusion” test (Baydur et al., 1982) was 

performed to ensure correct placement (i.e., lower one-third of the oesophagus).  

The Poes signal was taken to represent pleural surface pressure (Milic-Emili et al., 

1964). Mouth pressure (Pmo) was sampled via a lateral port in the mouthpiece.  

The catheters were connected to differential pressure transducers (MP45, Validyne 

Corporation, Northridge, CA, USA) which were calibrated using a water 

manometer before each test. 

5.2.4 Respiratory mechanics 

5.2.4.1 Dynamic lung volumes 

Before and immediately after the graded exercise test, subjects performed 7 to 10 

vital capacity manoeuvres with varying degrees of effort (i.e., 20% through 100%  

of maximal effort). These efforts defined the maximal inspiratory and expiratory 

flow-volume envelopes for each subject, with minimal artefact due to thoracic-gas 

compression (Guenette et al., 2010). Subjects were also instructed to perform 

maximal inspiratory manoeuvres to determine inspiratory capacity (IC) while  

at rest, and 2–3 times towards the end of each minute during graded exercise.  

The IC manoeuvre was demonstrated to the subject before each exercise test. 

Subjects were required to practice the manoeuvre to ensure that satisfactory and 

repeatable measurements could be obtained. Indeed, there was no significant 

decline in the degree of inspiratory effort during IC manoeuvres throughout graded 

exercise – Poes swings were similar in magnitude to those observed at rest.  
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To compensate for signal-drift, the volume trace was corrected using the IC ratio 

method detailed by Dolmage and Goldstein (Dolmage and Goldstein, 2002).  

Based on previous data from Johnson et al. (2000), it was assumed that residual 

volume was not different between control subjects and patients with HF. IC values 

were then used to calculate end-inspiratory lung volume (EILV = VC – [IC – VT]) 

and end-expiratory lung volume (EELV = VC – IC), where VC represents the 

largest vital capacity obtained during the multiple vital capacity manoeuvres 

performed at varying degrees of expiratory effort (described above). A significantly 

higher dynamic EELV compared to resting values represented an end-expiratory 

lung volume above functional residual capacity (i.e., dynamic hyperinflation), 

whereas a dynamic EELV significantly lower than resting values denoted an end-

expiratory lung volume below functional residual capacity (O'Donnell et al., 2001). 

All pulmonary function tests were performed while seated on the cycle ergometer. 

5.2.4.2 Ventilatory constraint 

The methods used to estimate maximal ventilatory capacity (MVC) were modified 

from those described by others (Babb and Rodarte, 1993; Johnson et al., 1995; 

Marciniuk et al., 1994). In brief, MVC was calculated from the maximal  

achievable inspiratory and expiratory flow rates for a given EILV and EELV. The 

tidal-breath was sub-divided into 0.01 L increments, for n = VT/0.01 number of 

segments. Each segment was then divided by the corresponding mean expiratory 

flow rate to yield an expiratory-time. The expiratory times of all segments were 

summed to provide a minimal expiratory-time for the breath (TEmin).  

Similarly, minimal inspiratory-time (TImin) was determined by applying the  

same procedure to the individual’s maximal inspiratory flow-volume envelope.  

The summation of TEmin and TImin were used to derive a maximal achievable fR  
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(i.e., fRmax = (1/[TEmin + TImin]·60). Consequently, fRmax was multiplied by VT to 

calculate MVC. This method of estimating MVC assumes an individual can 

generate maximal flow rates instantaneously at the start of each breath (Johnson 

et al., 1999). Therefore, as suggested by Babb and Rodarte (1993), the computed 

TEmin and TImin values were arbitrarily increased by ~11% to compensate for inertia 

of the respiratory system.  

The degree of expiratory flow-limitation during exercise was assessed in two ways. 

First, expiratory flow-limitation was quantified as the percentage of VT where 

expiratory flow rates met or exceeded the boundary of the maximal flow-volume 

envelope. Secondly, pressure, flow and volume data were recorded during the 

graded vital capacity manoeuvres. These data were used to construct isovolume 

pressure-flow relationships at lung volumes corresponding to 15, 30, 50 and 70% of 

VC. From these data, a range of maximum effective expiratory pressures were 

identified as a function of lung volume (Johnson et al., 1992; Olafsson and Hyatt, 

1969). Using this method, flow-limitation was considered present when expiratory 

pressures exceeded those required to produce maximal flow (Figure 5.1).  

5.2.4.3 Chest wall compliance 

Chest wall compliance was measured before graded exercise using the quasistatic 

relaxation technique (Rahn et al., 1946). The subjects were provided with clear 

instructions on how to perform the manoeuvre, and were given sufficient time 

(~30–40 mins) to become familiar with relaxing against an occluded airway with 

the glottis held open at various lung volumes. A pneumatic respiratory valve was 

used to impose the external occlusion (Series 4260A, Hans Rudolph, Kansas City, 

MO, USA). When subjects were well-practiced, they were instructed to perform 

three consecutive inhalations to TLC, followed by complete occlusion on the final 
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breath. The subject’s inhaled volume was released in stepwise fashion via rapid 

actuation of the pneumatic valve. This procedure was repeated 3–5 times. In this 

manner, Poes values were obtained over a range of lung volumes between TLC and 

functional residual capacity. The elastic recoil pressure of the chest wall (Pcw,el) 

was taken as the mean Poes after a steady plateau (1–2 s) at each volume 

decrement during the relaxation manoeuvre. The slope of the Pcw,el-volume 

relationship above resting functional residual capacity described the compliance of 

the chest wall. All subjects performed the relaxation technique while seated on the 

cycle ergometer. The age-predicted values for chest wall compliance in the upright 

position were estimated from data published by Estenne et al. (1985). 

5.2.4.4 The work of breathing 

The components of the work of breathing were quantified using modified Campbell 

diagrams constructed from flow, pressure and volume data obtained during graded 

exercise (Figure 5.1). These diagrams were obtained from 10–20 breaths 

corresponding to minute ventilations of 20, 40, 60, and 80 L·min-1. All subjects were 

able to achieve these levels of ɺVE  (within ± 5%).  

Figure 4.1 illustrates a representative Poes-volume loop for a control subject at an 

absolute ɺVE  of 108 L·min-1 (~75% of peak ɺVE ) during graded exercise. A linear 

segment was fit through points of zero-flow representing the dynamic compliance of 

the lungs (i.e., CL,dyn). The Pcw,el-volume relationship was then positioned 

according to the subjects resting end-expiratory Poes at EELV (Guenette et al., 

2009; Yan et al., 1997). The intersection between the lines drawn for CL,dyn and 

chest wall compliance represents the lung volume at which ‘inward’ elastic forces of 

the lung tissue are in equal, and opposite magnitude to the ‘outward’ recoil of the 

chest wall; i.e., functional residual capacity (FRC). The area inside the Poes-volume 
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loop to the left of both the lung and chest wall compliance segments (fine stippling) 

represents the work performed by the respiratory muscles to overcome the 

resistance of the lung during inspiration (inspiratory resistive Wb). Conversely, the 

area bound by the Poes-volume loop to the right of both CL,dyn and chest wall 

compliance segments (coarse stippling) represents the work performed by the 

respiratory muscles to overcome the resistive properties of lung during expiration 

(expiratory resistive Wb). The area between CL,dyn and chest wall compliance 

segments above FRC (horizontal hatching) represents the magnitude of work 

required to inflate the lungs during inspiration in opposition to the elastic 

properties of the total respiratory system (inspiratory elastic Wb). The area 

between CL,dyn and chest wall compliance segments below FRC (vertical hatching) 

represents the magnitude of respiratory work required to oppose the recoil of the 

chest wall below relaxation volume during expiration (expiratory elastic Wb). 

Importantly, when an individual presents with static or dynamic hyperinflation 

(EELV above FRC), no expiratory elastic work is performed. The above component 

areas (Joules) were multiplied by fR (J·min-1). All components of respiratory muscle 

work were summed to yield the total Wb.  

5.2.5 Data analysis  

The analog signals of the mass spectrometer, pneumotachograph, Pmo and Poes 

were digitised at 100 Hz (PCI-DAS6034, Measurement Computing Corporation, 

Norton, MA, USA), and subsequently analysed with custom-written software to 

provide breath-by-breath indices of pulmonary gas-exchange and respiratory 

mechanics. All indices of respiratory mechanics were averaged into bins 

corresponding to minute ventilations of 20, 40, 60, and 80 L·min-1.  
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Figure 5.1. Schematic of the modified Campbell diagram used to quantify the 

elastic and resistive components of the work of breathing (Wb). FRC: functional 

residual capacity; EILV: end-inspiratory lung volume (EILV = VC – [IC – VT]); EELV: end-

expiratory lung volume (EELV = VC – IC); Poes: oesophageal pressure; PL,dyn: dynamic 

recoil pressure of the lung; Pcw,el: elastic recoil pressure of the chest wall. The continuous 

solid loop represents the Poes-volume relationship during inspiration (upward) and 

expiration (downward) of a representative control subject during exercise at a minute 

ventilation of ~108 L·min-1, with a minor degree of expiratory flow-limitation towards the 

end of expiration. The open circles represent pressure points of zero-flow during the tidal 

breath. The slope of the intersecting line between open circles equals the dynamic lung 

compliance. The closed circles denote recoil pressures of the chest wall at points of zero-flow 

during the tidal breath. Fine stippling ( ) represents inspiratory resistive Wb. Coarse 

stippling ( ) denotes expiratory resistive Wb. The horizontal hatching ( ) represents 

inspiratory elastic Wb, whereas vertical hatching ( ) denotes expiratory elastic Wb. The 

dashed lines demarcate the range of maximum effective expiratory pressures. 

5.2.6 Statistical analyses 

The subject characteristics, pulmonary function, and peak exercise data were 

compared between groups using unpaired t-tests. The differences between groups 

for all measures of respiratory mechanics at standardised minute ventilations 
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during graded exercise were evaluated using two-way mixed factor analyses of 

variance (ANOVA). Given that obesity (specifically, visceral fat-mass) is known to 

influence respiratory mechanics during exercise (Salome et al., 2010), subjects’ 

body mass was entered into the ANOVA model as a covariate. For the majority of 

parameters, body mass was not a significant covariate. When body mass was 

identified as a significant covariate in the ANOVA model, it did not change the 

overall differences observed between groups for the corresponding parameter. 

Statistical analyses were considered significant if P < 0.05. All values are reported 

as means ± standard error of the mean (SEM).  

5.3 RESULTS 

5.3.1 Subject characteristics and peak exercise data 

Two HF patients were NYHA Class I, and the remaining patients (n = 7) were 

NYHA Class II. The mean ejection fraction of HF group was 32 ± 1%. The HF 

patients were taking a combination of angiotensin converting enzyme inhibitors  

(n = 9), diuretics (n = 6), anti-arrhythmic agents (n = 4), statins (n = 6), non-

selective adrenergic receptor blockers (n = 8), and β1-adrenergic receptor blockers 

(n = 2). None of the control subjects were taking prescription medications for 

cardiovascular, metabolic or pulmonary diseases at the time of the study. The 

subjects’ physical characteristics, pulmonary function, and peak exercise values are 

presented in Table 5.1. Two healthy, control subjects and four HF patients 

reported a positive smoking history – all other participants reported no smoking 

history. There were no group differences for age and height, although body mass 

and body mass index (BMI) were significantly greater for patients with HF than 

control subjects (P < 0.05). HF patients exhibited significantly lower values for 

forced vital capacity (FVC), forced expiratory volume in 1 s (FEV1), FEV1/FVC and 
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peak and mid-expiratory flow rates when compared to control subjects (P < 0.05). 

However, the predicted values for the above parameters in HF patients were,  

on average, toward the lower end of the normal range. Nevertheless, these results 

indicate a greater degree of lung restriction and airway obstruction in HF patients 

relative to the healthy, age-matched individuals of the present study. While resting 

inspiratory capacity was not different between groups, EELV at rest was 

significantly lower in patients with HF compared to the control group (P < 0.05). 

The chest wall compliance of HF patients (150 ± 30 ml·cmH2O-1, 99 ± 6% pred.) was 

significantly lower when compared to control subjects (182 ± 38 ml·cmH2O-1, 109 ± 

6% pred.) (P < 0.05). On average, peak O2 uptake, work rate, ɺVE  and heart rate 

were significantly lower for patients with HF compared to healthy control subjects 

(P < 0.05) and predicted scores.  

5.3.1 Respiratory mechanics 

The pattern of breathing during graded exercise for HF patients and control 

subjects are reported in Table 5.2. In comparison with control subjects, patients 

with HF demonstrated a more pronounced tachypnoea, evidenced by the smaller 

tidal volumes and faster respiratory frequencies toward higher levels of ɺVE   

(P < 0.05). The higher fR values observed in HF patients were primarily due to 

significantly shorter inspiratory times compared to control subjects (P < 0.05). 

Mean inspiratory flows were not different between groups during graded exercise. 

However, mean expiratory flows for HF patients were marginally slower than 

those of control subjects at minute ventilations of 40 and 60 L·min-1 (P < 0.05). 
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Table 5.1. Subject characteristics, pulmonary function, and peak exercise values in patients 

with Heart Failure (HF) and healthy control subjects. 

 Control HF 

 Measured % predicted Measured % predicted 

Age (yr)   55 ± 4  57 ± 4  

Height (cm) 179 ± 2       180 ± 2  

Body mass (kg)   86.4 ± 2.4  103.8 ± 4.1*  

BMI (kg·m-2)   26.4 ± 0.9   32.3 ± 0.9*  

Aetiology     --  4 IDC / 5 CAD  

Smoking Hx (pk. yrs)     1.9 ± 1.7    9.8 ± 5.5  

Pulmonary Function 

FVC (L)     5.12 ± 0.35 106 ± 3     4.34 ± 0.28* 92 ± 5* 

FEV1 (L)     4.27 ± 0.30 112 ± 3     3.31 ± 0.32* 90 ± 8* 

FEV1/FVC (%)   83.2 ± 1.6    74.8 ± 4.3*  

PEFR (L·s-1)     9.95 ± 0.43   94 ± 3     7.90 ± 0.79* 76 ± 7* 

FEF25%-75% (L·s-1)     6.12 ± 0.29 127 ± 4     4.39 ± 0.52*   93 ± 10* 

IC (L)     4.21 ± 0.24 107 ± 4   4.00 ± 0.33         92 ± 7 

EELV (L)     0.91 ± 0.22      0.34 ± 0.09*  

Peak exercise     

ɺVO2peak  
(L·min-1)     2.87 ± 0.34   100 ± 14     1.79 ± 0.16* 53 ± 7* 

Peak power (W)   228 ± 30    127 ± 10*  

HRpeak (beats·min-1) 156 ± 9   94 ± 4 106 ± 6* 68 ± 3* 

Peak ɺVE  (L·min-1)   146.0 ± 16.0       80 ± 4.7*  

WbTOTpeak (J·min-1)     485 ± 107  190 ± 9*  

Values represent mean ± SEM. BMI: body mass index; IDC: idiopathic dilated cardiomyopathy; CAD: 

coronary artery disease; pk. yrs: pack years; FVC: forced vital capacity; FEV1: forced expiratory volume 

in 1 s; PEFR: peak expiratory flow rate; FEF25%-75%: mid-expiratory flow rate; IC: inspiratory capacity; 

EELV: end-inspiratory lung volume; O
2peak

Vɺ : peak O2 uptake; WbTOTpeak: total work of breathing observed 

at peak exercise. *Significantly different from control group, P < 0.05. 
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Figure 5.2. Ventilatory constraint during graded exercise in patients with Heart 

Failure (○) and healthy control subjects (●). Values represent mean ± SEM. VT: tidal 

volume; MVC: maximal ventilatory capacity. *Significantly different between groups, P < 0.05. 

Note: there appeared a trend towards significance for dynamic lung compliance between heart 

failure patients and control subjects at a minute ventilation of 80 L·min-1, P = 0.09.  

The progression of ventilatory constraint during graded exercise in HF patients 

and control subjects is illustrated in Figure 5.2. At each level of ɺVE , HF patients 

exhibited a greater degree of expiratory flow-limitation, and their exercise flow-

volume loops occupied a greater proportion of maximal achievable flow rates (i.e., 
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Figure 5.3. Dynamic lung volumes during graded exercise in patients with Heart 

Failure (○) and healthy control subjects (●). Values represent mean ± SEM. EILV: end-

inspiratory lung volume; EELV: end-expiratory lung volume. *Significantly different between 

groups, P < 0.05. Note: the dynamic lung volumes of patients with chronic heart failure were 

systematically lower during the graded exercise test compared to the control group. 

MVC), compared to the control subjects (P < 0.05). Dynamic lung volumes obtained 

during graded exercise are presented in Figure 5.3. The dynamic lung volumes of 

HF patients were systematically lower compared to control subjects at each level of 

ɺVE  (P < 0.05). For the control group, EELV was significantly higher than resting 

values (i.e., dynamic hyperinflation) at levels of ɺVE  greater than 60 L·min-1  

(P < 0.05). Mean values for EELV of HF patients were systematically higher than 

resting values throughout graded exercise (P < 0.05). Dynamic lung compliance 

was significantly lower in HF patients at levels of ɺVE  corresponding to 20, 40  

and 60 L·min-1. There appeared an appreciable, albeit non-significant, difference in 

dynamic lung compliance between HF patients and control subjects at a ɺVE  of  

80 L·min-1 (264 ± 26 ml·cmH2O-1
 v 333 ± 43 ml·cmH2O-1, P = 0.09).  
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Figure 5.4. Total work of breathing (Wb) v. minute ventilation during graded 

exercise in patients with Heart Failure (○) and healthy control subjects (●).  

Values represent mean ± SEM. *Significantly different between groups, P < 0.05. Wb: work of 

breathing in Joules per minute. 

The relationships between the total Wb and ɺVE  during graded exercise are 

displayed in Figure 5.4. The total Wb was higher at level of ɺVE  for patients with 

HF compared to control subjects during graded exercise (P < 0.05). The resistive 

and elastic components of the Wb during graded exercise are shown in Figure 5.5. 

In general, the inspiratory and expiratory resistive Wb was systematically higher 

in patients with HF compared to control subjects at each level of ɺVE  investigated 

(P < 0.05). Inspiratory elastic Wb was significantly higher for HF patients than 

control subjects at minute ventilations of 40 and 60 L·min-1 (P < 0.05). There were 

no consistent differences between groups for the expiratory elastic work at each 

level of ɺVE  (P > 0.30).  
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Figure 5.5. Resistive and elastic work of breathing v. minute ventilation during 

graded exercise in patients with Heart Failure (○) and healthy control subjects (●). 

Values represent mean ± SEM. Wb: work of breathing in Joules per minute. *Significantly 

different between groups, P < 0.05. 

5.4 DISCUSSION 

The major findings of the present study were that patients with stable HF are 

faced with an inordinately higher Wb compared to healthy, age-matched subjects 

for a given level of given ɺVE . Furthermore, the overall higher mechanical cost of 

breathing in these patients appears due to greater amounts of resistive rather than 

elastic respiratory muscle work. The greater resistive Wb in HF patients most 

likely reflects an increase in airways and lung tissue resistance. On the other hand, 

the marginally higher inspiratory elastic Wb observed in these patients was related 

to a combined decrease in the compliances of the lungs and chest wall.  
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Figure 5.6. The resistive and elastic work of breathing (Wb) in a representative control 

subject, and a patient with Heart Failure (HF) at similar minute ventilations.  

Poes: oesophageal pressure. This figure displays representative data from a healthy control 

subject (71 yr; 78.0 kg; ɺVE  = 80.5 L·min-1) and a patient with HF (NYHA II; EF = 25%; 73 yr; 96.4 

kg; ɺVE  = 80.4 L·min-1) during graded exercise. The open circles represent pressure points of zero-

flow during the tidal breath. The slope of the intersecting line between open circles equals the 

dynamic lung compliance. The closed circles denote recoil pressures of the chest wall at points of 

zero-flow during the tidal breath. Fine stippling ( ) represents inspiratory resistive Wb. Coarse 

stippling ( ) denotes expiratory resistive Wb. The horizontal hatching ( ) represents 

inspiratory elastic Wb, whereas vertical hatching ( ) denotes expiratory elastic Wb. The dashed 

lines demarcate the range of maximum effective expiratory pressures. 

5.4.1 The work of breathing in heart failure 

In 1934, Christie and Meakins (1934) were the first to provide direct evidence that 

patients with congestive Heart Failure often present with an impaired 

distensibility of the lungs (i.e., dynamic lung compliance; CL,dyn). Since then, other 

ventilatory derangements have been described in this population ranging from 

restrictive-obstructive disorders in pulmonary function, functional weakness of the 

respiratory muscles, and the development of severe ventilatory constraint during 

physical activity (Agostoni et al., 2002; Daganou et al., 1999; Hammond et al., 1990; 

Johnson et al., 2000; Johnson et al., 2001; Mancini et al., 1992). These pathologies 
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would together serve to increase the amount of work performed by the respiratory 

muscles per breath. Many investigators have provided support for this rationale 

using surrogate measures of the Wb, such as the pressure- and tension-time indices 

of oesophageal and diaphragmatic pressure traces, during exercise in patients with 

HF (Kufel et al., 2002; Mancini et al., 1992; Mancini et al., 1996). It should be noted 

that these parameters are not indicative of respiratory muscle work per se, but 

rather provide an index of respiratory muscle blood flow and O2 uptake (Field et al., 

1984; Hussain et al., 1989). Others have determined the Wb in HF patients using 

Poes-VT loops obtained during exercise (Christie, 1953; Hayward and Knott, 1955; 

Marshall et al., 1954; Olson et al., 2010). However, these studies often neglected 

the elastic work incurred by movement of the chest wall, and may have therefore 

underestimated the total Wb in these patients.  

In the present study, the modified Campbell diagram was used to better quantify 

the overall Wb during exercise (Campbell, 1958; Roussos and Campbell, 1986). 

Figure 5.6 displays representative data from a HF patient and a healthy, age-

matched control subject at a standardised ɺVE  of ~80 L·min-1. It can be noted that 

all components of the Wb were appreciably greater for the HF patient compared to 

the control subject – excepting the elastic work of expiration. These observations 

were characteristic of all HF patients over the range of minute ventilations 

investigated (Figure 5.5). Importantly, the systematically higher mechanical cost 

of breathing in HF patients appeared due to factors mediating an increase in the 

resistive rather than elastic Wb during graded exercise (Figure 5.7).  
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Figure 5.7. The relative contributions of resistive and elastic respiratory work to the 

total work of breathing (Wb) during graded exercise. The left and right panels illustrate 

the general relationship between each component of the work of breathing and minute 

ventilation during graded exercise for patients with Heart Failure (HF) and healthy control 

subjects, respectively. Fine stippling ( ) represents inspiratory resistive Wb. Coarse stippling 

( ) denotes expiratory resistive Wb. The horizontal hatching ( ) represents inspiratory elastic 

Wb, whereas vertical hatching ( ) denotes expiratory elastic Wb. Note: the relative contribution 

of inspiratory and expiratory resistive Wb to the total mechanical cost of breathing appears 

larger for HF patients than control subjects during graded exercise. 

5.4.2 Resistive work of breathing  

In agreement with previous observations (Daganou et al., 1999; Johnson et al., 

2000; Johnson et al., 2001; Witte et al., 2002), the HF patients of the present study 

displayed relatively greater airways obstruction compared to the healthy control 

subjects (Table 5.1). Hence, there appeared less reserve for HF patients to 

increase tidal flows before encroaching upon the mechanical constraints of the 

lungs during graded exercise (i.e., expiratory flow-limitation). Dynamic lung 

volumes were also lower, positioning the HF patient’s tidal breath over a range of 

lung volumes where maximal achievable expiratory flows are further reduced. 
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Consequently, these patients displayed a greater degree of expiratory flow-

limitation, yielding slightly lower mean expiratory flows than control subjects at 

each level of ɺVE . Therefore, much of the greater expiratory resistive Wb observed in 

HF patients appears related to the generation of expiratory pressures far in excess 

of those required to produce maximal flows (Hyatt and Flath, 1966). The 

inspiratory resistive Wb was also higher in HF patients compared with control 

subjects during graded exercise. However, this greater inspiratory resistive Wb 

was not accompanied by higher mean inspiratory flows, where faster flow rates 

would have caused a rise in dissipative pressure losses during inspiration. Instead, 

it is likely that inspiratory resistive Wb was greater in HF patients due to an 

increased pulmonary resistance. The above findings represent an increased 

inspiratory and expiratory resistive-load to breathing in HF patients during 

physical activity. Such an increased resistive-load to breathing in HF patients may 

arise from the development (or progressive worsening) of pulmonary congestion 

and/or an increased bronchomotor tone during graded exercise (Agostoni et al., 

2003; Hayward and Knott, 1955; Witte et al., 2004a).  

It can be reasoned that left systolic dysfunction leads to an increase in  

pulmonary capillary pressures, facilitating the transudation of fluid into  

the pulmonary interstitium (Gehlbach and Geppert, 2004; Wasserman et al., 1997).  

Pulmonary congestion is thought to increase airways resistance by reducing 

luminal diameter due to bronchial or pulmonary vessel engorgement, and/or by 

causing an imbalance of interfacial and radial forces acting on the airway wall 

itself (Cabanes et al., 1989; Pellegrino et al., 2003; Wetzel et al., 1993). 

Additionally, a rise in extra-luminal pressure secondary to pulmonary congestion 

may promote the dynamic closure of dependent airways at relatively lower 

transmural pressures for any given lung volume during expiration (i.e., the 
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Starling-resistor model) – although this enhanced airway collapsibility would 

seemingly be offset by an increased bronchomotor tone. Indeed, there is cause to 

believe that pulmonary interstitial oedema leads to the development of airway 

hyperresponsivity in HF patients (‘cardiac asthma’) (Cabanes et al., 1989; Sasaki et 

al., 1990). An increased bronchomotor tone during exercise may promote ‘buckling’ 

of the airway mucosa (particularly during expiration), and would certainly increase 

the resistance of the airways during spontaneous breathing.  

It should be noted that the measurement of the resistive Wb in the present  

study included the pressures lost to hysteresivity of the lung tissue itself.  

Importantly, the resistance of lung tissue increases when the pulmonary 

interstitium becomes oedematous, and during instances of increased bronchomotor 

tone (Barnas et al., 1995; Kaczka et al., 1997; Lutchen et al., 1994). It is therefore 

reasonable to suggest that pulmonary congestion, either through primary or 

secondary influences, may lead to an increase in both airways and tissue  

resistance of the lungs, thereby increasing the resistive-load to breathing  

in patients with HF during exercise.  

5.4.3 Elastic work of breathing 

Overall, HF patients displayed a more rapid-shallow breathing pattern for  

any given level ɺVE  than control subjects. This ‘exercise tachypnoea’ is a hallmark 

of the disease, and appears inversely related to the dynamic compliance of  

the lungs during exercise (Agostoni et al., 2002). The present data are consistent 

with these observations in that VT and dynamic lung compliance were 

systematically lower, and fR higher, in HF patients than control subjects during 

graded exercise (Table 5.2 and Figure 5.2). It can be reasoned that patients with 

HF adopt a rapid-shallow breathing pattern, at relatively lower operational lung 
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volumes, to avoid a high elastic Wb due to increased lung ‘stiffness’. In spite  

of these efforts, the lower compliances of the lungs and chest wall in these  

patients produced a higher inspiratory elastic Wb compared to control  

subjects during exercise (Figure 5.5 and 5.6) – the expiratory elastic work  

of breathing was negligible in both groups.  

The reduction in dynamic lung compliance observed in HF patients may be 

attributed to a number of mechanisms: the competition between lung and cardiac 

tissue for intra-thoracic space (e.g., cardiomegaly); the erectile nature of an 

engorged pulmonary and/or bronchial vasculature; the development of pulmonary 

interstitial oedema, particularly during exercise; and remodelling of the lung 

parenchyma due to elevated circulating cytokines and/or chronic hydrostatic insult 

(Agostoni et al., 2003; Ceridon et al., 2011; Ebert, 1961; Milani et al., 1996; Olson et 

al., 2007). Although the mechanisms for the lower dynamic lung compliance have 

been well-described in HF, it was also noted that compliance of the chest wall in 

these patients was lower (~18%) than control subjects. To the best of our 

knowledge, the later observation has not been reported in unaesthetised patients 

with stable HF. The reasons for such increased ‘stiffness’ of the chest wall  

in this population are unclear. Evidence suggests that subject anthropometric 

characteristics do not adequately explain the differences in the compliance  

of the chest wall between individuals (Estenne et al., 1985; Suratt et al., 1984).  

Thus, it is unlikely that chest wall compliance was lower in the HF group due to 

the larger body mass and BMI of the patients. In addition, this study controlled for 

the age-related decline in chest wall compliance (Estenne et al., 1985) by comparing 

HF patients to healthy, age-matched individuals. At present, the precise 

mechanisms which cause the decline in chest wall compliance in patients with 

stable HF require further investigation.  
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5.4.4 Interrelationships between resistive and elastic Wb 

It is cautioned to the reader that although each component of the Wb has been 

treated separately thus far, this does not imply any degree of isolation between 

parameters. The mechanisms which affect an increase in the resistive Wb are 

likely to influence the elastic Wb, and vice versa. As mentioned above, continued 

pulmonary congestion may lead to airway hyperresponsiveness in patients with HF 

(Cabanes et al., 1989; Sasaki et al., 1990). Bronchomotor tone not only regulates 

airways and lung tissue resistance, but also determines the dynamic elastance of 

the bronchial tree (Mitzner et al., 1992; Shardonofsky et al., 2001). For example, 

when the smooth muscle layer of the airways contract, tension develops in the 

radial and longitudinal axes of the bronchial tree – this tension increases the 

amount of respiratory muscle force required to expand the dimensions of the lungs 

along these planes during inspiration. Indeed, recent evidence suggests that 

relaxation of airway smooth muscle via inhalation of short-acting bronchodilators 

decreases both pulmonary resistance and elastance in patients with HF  

(Witte et al., 2004b). Thus, with respect to the present data, an increased 

bronchomotor tone may have therefore contributed to the decreased CL,dyn observed 

in HF patients during graded exercise.  

5.4.5 Implications and clinical significance 

The heightened Wb observed in HF patients necessitates greater O2 delivery to 

the respiratory muscles during exercise – clearly an issue for patients with an 

already reduced cardiac reserve. The respiratory muscles may therefore compete 

with locomotor muscles for cardiac output during physical activity, thereby 

impairing the ability of these patients to perform the activities of daily living. 

Indeed, O2 delivery to the locomotor muscles increases, and tolerance to physical 
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activity improves, when the Wb is unloaded in HF patients during submaximal 

exercise (Borghi-Silva et al., 2008; Mancini et al., 1997; O'Donnell et al., 1999; 

Olson et al., 2010). These findings, in conjunction with the observations of the 

present study, emphasise the importance of targeting respiratory symptoms in the 

management of patients with HF.  

5.4.6 Limitations 

The modified Campbell diagram was used to quantify the resistive and elastic 

components of the Wb during exercise. Although this approach has been used 

widely in the past (Dellweg et al., 2008; Goldman et al., 1976; Guenette et al., 

2009), the technique is not without its limitations. The measurements of the total 

Wb in the present study did not include the additional mechanical cost incurred  

by deformation of the chest wall, hysteresivity of chest wall tissues,  

eccentric (negative) and/or isometric work performed by the respiratory muscles, 

compression of thoracic gas, and the work done on the abdominal viscera (Goldman 

et al., 1976; Milic-Emili and Orzalesi, 1998). The modified Campbell diagram may 

have therefore underestimated the ‘true’ mechanical cost of breathing in the 

subjects of this study. It should be remembered that chest wall compliance was 

lower, and the degree of expiratory flow-limitation during exercise was higher,  

for HF patients than control subjects. Accordingly, the amount of respiratory 

muscle work lost to the hysteresivity and deformation of the chest wall, and that 

lost to thoracic gas compression, would be necessarily higher in patients with HF. 

If these sources of respiratory muscle work were accounted for in the present 

study, the differences in the Wb observed between groups would most likely  

be accentuated, rather than diminished. 
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The HF patients of the present study were, on average, heavier than control 

subjects (Table 5.1). Although it is reasonable to suggest that obesity may  

have contributed to the differences in respiratory variables between groups  

(i.e., HF v controls), entering participants’ mass as a covariate into the analyses of 

variances performed in this study did not alter the significance of the present 

findings; i.e., our observations cannot be adequately explained by differences in 

subject anthropometric characteristics between groups. It is worth noting, however, 

that there were a greater number of ex-smokers among HF patients than healthy, 

age-matched control subjects (4/9 patients v 2/9 controls). Smoking history was also 

relatively greater in HF patients than control subjects – although this comparison 

was not significant. It is possible that smoking-related decrements in airway 

calibre may have accounted for some of the obstructive changes observed in the 

patients with HF (Johnson et al., 2001).  

5.4.7 Conclusions 

The present data reveals that the total Wb is systematically higher in HF patients 

than control subjects at standardised minute ventilations during physical activity. 

Importantly, this study shows that the inordinately higher Wb in HF patients is 

primarily due to a greater resistive-load to breathing. Specifically, HF patients 

adopt a rapid-shallow breathing pattern at relatively low lung volumes in an effort 

to avoid high levels of inspiratory elastic Wb. This breathing strategy comes at the 

expense of greater ventilatory constraint, expiratory flow-limitation, and therefore 

an increased expiratory resistive Wb. The reasons for the higher inspiratory 

resistive Wb in HF patients are uncertain, but may involve an increase in both 

airways and tissue resistance of the lungs secondary to the development (or 

worsening) of pulmonary congestion, and/or increased bronchomotor tone during 
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exercise. The mechanisms responsible for the relatively lower compliance of the 

chest wall in HF patients remain unclear. In summary, the ventilatory 

derangements observed in patients with HF affect an increase in the mechanical 

(and therefore O2) cost of breathing at a given ɺVE  when compared to healthy, age-

matched control subjects during exercise. These findings contribute to the growing 

impetus for research examining the respiratory complications associated with HF. 
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Preface 

The following Experiment is focused on developing an objective method  

for determining the gas-exchange and respiratory compensation thresholds during 

incremental cycling. This study takes a computational approach to identifying 

‘break-points’ in breathing pattern data, and evaluates the level of agreement 

between these break-points, and the Tge and RCT. At first, the aims of this study 

may not appear to coincide with the central theme of the present Thesis – there is  

no mention of respiratory muscle energetics or the O2 cost of strenuous exercise. 

However, the determination of these threshold forms an integral component of  

the methodological design used in Experiments 1 and 2. That is, the heavy  

and severe work rate intensities of these studies were calculated based on the  

power outputs corresponding to the Tge and RCT. 
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6.1 INTRODUCTION 

Progressive exercise protocols, where an individual performs incrementing levels of 

work to volitional fatigue or symptom limitation, are frequently used to determine 

parameters such as maximal oxygen consumption ( ɺVO2 ), heart rate and maximum 

aerobic power or work rate. Such exercise protocols elicit non-linear changes or 

‘thresholds’ in gas-exchange and ventilatory parameters prior to exhaustion.  

The gas-exchange and respiratory compensation thresholds (Tge and RCT) obtained 

during incremental work are widely used in: (i) research to demarcate exercise-

intensity domains (Experiments 1 and 2; Carter et al., 2002; Jones and Poole, 

2005); (ii) the design of athletic training programmes (Carter et al., 2000; Yoshida 

et al., 1982); and (iii) to provide prognostic value for clinical populations (Chase et 

al., 2010; Gitt et al., 2002; Wasserman et al., 2005).  

The Tge and RCT are characterised by disproportionate increases in minute 

ventilation ( ɺVE ) with respect to ɺVO2  and CO2 production ( ɺVCO2 ) during incremental 

exercise, respectively (Beaver et al., 1986; Wasserman et al., 2005). Given that ɺVE  

represents the product of respiratory frequency (fR) and tidal volume (VT), one 

might then expect to observe corresponding changes in these parameters as an 

individual traverses the Tge and RCT during progressive exercise. Indeed,  

such characteristic changes in breathing pattern are thought to provide useful  

non-invasive estimates of the Tge and RCT.  

Many investigators have observed two separate and distinct accelerations in fR 

during incremental exercise (Cannon et al., 2009; Carey et al., 2005; Cheng et al., 

1992; James et al., 1989; Jones and Doust, 1998; Nabetani et al., 2002; Neder and 

Stein, 2006). Although the weight of available evidence suggests that these 

disproportionate increases in fR occur at the Tge and RCT in untrained subjects, 
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some investigators have reported relatively wide limits of agreement between such 

parameters in trained cyclists (Cannon et al., 2009). In addition, studies have 

shown that VT plateaus at an exercise-intensity associated with the RCT during 

incremental exercise (Benito et al., 2006; Legrand et al., 2007) – although this 

phenomena is not always observed. For example, Lucia et al. (1999) were unable to 

identify a plateau in VT during progressive exercise in professional cyclists. The 

discrepant findings of the above studies may reflect the difference in methods used 

to identify disproportionate changes in breathing pattern during incremental work. 

The disproportionate changes in breathing pattern data during incremental 

exercise have typically been identified using visual inspection (Benito et al., 2006; 

Legrand et al., 2007), computerised methods (Carey et al., 2005; Cheng et al., 1992), 

or a combination of both (Cannon et al., 2009). The most commonly used automated 

method is that of piecewise linear regression, where two or three contiguous linear 

segments are iteratively fit to a dataset, yielding a function with the least  

amount of error in residual scores – the point of convergence between two 

adjacent segments represents the ‘break-point’ of interest (Vieth, 1989). Although 

this method provides a relatively objective and reliable means of ‘break-point’ 

detection, an assumption of the total number of ‘break-points’ is required before  

the function is fit to the dataset (e.g., bi-segmental v tri-segmental models). 

Moreover, piecewise linear regression defines the shape of each ‘break-point’ as  

an abrupt change in gradient within an infinitesimally small period of time. 

Clearly, these functions produce an invalid fit to data when transitions between 

adjacent segments may be more continuous and smooth (Sherrill et al., 1990). 

Another computerised method is that of polynomial spline smoothing. This method 

has been used to estimate the Tge and RCT during incremental exercise  
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(Santos and Giannella-Neto, 2004; Sherrill et al., 1990; Steding et al., 2010; Wisen 

and Wohlfart, 2004a, b). This technique consists of fitting a continuous spline to 

the dataset, from which another polynomial function is obtained representing the 

second derivative of the former (i.e., acceleration). Physiological ‘break-points’ can 

then be identified as local maxima and minima – these points indicate abrupt 

accelerations and decelerations in the dataset, respectively. Consequently, the 

method of polynomial spline smoothing is robust enough to detect ‘break-points’ in 

physiological data, regardless of whether they are truly continuous or segmental. 

In the present study, polynomial spline smoothing was used to determine whether 

‘break-points’ in breathing pattern correspond to the Tge and RCT in young, 

healthy individuals during incremental cycling. It was hypothesised that this 

technique would locate two ‘break-points’ in fR at exercise intensities (i.e., ɺVO2 ) 

equal to the Tge and RCT, respectively. Furthermore, it was expected that VT would 

plateau at an exercise-intensity associated with the RCT. 

6.2 METHODS 

6.2.1 Subjects and ethical approval  

Twenty-eight recreational cyclists (23 ± 1 yr; 74.9 ± 2.1 kg; 24 men and 4 women) 

volunteered to participate in the present study and provided written informed 

consent. The subjects underwent a pre-participatory health screening to  

ensure they were physically active non-smokers, with no history of cardiac  

or pulmonary disease. The present study conformed to the principles outlined  

in the Declaration of Helsinki and was approved by the Griffith University  

Human Research Ethics Committee.  
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6.2.2 Experimental design and protocol  

The polynomial spline smoothing method was used to investigate whether abrupt 

changes in breathing pattern correspond to the Tge and RCT during incremental 

cycling. Resting pulmonary function was determined immediately prior to the 

incremental test in the exercise position. Subjects performed the incremental 

exercise test to volitional fatigue on an electronically-braked cycle ergometer (Lode 

Excalibur Sport V2.0, Groningen, Netherlands). The incremental exercise test 

commenced with 3 min of unloaded cycling, after which the power output was 

increased by 10–15 W every 30 s (i.e., 20–30 W⋅min-1) until the subjects could  

no longer continue to exercise despite verbal encouragement. In an effort to 

minimise the impact of breathing entrainment on fR data, each subject maintained 

a self-selected pedal cadence (70–90 rev⋅min-1) within narrow limits until 

exhaustion. Cardiac rhythm and heart rate were monitored using a CM5 electrode 

configuration (Lohmeier M607, Munich, Germany). Gas-exchange and breathing 

pattern parameters were measured breath-by-breath (MedGraphics CPX/D, 

Medical Graphics Corporation, St. Paul, MN, USA) and subsequently averaged 

over 10-s intervals. The O2 and CO2 analysers were calibrated before each test 

using room air and a calibration gas (12%O2; 5%CO2; balanced N2). Subjects 

breathed through a mouthpiece attached to a bi-directional pressure differential 

pneumotachograph (pre-Vent, Medical Graphics Corporation, St. Paul, MN, USA) 

while wearing a nose-clip. The pneumotachograph was calibrated at varying flow 

rates (30–360 L·min-1) using a 3-L syringe. ɺVO2peak  was reported as the average ɺVO2  

over the final minute of incremental exercise. 
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6.2.3 Polynomial spline smoothing of ventilatory data  

The method of polynomial spline smoothing to detect ‘break-points’ in gas-exchange 

data has been described in detail elsewhere (Santos and Giannella-Neto, 2004; 

Sherrill et al., 1990; Steding et al., 2010; Wisen and Wohlfart, 2004a, b).  

In the present study, an nth order polynomial function was fit to ɺVE / ɺVO2 , ɺVE / ɺVCO2 , 

VT and fR data plotted against ɺVO2  obtained during the incremental exercise test. 

The second derivative (i.e., d2y/dx2) of the best-fit polynomial function was then 

calculated. This function was a polynomial spline itself, less two orders  

of magnitude of the original polynomial equation. For an nth order polynomial,  

a maximum of n–1 extrema can be observed – where maxima and minima 

denote abrupt accelerations and decelerations in the dataset, respectively. 

Therefore, a 6th order polynomial function was fit to the data, yielding  

a subsequent d2y/dx2 polynomial spline with 3 possible extrema (i.e., two maxima 

and one minima, or vice versa).  

The ventilatory equivalents method was used to estimate the Tge and RCT during 

the incremental test. This approach has been used widely in the literature and is 

considered a valid non-invasive estimate of the Tge and RCT (Ahmaidi et al., 1993; 

Gaskill et al., 2001; Solberg et al., 2005; von Duvillard et al., 1993). Accordingly, the 

Tge was defined as the ɺVO2  equal to the first local maximum, while the RCT was 

reported as the ɺVO2  equal to the second local maximum, in the polynomial d2y/dx2 

dataset of ɺVE / ɺVO2  and ɺVE / ɺVCO2  (Santos and Giannella-Neto, 2004; Wisen and 

Wohlfart, 2004a, b). Accelerations in respiratory frequency ( Rfɺɺ ) were also identified 

as local maxima, whereas abrupt decelerations in tidal volume ( TVɺɺ ) were located at 

each local minimum, in the d2y/dx2 of breathing pattern polynomial datasets.  
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These extrema were assigned a subscript of either 1 or 2 depending on the 

variable’s proximity to the ɺVO2  measured at either gas-exchange threshold. That is:  
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Eqn. 6.1
 

where the subscript x refers to local minima or maxima in the relevant polynomial 

d2y/dx2 dataset. The above convention allowed a value of x to be assigned for 

instances when only one local minimum or maximum in d2y/dx2 data was observed. 

Data obtained from the warm-up period of the incremental test were not analysed. 

For breathing pattern data, the goodness-of-fit of each polynomial function was 

compared to that obtained from a straight line using a sum-of-squares F-test.  

It was concluded that no meaningful break-point in VT or fR was evident during 

incremental exercise if a straight line provided a superior fit to the data. The linear 

and polynomial functions were fit to ventilatory data, and subsequently compared, 

using GraphPad Prism version 5 for Windows (GraphPad Software Inc, San Diego, 

CA). Outliers were removed from the dataset using the robust regression outlier 

removal method described by Motulsky and Brown (2006).  

6.2.4 Statistical analyses  

The ɺVO2  corresponding to the Tge, R1fɺɺ , T1Vɺɺ
 
and the RCT, R2fɺɺ , and T2Vɺɺ

 
were 

compared using a one-way repeated measures analysis of variance, separately.  

The level of absolute agreement between the Tge and RCT and the respective 

polynomial d2y/dx2 extrema in breathing pattern data were evaluated using 

intraclass correlation co-efficients (ICC) and Bland-Altman plots. The relationships 

between break-points in breathing pattern and Tge and RCT were evaluated using 
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Pearson’s co-efficient of correlation. Results of the Bland-Altman analyses are 

reported as mean biases ± 95% limits of agreement (LOA); all other results are 

presented as means ± SEM. Data were analysed using SPSS 17.0 (SPSS Inc., 

Chicago, IL, USA). Statistical analyses were considered significant if P < 0.05. 

6.3 RESULTS 

All participants displayed normal pulmonary function at rest with an average  

FVC of 5.67 ± 0.19 L (100 ± 1% predicted) and a forced expiratory volume in 1 s of 

4.82 ± 0.15 L (102 ± 1% predicted). The subjects were recreationally active with  

an average peak power output and heart rate of 369 ± 14 W, and 193 ± 2  

beats·min-1, respectively. The mean ɺVO2  measured at peak exercise was 52.5 ± 1.5 

ml O2·kg-1·min-1, with a range of 37.0 to 71.5 ml O2·kg-1·min-1. The ventilatory 

response of a representative male subject during incremental cycling is displayed 

in Figure 6.1. One subject was removed from data analyses due to large breath-to-

breath variability in breathing pattern data recorded during incremental exercise. 

Another four participants were excluded from analyses due to a high-risk of 

pseudo-Tge detection – marked by an abnormally high (> 1.0) respiratory exchange 

ratio during the initial stages of the incremental protocol (Cannon et al., 2009; 

Ozcelik et al., 1999; Whipp, 2007). The R1fɺɺ  and R2fɺɺ  were successfully identified in 

all remaining subjects (n = 23) using the polynomial spline smoothing technique. 

On the other hand, only 14 participants displayed both the T1Vɺɺ  and T2Vɺɺ   

‘break-points’ during incremental exercise. A further 6 individuals displayed  

a single ‘break-point’ in VT data which corresponded to T2Vɺɺ . The polynomial 

functions were fit to relevant data with an average of 56 ± 1 data points, 

yielding the following co-efficients of determination: ɺVE / ɺVO2  = 87 ± 4%, ɺVE / ɺVCO2   

= 82 ± 4%, fR = 91 ± 4%, and VT = 85 ± 4%. 
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Figure 6.1. The ventilatory response of a representative male subject during 

incremental cycling. The closed circles denote 10-s bin averaged data of the 

corresponding variable. The solid line represents the 6th order polynomial spline fit. 

Extrema in the second derivative (d2y/dx2) of the polynomial function imply an abrupt 

break-point in ventilatory parameters (see Section 6.2.3). Tge and RCT: gas-exchange and 

respiratory compensation thresholds; ɺVO2 : O2 uptake; ɺVCO2 : CO2 output; ɺVE : expired 

minute ventilation; VT: tidal volume; fR; respiratory frequency; R1fɺɺ  and R2fɺɺ : first and second 

accelerations in respiratory frequency; T2Vɺɺ : deceleration (plateau) in tidal volume. Note 

that a single deceleration in VT was more commonly observed at the RCT than at Tge. 
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There were no differences between the mean ɺVO2  measured at the Tge  

(26.5 ± 1.3 ml O2·kg-1·min-1, 50.4 ± 1.4% ɺVO2peak ), R1fɺɺ  (26.4 ± 1.4 ml O2·kg-1·min-1, 

49.9 ± 1.5% ɺVO2peak ) and T1Vɺɺ  (28.4 ± 2.0 ml O2·kg-1·min-1, 52.4 ± 2.4% ɺVO2peak )  

(F = 0.21, P = 0.81). Furthermore, there were no differences between the mean ɺVO2  

measured at the RCT (44.9 ± 1.8 ml O2·kg-1·min-1, 85.7 ± 1.7% ɺVO2peak ), R2fɺɺ  (44.9 ± 

1.7 ml O2·kg-1·min-1, 85.9 ± 1.6% ɺVO2peak ) and T2Vɺɺ  (45.4 ± 2.0 ml O2·kg-1·min-1, 86.2 ± 

2.2% ɺVO2peak ) (F = 0.05, P = 0.95). For all individuals who displayed the T2Vɺɺ   

(n = 18), the corresponding value for VT was 52.0 ± 1.4%FVC. In the 5 individuals 

who did not display the T2Vɺɺ , the mean VT observed at the RCT and peak exercise 

was 44.4 ± 1.0%FVC and 47.9 ± 2.1%FVC, respectively.  

The ICC values representing the level of absolute agreement between the Tge,  

R1fɺɺ , T1Vɺɺ  and the RCT, R2fɺɺ  and T2Vɺɺ  are reported in Table 6.1. When R1fɺɺ , R2fɺɺ , and  

T2Vɺɺ  were successfully identified, they demonstrated a relatively high level of 

absolute agreement with the Tge and RCT, respectively, evidenced by high  

ICC values with relatively small 95% confidence intervals. The highest level  

of absolute agreement (ICC = 0.991, P < 0.01) and smallest 95% confidence interval 

(0.010) was noted for the relationship between the R2fɺɺ  and RCT. The poorest level 

of agreement was observed between the Tge and T1Vɺɺ , with the lowest ICC value 

(0.933, P < 0.01) and widest 95% confidence interval (0.086) of all parameters. 

All break-points in breathing pattern data were strongly, and positively correlated 

(r ≥0.93) with the Tge and RCT, respectively (Table 6.1).  
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Table 6.1. Zero-order (r) and intraclass correlation co-efficients (ICC) for the absolute 

agreement between the O2 uptake observed at the gas-exchange threshold (Tge) and the 

respiratory compensation threshold (RCT).  

Comparison r-value ICC CI95% 

Tge v T1Vɺɺ  (n = 14) 0.933* 0.933* 0.086 

Tge v R1fɺɺ  (n = 23) 0.978* 0.973* 0.025 

RCT v T2Vɺɺ  (n = 18) 0.986* 0.985* 0.017 

RCT v R2fɺɺ  (n = 23) 0.991* 0.990* 0.010 

CI95%: 95% confidence interval of the intraclass correlation co-efficient; R
1

fɺɺ  and R
2

fɺɺ : first and second 

accelerations in respiratory frequency; T
1

Vɺɺ  and T
2

Vɺɺ : first and second decelerations in tidal volume. 

*Significant co-efficient value, P < 0.001. 

Figure 6.2 displays the Bland-Altman inter-analysis comparisons between  

break-points in breathing pattern data and the Tge and RCT obtained from the 

polynomial spline smoothing technique. There was a mean bias (± LOA) of –0.4 ± 

5.3 ml O2·kg-1·min-1 between the Tge and T1Vɺɺ , and 0.1 ± 3.1 ml O2·kg-1·min-1 

between the RCT and T2Vɺɺ . The difference in scores between Tge and R1fɺɺ  yielded a 

mean bias of 0.2 ± 3.0 ml O2·kg-1·min-1, while the mean bias between RCT and R2fɺɺ  

equated to 0.0 ± 2.4 ml O2·kg-1·min-1. When the above differences were expressed 

relative to each individual’s ɺVO2 -work rate relationship (Cannon et al., 2009),  

the following mean biases were observed: T1Vɺɺ  = –3 ± 38 W, T2Vɺɺ  = 1 ± 22 W, R1fɺɺ  = 1 

± 21 W and R2fɺɺ  = 0 ± 17 W. There were no significant proportional biases for the 

difference in scores for all comparisons. Of all parameters, the T1Vɺɺ  provided the 

least reliable estimate of the Tge. It should be noted that ‘estimating’ work rates in 

the above manner assumes that each individual’s ɺVO2 -work rate relationship is 

linear throughout incremental exercise. However, it is appreciated that the ɺVO2  

kinetic response is relatively slower, and non-linear, when exercise is performed 

above compared with below the Tge (Zoladz and Korzeniewski, 2001; Zoladz et al., 

1995). Consequently, these ‘estimates’ of power outputs must be interpreted with 
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caution, and should only serve to provide the reader with a more tangible 

expression of the level of absolute agreement between parameters.  

6.4 DISCUSSION 

The current study applied the method of polynomial spline smoothing to identify 

disproportionate changes in breathing pattern relative to the Tge and RCT during 

incremental cycling. This study demonstrated that non-linear increases in fR data 

closely agreed with these ‘physiological’ thresholds (particularly the RCT).  

In addition, a plateau in VT was observed in the majority of participants (~80%), 

with this point occurring at an exercise-intensity in close proximity to the RCT. 

Consequently, polynomial spline smoothing of breathing pattern (particularly fR) 

may be used to approximate the Tge and RCT during incremental cycling. 

6.4.1 Do ‘break-points’ in breathing pattern correspond to the gas-

exchange and respiratory compensation thresholds? 

Before the correspondence between ‘break-points’ in breathing pattern and the  

Tge and RCT are discussed, it must be ascertained whether polynomial spline 

smoothing –in and of itself– provided a reasonable determination of these 

‘physiological’ thresholds in the subjects of the present investigation compared to 

other studies using the same technique (Santos and Giannella-Neto, 2004; Wisen 

and Wohlfart, 2004a, b). Of these studies, the Tge and RCT were reported to occur 

within a range of exercise intensities corresponding to ~54–76% ɺVO2peak ,  

and ~70–91% ɺVO2peak , respectively. The Tge (~50% ɺVO2peak ) and RCT (~85% ɺVO2peak ) 

determined in the current study are consistent with the above investigations, 

agreeing with normal values expected for young, healthy, non-obese individuals 

(Experiments 1 and 2; Wasserman et al., 2005). In turn, the technique used in the 

current study provided an accurate estimate of each individual’s Tge and RCT.  
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Figure 6.2. Bland-Altman plots of the relationships between the gas-exchange and 

respiratory compensation thresholds, and ‘break-points’ in tidal volume (A & B) and 

respiratory frequency (C & D). The dotted horizontal line represents the mean bias of the 

difference in individual scores. The upper and lower horizontal dashed lines denote the 95% 

limits of agreement in the differences in individual scores. ɺVO2 : O2 uptake; Tge: gas-exchange 

threshold; RCT: respiratory compensation threshold; R1fɺɺ  and R2fɺɺ : first and second 

accelerations in respiratory frequency; T1Vɺɺ  and T2Vɺɺ : first and second decelerations in tidal 

volume. Note that no significant proportional biases were observed. 
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Given that each threshold is typified by a relative acceleration in ɺVE  with respect 

to ɺVO2  and ɺVCO2  (Beaver et al., 1986; Wasserman et al., 2005), it is then reasonable 

to expect corresponding changes in breathing pattern. Indeed, many investigators 

have reported that non-linear changes in fR data occur at exercise intensities 

corresponding to the Tge and RCT during progressive exercise (Cannon et al., 2009; 

Carey et al., 2005; Cheng et al., 1992; James et al., 1989; Jones and Doust, 1998; 

Nabetani et al., 2002; Neder and Stein, 2006). All participants analysed in  

the current study demonstrated two distinct accelerations of fR during incremental 

cycling (i.e., R1fɺɺ  and R2fɺɺ ), both of which closely agreed with the Tge and RCT, 

respectively (Table 6.1 and Figure 6.2). These findings contrast with observations 

made by Cannon et al. (2009), where wide LOA between these thresholds and  

the two non-linear increases in fR during incremental exercise were reported in 

trained cyclists (~ ± 50 W and ~ ± 27 W, respectively). In addition, the investigators 

observed a tendency for the second non-linear increase in fR (analogous to R2fɺɺ   

in the present study) to over-estimate the RCT by approximately 13 W – an  

error deemed too large for accurate threshold estimation. However, the data of this 

study reveals comparatively smaller LOA (Figure 6.2) with no appreciable  

biases in the differences between R1fɺɺ , R2fɺɺ  and the Tge and RCT (~1 ± 21 W and  

~0 ± 17 W, respectively).  

The discrepancy between the present data and that of Cannon et al. (2009) is most 

likely due to the different methods used to identify abrupt changes in pulmonary 

gas-exchange and breathing pattern data during incremental exercise;  

the polynomial spline smoothing technique was used in this study, while  

Cannon et al. (2009) used a combination of visual inspection and piecewise linear 

regression. Furthermore, in their study, the Tge and RCT were determined from 
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breath-by-breath data, yet ‘break-points’ in fR data were computed from 10-s bin 

averages. Such inconsistent treatment of data is likely to induce an ‘aliasing’ error 

in the progression of fR during incremental work, skewing the temporal 

relationships between non-linear increases in fR and gas-exchange data at each 

threshold. For this reason, it was purposely chosen to compare ‘like with like’, 

wherein each ‘break-point’ in breathing pattern and the Tge and RCT were 

determined using the same analytical procedure. The findings of the present study, 

in conjunction with those of others (Carey et al., 2005; Nabetani et al., 2002; Neder 

and Stein, 2006), suggest that both R1fɺɺ  and R2fɺɺ  are indeed characteristic of  

the ventilatory response to incremental exercise, and may be used to non-

invasively approximate the Tge and RCT.  

In addition, this study investigated whether any observable inflection-points in VT 

data would correspond to either the Tge or RCT. An inflection-point in VT near the 

Tge (i.e., T1Vɺɺ ) was identified in only 14 of the 23 participants recruited for the 

study. Moreover, the difference in scores between the T1Vɺɺ  and Tge yielded the most 

unsatisfactory mean bias ± LOA of all comparisons made. The T2Vɺɺ  was identified in 

the majority of participants (~80%), and exhibited an ICC value related to the RCT 

similar to that observed for R2fɺɺ . The difference in power outputs at which T2Vɺɺ  and 

the RCT occurred revealed a mean bias ± LOA corresponding to ~1 ± 22 W (Figure 

6.2). Based on these findings, this study confirms that an abrupt plateau in VT is a 

common, although not universal, feature of the breathing pattern response to 

exercise performed at (or above) the RCT during incremental cycling. 

6.4.2 What are the physiological implications of the study? 

It can be speculated that the characteristic changes in breathing pattern observed 

at the Tge and RCT may result from: (i) chemoreceptor stimulation due to 
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metabolic acidosis; (ii) the expression of the ‘mammalian’ panting strategy; (iii) 

corollary activation of respiratory centres secondary to increased central and 

peripheral neurogenic stimuli; (iv) an abrupt decline in cerebral oxygenation; 

and/or (v) the evocation of the Hering-Breuer ‘inflation reflex’ – these phenomena 

are believed to correspond to the Tge and RCT during incremental cycling (Benito 

et al., 2006; Bhambhani et al., 2007; Hug et al., 2003; Takano, 2000; White and 

Cabanac, 1996). The present findings point to the involvement of the ‘inflation 

reflex’ in the abrupt changes in breathing pattern (at least in VT) observed at 

exercise-intensities corresponding to the RCT.  

The Hering-Breuer ‘inflation reflex’ serves to protect the lungs from over-inflation 

by pre-maturely terminating inspiration and facilitating expiration (Clark and von 

Euler, 1972). Evidence suggests that the ‘inflation reflex’ is evoked when an 

individual’s VT approaches ~50–60% of their FVC (1972; Hering, 1868; Schelegle 

and Green, 2001). Indeed, it was noted that an abrupt plateau in VT (i.e., T2Vɺɺ ) 

typically occurred when an individual’s VT had reached half their vital capacity 

(52.0 ± 1.4%FVC). Conversely, individuals who did not display a plateau in VT  

(n = 5) achieved a mean VT at the RCT of 44.4 ± 1.0%FVC, and only attained 47.9  

± 2.1%FVC at peak exercise. These findings suggest that a plateau in VT may only 

occur at the RCT if VT is sufficiently high to elicit the ‘inflation reflex’ in man. 

Other investigators have argued that a lack of a VT-plateau may arise from  

CO2 retention during exercise – wherein hypercapnia causes a decrease in the 

sensitivity of intra-pulmonary mechanoreceptors (Bartlett and Sant'ambrogio, 

1976; Mustafa and Purves, 1972; Schoener and Frankel, 1972). However,  

further studies are needed to determine the precise role of intra-pulmonary 

mechanoreceptors in the development of the T2Vɺɺ , and it’s apparent correspondence 

with the RCT, during incremental cycling. 
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6.4.3 What are the practical implications of the study?  

The most common technique used to estimate the onset of blood lactate 

accumulation and respiratory compensation during incremental work is the ‘gas-

exchange’ method (Beaver et al., 1986). Although this method is less invasive than 

sampling of arterial blood lactate, and O2 and CO2 content during dynamic 

exercise, the equipment required to measure pulmonary gas-exchange  

(e.g., expired-gas analysers) present large start-up and on-going costs, and typically 

limit investigations to within the clinical and laboratory environments.  

As demonstrated by this study and that of others (Carey et al., 2005; Nabetani et 

al., 2002; Neder and Stein, 2006), the Tge and RCT may, within reason, be 

estimated from non-linear changes in fR data during incremental cycling.  

This method is particularly attractive for it can be performed by: (i) recording the 

movements of a two-way non-rebreathing valve (Cheng et al., 1992; James et al., 

1989); (ii) noting the fluctuations in heat using fast-response thermistors located at 

the mouth (Jones and Doust, 1998); and/or by (iii) data recorded from wearable 

respiratory movement sensors (Jeong et al., 2009; Thompson et al., 2003). 

When fR data were analysed in the present study using the polynomial spline 

smoothing technique, there appeared reasonable LOA between the parameters R1fɺɺ  

and R2fɺɺ , and the Tge and RCT (~ ± 20 W). Although the mean biases ± LOA 

between R1fɺɺ , R2fɺɺ  and the Tge and RCT were fair, we are inclined to agree with 

Cannon et al., (2009) inasmuch as the expected error in threshold-estimation from 

fR analyses alone is not tolerable for clinical and athletic applications. 

Nevertheless, the parameters R1fɺɺ  and R2fɺɺ  (obtained via polynomial spline 

smoothing) could be used as tertiary criterion in the estimation of the Tge and RCT, 

especially when primary and secondary criteria prove too difficult to identify.  
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6.4.4 Why use polynomial spline smoothing to locate ‘break-points’ 

in physiological data? 

Polynomial spline smoothing offers several advantages over other, more common 

methods of computerised break-point detection (e.g., piecewise linear regression). 

In contrast to the piecewise approach, polynomial spline smoothing provides 

important information about the underlying ventilatory response to exercise.  

For example, the disproportionate increase in ɺVE  with respect to ɺVO2  at the Tge (or 

ɺVCO2  at the RCT) may be likened to an increase in the gain of the ventilatory 

system (i.e., ∆ ɺVE /∆ ɺVO2 /∆W). If ventilatory gain increased in a truly ‘piecewise’ 

fashion, the system would accelerate from a low to high gain state within an 

infinitesimally small period of time – evidenced by an instantaneous spike in the 

second derivative of the fitted polynomial spline (i.e., d2y/dx2). On the other hand,  

if ventilatory gain at the Tge transitioned in a smoother fashion, the system would 

experience a broader phase of acceleration and deceleration marked by a detectable 

crest (or maxima) in the d2y/dx2 of ɺVE / ɺVO2  data. To extend this last point, if the 

ventilatory response to incremental exercise were quadratic in nature one could 

expect a constant magnitude of acceleration in ɺVE / ɺVO2  data as a function of work 

rate, and no extrema in d2y/dx2 data would be observed.  

For the above reasons, the piecewise approach is not preferred – this method 

requires an assumption (a priori) of the general shape (e.g., contiguous linear 

segments) and number of break-points within the dataset (e.g., bi-linear v tri-linear 

models). Conversely, polynomial spline smoothing demonstrates the flexibility to 

evaluate –at least qualitatively– these hypothetical situations post-priori within  

a single computerised method (Sherrill et al., 1990).  
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6.4.5 Limitations of the study 

Since local minima/maxima found within polynomial functions are not strict 

parameters of the equations which define them, we were unable to provide any 

measure of statistical confidence of such extrema observed in d2y/dx2 data via  

least-squares iterative fitting. If required, one may overcome this limitation 

through non-parametric bootstrapping (Sherrill et al., 1990; Sherrill and Swanson, 

1984), where standard errors for the variable of interest can be determined.  

The intention of this investigation was to use an objective method of ‘break-point’ 

determination that requires minimal knowledge of software programming 

techniques. For this reason, the involved computations described above were not 

performed. Nevertheless, the comparisons made between polynomial d2y/dx2 

extrema (e.g., Tge v R1fɺɺ ) in the present study exhibited close absolute agreement 

and a strong positive relationship with one another – an unlikely case if each 

extrema were not identified with adequate confidence. These findings indicate  

that the polynomial spline smoothing method can be used with basic software 

packages (e.g., Microsoft Excel), and without the need for complex parameter 

estimation techniques (e.g., Bootstrap re-sampling or Monte-Carlo simulations).  

It should be noted that the findings of this study may not apply to individuals who 

encroach upon the mechanical constraints of the lungs during exercise. In such 

cases, the fR and VT responses to progressive exercise might be influenced by  

the subject’s lung mechanics (e.g., time-constant of lung emptying) rather than 

solely mediated by feedforward and feedback control mechanisms. Thus, it is 

cautioned that the present data may not be valid for persons who present with 

severe mechanical constraints to breathing at rest and/or during low levels of  

physical exertion (e.g., chronic obstructive pulmonary disease, congestive heart 

failure) (Aliverti et al., 2004; Johnson et al., 2000). 
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6.4.6 Conclusions 

The present study is the first to apply the technique of polynomial  

spline smoothing to identify abrupt changes in breathing pattern during 

incremental cycling. Using this technique, a reasonable level of absolute  

agreement (i.e., within ~1 ± 20 W) was observed between the parameters R1fɺɺ , R2fɺɺ , 

and the Tge and RCT obtained during progressive exercise. In most cases (~80%) a 

plateau in tidal volume ( T2Vɺɺ ) was observed at an exercise-intensity corresponding 

to the RCT (within ~ 1 ± 22 W). These findings suggest that both R1fɺɺ  and R2fɺɺ  

correspond to the Tge and RCT, respectively, and that an abrupt plateau in VT at 

the RCT is a common (but not universal) feature of the breathing pattern response  

to incremental cycling in healthy, untrained subjects. While the findings of this 

study reveal an appreciable amount of agreement between parameters, it can be 

suggested that fR analyses (via polynomial spline smoothing) may be used  

to approximate the Tge and RCT, and/or to supplement more traditional methods 

when primary and secondary criteria for threshold-determination are obscure. 

Lastly, the present data raise the following questions: (i) what are the precise 

mechanisms which effect the accelerations in fR data at the Tge and RCT?;  

(ii) is the Hering-Breuer ‘inflation reflex’ the cause of the T2Vɺɺ  observed at  

the RCT?; and (iii) what amount of inter- and intra-individual variability  

is observed when estimating the Tge and RCT from breathing pattern data using 

the polynomial spline smoothing technique?   
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CHAPTER 7 

General Conclusions

“We can only see a short distance ahead, but we can 

see plenty there that needs to be done” 

ALAN TURING, 1912–1954 
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The ultimate purpose of ɺVE  during physical activity is to defend arterial pH  

and blood-gases, while simultaneously supporting the oxidative processes occurring 

within the exercising muscles. However, the very action of increasing ɺVE  incurs  

its own energetic cost, requiring that O2 uptake of the respiratory muscles 

(i.e., O2respVɺ ) is enhanced. This growing O2respVɺ  augments the total energetic ‘cost’  

of exercise to a level higher than would be expected if the act of breathing were 

entirely ‘passive’. In the General Introduction of this Thesis, it was posited that the 

O2 cost of breathing might constitute an important fraction of whole-body ɺVO2  

during physical activity, particularly for severe-intensity exercise.  

Exercise performed within the heavy/severe domains is accompanied by a slowly 

developing component of increasing O2 uptake (i.e., ɺVO2sc ). The majority of this 

ɺVO2sc  phenomenon is accounted for by the progressive decline in ‘work efficiency’ of 

the locomotor muscles during exercise (Jones et al., 2011; Poole et al., 1994; Poole et 

al., 1991). Given that the requirement for ventilating the lungs rises with 

increasing muscle ɺVO2 , it is not surprising that a ‘slow component’ like response in 

ɺVE  is evident during the ɺVO2sc  phase (Casaburi et al., 1987; Poole et al., 1991; Poole 

et al., 1988). Moreover, because an increase in ɺVE  causes a rise in the O2 demands 

of respiratory muscle work, it can be reasoned that O2respVɺ  contributes to the 

emerging ɺVO2sc  during strenuous activity (Jones et al., 2011; Poole et al., 1994). 

Hitherto the experiments performed in this Thesis, only two studies have examined 

the influence of respiratory muscle energetics on the development of the ɺVO2sc  

(Bailey et al., 2010; Carra et al., 2003). These studies show that the ɺVO2sc  

amplitude is significantly augmented when the O2respVɺ  is experimentally increased 

(via elastic loading), and is attenuated after 4 weeks of inspiratory muscle training 

(acting to decrease the O2 cost of breathing) (Bailey et al., 2010; Carra et al., 2003). 
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Although these findings are certainly novel, they do not confirm whether O2respVɺ  

constitutes an important fraction of the ɺVO2sc  under normal conditions. The 

primary goal of this Thesis was to better understand the relationship between 

respiratory muscle energetics and the ɺVO2  response during strenuous exercise, as 

applied to healthy individuals and patients with Heart Failure (HF). The major 

findings of the experiments which constitute this Thesis are summarised below. 

7.1 Summary of experimental findings 

7.1.1 Experiment 1. Breathing HeO2 attenuates the slow 

component of O2 uptake kinetics during severe-intensity 

exercise. 

Experiment 1 was designed to examine the influence of unloading the work of 

breathing (Wb) on the amplitude of the ɺVO2sc  during strenuous, constant-load 

exercise. It was reasoned that breathing HeO2 would decrease the Wb, 

demonstrating its greatest effect on reducing O2respVɺ  (and therefore the ɺVO2sc ) 

during severe- rather than heavy-intensity exercise. Indeed, acute unloading of the 

Wb (via HeO2) significantly decreased the amplitude of the ɺVO2sc  only during 

severe and not heavy work rates. This reduction in ɺVO2sc  amplitude was likely due 

to the decreased resistive Wb for a given ɺVE , and the relatively larger reduction in 

end-expiratory lung volumes, during severe-intensity trials while breathing HeO2.  

7.1.2 Experiment 2. The influence of breathing mechanics on the 

development of the slow component of O2 uptake during 

heavy- and severe-intensity exercise. 

Experiment 2 determined the relationships between dynamic lung volumes, mean 

inspiratory flow rates and the amplitude of the ɺVO2sc  during heavy- and severe-

intensity exercise. Multiple regression analysis revealed that changes in mean 
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inspiratory flows and end-expiratory lung volumes were strongly correlated with 

the increase in amplitude of the ɺVO2sc  between work rates. The time-course 

changes in end-inspiratory lung volume during exercise were not identified as a 

significant contributor to the difference in ɺVO2sc  amplitude between heavy and 

severe work rate transitions. It is concluded from the findings of Experiment 1 

and 2 that the O2 cost of breathing incurs a significant fraction of the ɺVO2sc  

amplitude, particularly during severe (and not heavy) exercise. Dynamic 

hyperinflation plays an important role in mediating the relatively higher 

contribution of O2respVɺ  to the ɺVO2sc  amplitude during severe-intensity trials. 

Moreover, sustained increases in mean inspiratory flows, through augmenting the 

resistive Wb (Guenette et al., 2009), is also recognised as a determinant of the 

ɺVO2sc  amplitude within this intensity domain.  

7.1.3 Experiment 3. The resistive and elastic work of breathing 

during graded exercise in patients with Heart Failure. 

Experiment 3 sought to determine the resistive and elastic Wb in patients with HF 

at standardised minute ventilations during graded exercise. It was determined 

from this study that HF patients are indeed faced with an inordinately higher Wb 

compared with healthy, age-matched individuals for minute ventilations ranging 

from 20 to 80 L·min-1. The higher Wb in these patients is most likely related to 

lower compliances of the lungs and chest wall (affecting an increase in the elastic 

Wb), combined with an increase in the resistive-load to breathing. 
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7.1.4 Experiment 4. Evidence of break-points in breathing pattern 

at the gas-exchange and respiratory compensation thresholds 

during incremental cycling in young, healthy subjects. 

The goal of Experiment 4 was to determine whether the Tge and RCT are 

associated with abrupt changes in breathing pattern (i.e., VT and fR) during 

incremental cycling. Polynomial spline smoothing was used to identify ‘break-

points’ in breathing pattern data. The results of Experiment 4 indicate that the 

ventilatory response during incremental cycling is typified by two distinct and 

separate accelerations in fR at work rates corresponding to the Tge and RCT. 

Moreover, a plateau in VT at the RCT appears to be a common (but not universal) 

feature of the breathing pattern response to incremental cycling. In addition to 

these findings, Experiment 4 indicates that polynomial spline smoothing of 

breathing pattern data may be used alongside traditional methods when 

determining the Tge and RCT during incremental cycling in young, healthy adults. 

It was stated in the Preface to Experiment 4 that this study may not cohere with 

the central theme of the present Thesis. In turn, the results of this study and the 

conclusions drawn from this data are considered separate from this general 

discussion, and will not be expounded here. 

7.2 Synthesis of experimental findings 

The purpose of this section is to integrate the novel findings of Experiments 1, 2 

and 3 within the context of the broader literature, and to develop hypotheses that 

evolve from this new information.  
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7.2.1 Is the O2 cost of breathing an important contributor to the 

development of the slow component of O2 uptake? 

The O2 cost of breathing during moderate-intensity exercise is small (Aaron et al., 

1992). The low absolute ɺVE  accompanying these work rates ensures the 

contribution of O2respVɺ  to whole-body ɺVO2  is relatively minor, and unchanging. 

During heavy/severe exercise, however, the rise in ɺVE  is much larger and may 

continuously increase with time (Casaburi et al., 1987; Poole et al., 1991; Poole et 

al., 1988). Because the O2 cost of breathing rises disproportionately with ɺVE  at 

high minute ventilations (see Section 2.5), it is not surprising that O2respVɺ  is 

thought to contribute to the ɺVO2sc  amplitude (Jones et al., 2011; Poole et al., 1994). 

The current literature suggests that this contribution ranges from ~7–25% 

(Candau et al., 1998; Carra et al., 2003; Gaesser and Poole, 1996; Guezennec et al., 

1996). It is likely that this variance among investigations is due to the indirect 

nature by which the O2respVɺ  was estimated in each study. Alternatively, it is 

possible that the portion of the ɺVO2sc  contributed by O2respVɺ  is not constant for the 

entire range of work rates performed above the Tge. The findings of Experiments 

1 and 2 suggest O2respVɺ  constitutes a relatively larger proportion of the ɺVO2sc  

amplitude during severe- compared with heavy-intensity exercise. Furthermore, 

this higher contribution appears related to the disproportionately greater 

tachypnoea and higher inspiratory flow rates, together with the presence of 

dynamic hyperinflation, observed during exercise at these exercise intensities.  

All work rates performed above the Tge evidence a degree of respiratory 

compensation for metabolic acidosis (Simon et al., 1983; Wasserman, 1967; 

Wasserman et al., 2011; Wasserman et al., 1973). It is generally agreed that the 

primary means of effecting this compensation during exercise is via increasing fR 

rather than VT (Whipp et al., 1989). As can be seen from the results of 
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Experiments 1 and 2, the rise in fR and mean inspiratory flows over the duration 

of the ɺVO2sc  are disproportionately greater for severe compared with heavy work 

rate transitions. It is intuitive that if tidal inspiratory flows are higher at severe 

work rates, then the amount of resistive Wb must also be greater. Guenette et al. 

(2009) confirm this intuition by demonstrating that the resistive component of the 

Wb rises non linearly with increasing mean inspiratory flows during incremental 

cycling. What are the contributing factors responsible for this non-linear 

relationship between airflow and respiratory work?  

It is likely that such high levels of inspiratory flow promote the development of gas 

turbulence within the lungs, constituting a flow-dependent rise in airways 

resistance and thus inspiratory resistive Wb (Amis et al., 1999; Dempsey et al., 

2010). There is also cause to believe that healthy individuals performing exercise at 

intensities nearing ɺVO2peak  may develop pulmonary interstitial oedema (Hopkins et 

al., 1998; McKenzie et al., 2005; Zavorsky, 2007; Zavorsky et al., 2006). In 

Experiments 1 and 2, the ɺVO2  values observed at the end of severe-intensity 

exercise were similar to the individuals’ ɺVO2peak . Accordingly, it is possible that 

pulmonary congestion, by increasing lung tissue and airways resistance, 

contributes to the higher resistive Wb and O2respVɺ / ɺVO2sc  ratio during severe- 

compared with heavy-intensity exercise. Moreover, the reduction in dynamic lung 

compliance associated with pulmonary congestion would necessarily increase the 

inspiratory elastic Wb, compounding the rise in O2respVɺ  at these work rates. It is 

worthy to note that evidence of pulmonary interstitial oedema in healthy 

individuals exercising at sea-level is conflicting, and the subject is not without 

considerable debate (Hopkins, 2010; Sheel and McKenzie, 2010). Nevertheless, at 

present, no study has examined the impact of pulmonary congestion on the 

development of the ɺVO2sc  during heavy/severe exercise, but one may predict that its 
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influence is most marked in clinical populations presenting with pulmonary 

oedema at rest (e.g., patients with diastolic/systolic HF). This hypothesis remains 

speculative until further data is published on the matter. 

The preceding section has outlined the relationship between exercise tachypnoea, 

inspiratory resistive Wb, and the contribution of O2respVɺ  to the ɺVO2sc  amplitude – 

but what of the expiratory resistive Wb? During severe-intensity exercise, the 

inexorable rise in fR over the ɺVO2sc  phase mediates an increase in the rate of 

expiratory flow. These progressively increasing expiratory flows may encroach 

upon maximal achievable values, resulting in the development of flow-limitation 

(Dempsey et al., 2006; Johnson et al., 1999). This mechanical constraint to 

breathing –in and of itself– augments the resistive work of expiration consequent 

to an abrupt, non-linear rise in airways resistance (see Section 2.4). To avoid or 

lessen the degree of expiratory flow-limitation, an individual typically increases 

their end-expiratory lung volume above functional residual capacity (i.e., dynamic 

hyperinflation), thereby allowing further increments in ɺVE  (Johnson et al., 1992; 

Pellegrino et al., 1993).  

Dynamic hyperinflation augments O2respVɺ  in a number of ways. Firstly, an end-

expiratory lung volume held above functional residual capacity generates an elastic 

threshold-load that respiratory muscles must overcome to generate inspiratory 

airflow (Rossi et al., 1995). This ‘pressure-threshold’ increases the inspiratory 

elastic Wb (Sliwinski et al., 1998; Yan and Kayser, 1997). Secondly, dynamic 

hyperinflation negates the capacity to store potential energy in the elastic 

structures of the chest wall, diaphragm and abdomen during expiration (Dempsey 

et al., 2006; Haverkamp et al., 2005), which would otherwise reduce the load 

imposed on the inspiratory muscles at the onset of inspiration (i.e., expiratory 
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elastic Wb). Lastly, during hyperinflation, the inspiratory muscles are obliged to 

contract at a reduced initial muscle fibre-length, decreasing their ability to develop 

tension (pressure) during contraction, reducing their muscular efficiency (i.e., eresp). 

This lower eresp increases the O2respVɺ  for a given level of inspiratory pressure-

development and ɺVE  (Collett and Engel, 1986; D'Angelo and Sant'Ambrogio, 1974; 

de Troyer and Loring, 2011; De Troyer et al., 1982; Loring and Mead, 1982; Pitcher 

and Cunningham, 1993).  

It is inferred from the above that dynamic hyperinflation and an inexorable 

tachypnoea greatly affect the development of the ɺVO2sc  for work rates performed in 

the severe-intensity domain. During heavy-intensity exercise, however, the O2respVɺ  

is likely too small to influence the O2 cost of exercise. Although the conclusions 

drawn from Experiments 1 and 2 describe that the mechanical (and thus O2) cost 

of breathing is higher for severe-intensity exercise, the Wb was not directly 

measured in either study (unlike in Experiment 3). Therefore, it is recommended 

that future works seek to measure the Wb (and its resistive and elastic 

components) during heavy/severe exercise, exploring the relationship between 

respiratory muscle work and the ɺVO2sc  in much finer detail.  

In the discussion section of Experiment 1, it was eluded to that HeO2 breathing 

during severe-intensity exercise may attenuate the development of the ɺVO2sc  via 

mechanisms other than a straightforward reduction in O2respVɺ . Should the capacity 

for systemic O2 delivery be realised during exercise (i.e., a truly maximal ɺQ ), there 

may evolve a competition for blood flow between locomotor and respiratory muscles 

(i.e., the 'respiratory steal' phenomenon; Harms and Dempsey, 1999). Again, the 

end-exercise values for ɺVO2  during the severe cycling trials of Experiments 1 and 

2 were not different from ɺVO2peak . Given that systemic ɺQ  is arguably the principal 
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constraint on ɺVO2peak  in young, healthy adults (Bassett and Howley, 2000; Saltin 

and Strange, 1992), it is possible that ɺQ  was maximal (or nearly so) toward the 

end of the severe-intensity cycling. However, because no measurements of 

central/peripheral haemodynamics were obtained in these experiments, it cannot 

be stated for certain that locomotor and respiratory muscles were competing for ɺQ  

during these trials. Nevertheless, one is not discouraged from asking the following 

question: if a ‘respiratory steal’ of ɺQ  is present during severe-intensity exercise, 

does this redistribution of blood flow affect the aetiology of the ɺVO2sc ?  

Certainly, when systemic O2 delivery to the exercising muscles is enhanced, the 

amplitude of the ɺVO2sc  is reduced (Haseler et al., 2004; Macdonald et al., 1997; 

Saltin and Strange, 1992; Wilkerson et al., 2006). Breathing HeO2 may then curtail 

the development of the ɺVO2sc  during severe exercise by improving locomotor O2 

delivery, secondary to a redistribution of ɺQ  away from the respiratory muscles. If, 

indeed, the above hypothesis is an important factor governing the ɺVO2sc  response, 

the impact of O2respVɺ  on the O2 cost of exercise is more complex than previously 

thought, and a reinterpretation of the current literature may be required. It is 

recommended that future studies address this issue, possibly via simultaneous 

measurements of locomotor and respiratory muscle blood flow in vivo (e.g., near-

infrared spectroscopy with indocyanine green bolus injection; Guenette et al., 2011; 

Guenette et al., 2008; Vogiatzis et al., 2009).   

7.2.1.1 Implications for exercise performance 

There is ample evidence to suggest that the ɺVO2sc  impacts an individual’s tolerance 

to performing strenuous activity (Bailey et al., 2010; Hill et al., 2002; Jones and 

Poole, 2005; Murgatroyd et al., 2011; Poole et al., 1990; Poole et al., 1988) – 

although see Billat et al. (1998) and Duffield et al. (2007). Recall that although the 
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ɺVO2sc  is evident for work rates above the Tge, it is only when exercise is performed 

above critical power (CP) that ɺVO2  is driven toward maximal values (see Section 

2.2). Thus, the influence of the ɺVO2sc  on exercise performance is most apparent for 

severe-intensity exercise (Burnley, 2007; Jones and Burnley, 2009; Whipp, 1994).  

It is of interest that Experiments 1 and 2 indicate that the Wb affects  

the development of the ɺVO2sc  for severe, but not heavy work rate transitions.  

By extension, it can be reasoned that the O2 cost of breathing plays an important 

role in determining exertional tolerance during exercise performed above the CP.  

Johnson et al. (2007) demonstrated that inspiratory muscle training, an 

intervention known to reduce O2respVɺ  (Bradley and Leith, 1978; Turner et al., 2011), 

extends the duration of severe-intensity exercise and increases an individual’s 

‘anaerobic work capacity’ (i.e., the finite energy store that is expended during 

exercise above the CP). More recently, Bailey et al. (2010)  reported that not only 

does inspiratory muscle training improve tolerance to performing severe-intensity 

exercise, but that this enhanced performance is linked to a reduction in the ɺVO2sc  

amplitude. If the specific components of the Wb contributing to the ɺVO2sc  are 

identified, can respiratory training programmes (as above) be further optimised? 

Furthermore, would elastic-loaded breathing regimes prove more efficacious in 

improving exercise performance compared with flow-resistive type training? 

7.2.2 The work of breathing in Heart Failure. 

Patients with HF are often burdened with a diminished ɺQ  response to exercise, 

and an inordinately higher Wb compared with healthy, age-matched individuals 

(Christie, 1953; Hayward and Knott, 1955; Marshall et al., 1954; Olson et al., 2010; 

Piña et al., 2003; Sullivan et al., 1988; Sullivan et al., 1989; Sullivan and Cobb, 

1992; Weber et al., 1982; Wilson and Ferraro, 1983). Seeing that systemic  
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O2 delivery is reduced, and the energetic demands of the respiratory  

muscles increased, it follows that a ‘respiratory steal’ of ɺQ  precipitates at 

submaximal work rates in these patients, impairing their ability to perform  

the activities of daily living. The findings of Experiment 3 complement the 

existing literature, insofar as the total Wb is systematically higher in patients with 

HF at standardised minute ventilations during graded exercise. These findings 

emphasise the importance of targeting respiratory derangements in the clinical 

management of patients with HF. 

7.2.2.1 Clinical implications of this work 

Diuretics are recommended for HF patients with signs or symptoms of  

pulmonary congestion (Davies et al., 2000). It is believed that removal of fluid from 

the pulmonary interstitium alleviates symptomatic breathlessness in these 

patients, and may reduce the elastic-load imposed on the respiratory muscles  

by increasing the compliance of the lungs (Felker et al., 2011; Futterman and 

Lemberg, 2003; Reyes, 2002). However, the results of Experiment 3 suggest  

that much of the greater overall Wb in these patients is due to a larger resistive- 

rather than elastic- load to breathing.  

The use of bronchodilator therapies in the management of HF patients may 

decrease the resistive Wb through reducing bronchomotor tone, leading to a 

decrease in airways and lung tissue resistance (Witte et al., 2004). Moreover, 

relaxation of the airway smooth muscle would likely decrease the dynamic 

elastance of the bronchial tree, reducing the elastic-load to breathing (see Section 

7.4.4). The use of short-acting bronchodilators, through the mechanisms outlined 

above, may lower the overall Wb in HF patients and, by extension, lower O2respVɺ  for 

any given level of ɺVE . The respiratory muscles would therefore require a smaller 
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fraction of systemic ɺQ , affording these patients greater O2 delivery to the 

locomotor muscles during physical activity. Currently, there are no specific 

guidelines for respiratory therapies in HF, and the use of inhaled-bronchodilators 

in this population remains controversial (Hawkins et al., 2010; Johnson and 

Oxberry, 2010). Certainly, it is reported that frequent bronchodilator use is 

correlated with an increased risk of mortality in HF patients (Hawkins et al., 

2010). However, it is uncertain whether this adverse relationship is due to: (i) a 

toxic effect of inhaled bronchodilators (typically beta-2-adrenoceptor agonists); or 

whether (ii) those patients with severe HF, and thus a high risk of mortality, 

receive the most aggressive bronchodilator therapies to treat their respiratory 

symptoms. Further studies are required to determine the effectiveness of short-

acting bronchodilators in decreasing the resistive and elastic loads to breathing in 

HF patients, and to evaluate whether unloading the Wb using such therapies 

improves exercise tolerance in this population. 

Targeted training of inspiratory muscles is an emerging therapy for use in the 

clinical management of HF. It has been consistently documented that inspiratory 

muscle training increases patients’ exercise capacity, improves central/peripheral 

haemodynamic function and quality of life, and reduces the sensation of 

breathlessness during physical exertion (Bosnak-Guclu et al., 2011; Cahalin et al., 

1997; Chiappa et al., 2008; Chua et al., 1995; Dall’Ago et al., 2006; Jaenisch et al., 

2011; Mancini et al., 1995; Weiner et al., 1999). Perhaps most importantly, Chiappa 

et al. (2008) has demonstrated that inspiratory muscle training enhances blood 

flow to the exercising muscles in patients with HF. While the clinical ‘potency’ of 

inspiratory muscle training for HF patients cannot be denied, the factors 

responsible for such benefits are yet to be clearly defined. What is certain, however, 

is that the impetus for research examining the respiratory complications of HF is 



Chapter 7 

 227 

gaining momentum. And if the depth of knowledge acquired in recent years is 

anything to go by, the implications of this ‘new’ research focus is sure to have far 

reaching consequences for the clinical management of this population. 
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To affect a change in airflow ( ɺV ) during exercise, the pressure within the alveoli 

(Palv) must be raised above or decreased below the atmospheric value (Patm). This 

action creates a gradient in pressure between the alveoli and airway opening, such 

that when: Palv < Patm, ɺV  is negative (inspiration); Palv > Patm, ɺV  is positive 

(expiration); and if Palv = Patm then ɺV  = 0. The alveolar pressure is largely 

determined by the balance of forces between the viscoelastic properties of the 

respiratory system, and those developed by the respiratory muscles during 

contraction. Accordingly, the relatively high ventilatory requirements of 

heavy/severe exercise necessitate an increased pressure-development of the 

respiratory muscles (Pmus). This increased Pmus incurs a significant mechanical 

cost which, in turn, contributes to the overall energetic demands of exercise.  

A.1A.1A.1A.1 Equation of motion for the respiratory system 

Newton’s third law of motion states that any force applied to a mechanical system 

is met with a force of equal and opposite magnitude. The motion of an object in 

space and time can be described if its instantaneous displacement, velocity and 

acceleration are known. The mechanical properties which determine the magnitude 

of these physical quantities are the system’s elastance, resistance and inertance. 

The external force applied to an object at any given point in time-space can be 

described using the general equation for linear motion: 

 Fapp = (E·s) + (R·v) + (I·a) Eqn. A1 

where Fapp is the externally applied force, s is the displacement of the object from 

its origin, v is the velocity, a is the acceleration, and the constants E, R and I 

represent the system’s elastic modulus, resistance and inertance, respectively. In 

the case of the respiratory system, the object in question is the entire chest wall, 
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and the geometric quantities which describe its motion are volume (V), flow ( ɺV ) 

and volume acceleration ( ɺɺV ). The external pressures applied to the thorax  

(Fapp per unit area) are contributed by the respiratory muscles (Pmus).  

The mechanical properties of the respiratory system are identical to those outlined 

in Eqn. A1. Subsequently, this equation of motion can be rewritten as follows: 

     Pmus = –(E·V + R·
ɺV + I· ɺɺV )   Eqn. A2 

where Pmus represents the pressure developed by the respiratory muscles,  

the subscript RS is the respiratory system. It is exceedingly difficult (if not 

impossible) to quantify the magnitude of Pmus directly, although it may be 

estimated if respiratory airflow is recorded and the parameters E, R and I are 

known. The linear combinations of the terms outlined in Eqn. A2 yield the 

component pressures serving to ‘oppose’ the action of the respiratory muscles:  

    Pmus =  –PRS,dyn = –(PRS,el + PRS,res + PRS,in) Eqn. A3  

where PRS,dyn is the dynamic opposing pressure of the respiratory system, and 

PRS,el, PRS,res, and PRS,in are the elastic, resistive and inertial pressure-terms of 

the respiratory system, respectively. Eqn’s A2 and A3 show that resistive and 

inertive pressures losses are greatest when the system’s flow and volume 

acceleration are at their respective peaks during the tidal breath. When the system 

is not in motion, the resistive and inertial terms are nil and the net pressure 

opposing the mechanical action of the respiratory muscles is the elastic pressure-

term: Pmus = PRS,el. In this manner, the first term in Eqn. A3 represents the static 

component of Pmus required to maintain the respiratory system at fixed volume, 

while the other two terms are the dynamic components of Pmus responsible for 

‘moving’ the elements of the system at a given flow and volume acceleration, 
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respectively. The equations of motion presented herein describe the kinematics of a 

single-compartment mechanical model (Bates, 2009); whereby the system’s 

mechanical properties are assumed to be invariant (i.e., linear constants) with 

changes in V, ɺV  and ɺɺV . Indeed, this assumption may be reasonable during tidal 

breathing at rest where changes in lung volume and tidal flows are minimal and 

inertial forces are negligible. However, the respiratory system exhibits significant 

nonlinear behaviour at very high flow rates and during large volume excursions. 

Thus, the following sections detail the many complexities of the static and dynamic 

components of the respiratory system, placing specific emphasis on each 

component’s role in determining the mechanical work of breathing during exercise.  

A.2A.2A.2A.2 Static properties of the respiratory system  

The elastic ‘recoil’ of a flexible membrane is given by the gradient in pressure 

across the membrane wall (i.e., transmural pressure): stated in other words, it is 

the amount of pressure on one side (or boundary) of a structure which is not 

transmitted to the other. The elements of the respiratory system which provide 

elastic opposition to its motion are the lungs and chest wall. Accordingly, the recoil 

pressure exerted by the lungs and chest wall may be known if the pressures at the 

boundaries of each structure are known. The elastic recoil of the lungs is given by 

the difference between alveolar and pleural pressure: PL,el = Palv – Ppl, whereas 

the pressure exerted by the chest wall is difference between pleural and body 

surface pressure: Pcw,el = Ppl – Pbs. These structures are arranged pneumatically  

in series, and therefore the elastic pressure of the entire respiratory system  

(PRS,el) is the algebraic sum of pressures exerted by the lungs and chest wall:  

PRS,el = Pcw,el + PL,el. Thus, PRS,el = Palv – Pbs; and under atmospheric  

conditions: PRS,el = Palv, ∴ Palv = PL,el + Pcw,el. When the respiratory muscles 
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contract, then: Palv = PL,el + Pcw,el + Pmus. The series arrangement of the lungs  

and chest wall dictates that a change in volume (∆V) of one structure must 

be accommodated by a change in the volume of the other, and the whole (i.e., ∆Vcw 

= ∆VL = ∆VRS). Therefore, the pressure-volume relationship of the lungs, chest wall 

and entire respiratory system may be illustrated on a single graph, with 

transmural pressure on the abscissa and lung volume on the ordinate (Figure A1).  

The volume corresponding to a transmural pressure of nil represents the relaxation 

volume of each structure. If the pleural pressure is made equal to atmospheric  

(e.g., pneumothorax), such that the chest wall and lungs are no longer tightly 

apposed, the chest wall retracts toward a volume approximately equal to 50–60 per 

cent of vital capacity, where Pcw,el = 0 (Agostoni and Hyatt, 2011; Campbell et al., 

1970). On the other hand, the relaxation volume of the lung tends toward residual 

volume (PL,el = 0). Thus, when the pleural cavity is intact, the relaxation volume  

of the entire respiratory system (i.e., functional residual capacity; FRC) occurs at 

the volume where inward elastic forces of the lung are equally opposed by the 

outward forces of the chest wall: Pcw,el = –PL,el.  
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The compliance of the lungs and chest wall, and the entire respiratory system  

is given by the slope of the P-V relation of each structure. That is, the change in 

pressure required to distend each component by a given volume (C = ∆V/∆P). It can 

be seen in Figure A1 that the instantaneous compliances of the lungs (CL)  

and chest wall (Ccw) are lowest at volumes nearing total lung capacity and  

residual volume, respectively. Due to the series alignment of these structures, the 

compliance of the entire respiratory system (CRS) is determined as the sum  

of reciprocal compliances of the lungs and chest wall: CRS = (1/CL) + (1/Ccw).  

Figure A1. The pressure-volume (P-V) relationship of the lungs, chest wall and total 

respiratory system during relaxation. The elastic recoil of the lungs is given by the 

difference between alveolar and pleural pressure: PL,el = Palv – Ppl, whereas the pressure 

exerted by the chest wall is difference between pleural and body surface pressure: Pcw,el  = Ppl –

Pbs. The elastic recoil of the entire system equals the difference in pressure between the alveoli 

and body surface: PRS,el = Palv – Pbs. VC: vital capacity; FRC: functional residual capacity. The 

horizontal distance between the instantaneous PRS,el and the ordinate represents the 

respiratory muscle pressure (Pmus) necessary to ‘hold’ the system inflated/deflated under static 

conditions. Note that FRC is located at the volume where inward elastic forces of the lung are 

equally opposed by the outward forces of the chest wall: Pcw,el = –PL,el. Thus, PRS,el is nil and no 

muscular effort (i.e., Pmus) is required to maintain the respiratory system at this volume.  
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The compliance of the entire system is heavily dependent upon the lung volumes 

over which an individual situates their tidal breath – the maximal CRS can be 

observed within the mid-portion of vital capacity. This volume-dependence of CL, 

Ccw and CRS has important implications for the work associated with breathing 

(Wb). For example, the horizontal distance between the PRS,el and the ordinate in 

Figure A1 represents the magnitude of respiratory muscle pressure (Pmus) 

required to maintain the system at the corresponding volume either above or  

below FRC. Thus, to minimise the static component of Pmus, it appears beneficial 

for an individual to situate their tidal breath over the steepest portion of the  

P-V relationship of the respiratory system during spontaneous breathing,  

thereby avoiding the upper and lower inflection points on the curve. The physical 

elements of the lungs and chest wall which determine the structure’s elastic 

properties are discussed below. 

A.2.1 Sources of elastic recoil within the lungs 

The elastic recoil of the lungs serves the role of tethering the airways open during 

inspiration, distributing ventilation among alveolar units, and maintaining the 

patency and stability of airways during forced expiration. The primary contributing 

factors to the elastic recoil of the lungs are: the collagen and elastin elements of the 

parenchyma; the interfacial tension acting on the alveolar surface; alveolar 

recruitment/de-recruitment; and the active/passive mechanics of airway smooth 

muscle (Glaister et al., 1973; Hoppin, 1999; Ingram, 1975; Karlinsky et al., 1976; 

Maksym and Bates, 1997; Schürch et al., 1992; Suki et al., 2005; Swenson et al., 

1995). Other sources of elastic recoil within the lung may originate from the 

cartilaginous structures of the conducting airways, the epithelial lining of alveoli 

and vessels, and the volume of blood/lymph within the lungs (Stamenovic, 1990).  

It should be noted that the above sources of lung recoil do not provide a 
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straightforward, mechanical basis for why the P-V relationship of the lungs is 

exponential in nature (Hoppin, 1999). Nevertheless, when considered together, 

these elements contribute the lung’s overall elastic opposition to volume 

displacement during spontaneous breathing. Any condition which modifies these 

elements must therefore affect the lung’s distensibility.  

Emphysema causes damage to the alveolar septa and surrounding elastic 

attachments, decreasing radial traction of the terminal air spaces, ultimately 

reducing the elastic recoil of the lung tissue (i.e., increased CL) (Mead et al., 1955; 

Wright and Churg, 1995). Conversely, the pulmonary fibrosis accompanying 

interstitial lung disease leads to the gradual replacement of elastin fibres with that 

of collagen elements (Verbeken et al., 1994). Given that the elastic modulus of 

collagen is approximately three to four times greater than elastin, it follows that 

CL is reduced with interstitial disease (Fulmer et al., 1979; Nava and Rubini, 1999; 

Valkila et al., 1995). Furthermore, increases in airway smooth muscle tone and 

interstitial and/or alveolar fluid volume also result in a decreased CL (Hoppin, 

1999; Lauzon et al., 1992; Noble et al., 1975; Tomioka et al., 2002).  

A.2.2 Sources of elastic recoil in the chest wall 

The compartments which comprise the chest wall are two flexible, elastic 

containers arranged in parallel: the rib-cage and abdomen (Agostoni and Hyatt, 

2011; Campbell et al., 1970). The volume encircled by the rib-cage is determined by 

the dorsoventral and lateral diameters of the true and false ribs, and is bound in 

the cephalad direction by the operculum. The diaphragm is interposed between the 

rib-cage and abdomen, and thus provides a common structure serving as both the 

lower and upper boundaries of the rib-cage and abdominal container, respectively. 

The lower boundary of the abdominal container is delimited by the pelvic floor and 
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girdle. The intrinsic elastic behaviour of the chest wall is –much like that of the 

lung– an assemblage of the mechanical properties of its constituents; the ligaments 

supporting the costovertebral junctions, the cartilages affixing the ribs to the 

sternum, the tendinous sheaths of the ventral abdominal wall (i.e., linea alba) and 

the respiratory musculature (e.g., the diaphragm, rib-cage intercostal and 

abdominal muscles).  

The respiratory muscles may distort the chest wall during contraction, such that 

elastic recoil of the chest wall is greater than expected based on the Pcw,el values 

observed during relaxation against an obstructed airway (Agostoni et al., 1966; 

Konno and Mead, 1968). Thus, the derived Pmus may underestimate the ‘true’ 

respiratory muscle pressure-development during spontaneous breathing, recalling 

that: Pmus = Pcw,el + Ppl. Chest wall distortion is especially prominent in 

individuals with high rib-cage compliance, such as the preterm infant or patients 

with flail chest (Heldt and McIlroy, 1987; LeSouef et al., 1983; Tzelepis et al., 

1989). Chest wall distortion may also be observed in healthy adults during very 

forceful expiratory manoeuvres (McCool et al., 1985), but is minimal during 

strenuous exercise (Agostoni et al., 1966; Kenyon et al., 1997).  

A.2.3 Static hysteresis of the respiratory system 

The term ‘elastic recoil’ is used in the current Thesis to describe the conservative 

nature of the lungs and chest wall. That is, the extent to which energy can  

be ‘stored’ in these structures during inspiration or expiration, and subsequently 

‘released’ during the reciprocal phase of breathing. On the other hand, the  

term ‘hysteresis’ refers to energy that is lost/dissipated when the system is 

currently in motion (dynamic) or has previously been in motion (static). The static 

hysteresis of the respiratory system is evidenced by the difference in PRS,el values 
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obtained during relaxation after a previous inspiratory or expiratory movement; 

recoil pressures tend to be greater at a given lung volume when relaxation is 

initiated after inhalation than expiration (Agostoni and Hyatt, 2011; Campbell et 

al., 1970). This inequality of PRS,el values during inspiration and expiration causes 

a ‘hysteresis’ loop to develop in the respiratory system’s P-V relationship. The lungs 

and chest wall contribute to the static hysteresis of the respiratory system. Static 

lung hysteresis is largely the result of the plastoelastic properties of parenchymal 

tissues, surface phenomena, and differences in recruitment/de-recruitment of 

alveolar units (Brusasco and Pellegrino, 1995; Robatto et al., 1991; Sharp et al., 

1967; v. Neergaard, 1929; van de Woestijne, 1967). For the chest wall, it appears 

mainly due to the inherent hysteresis of its numerous ligaments and skeletal 

muscles (Butler and Smith, 1957; Sharp et al., 1967; van de Woestijne, 1967). 

Although static hysteresis of the structures within the respiratory system must be 

appreciated, for sake of simplicity the P-V relationships of the lungs, chest wall and 

total respiratory system are henceforth regarded as single representations. 

A.3A.3A.3A.3 Dynamic properties of the respiratory system 

The previous section dealt with the mechanical behaviour of the lungs and chest 

wall in the absence of motion (i.e., under static conditions). The following text 

outlines the dynamic components found in the equation of motion for the 

respiratory system. In contrast to the term ‘elastic recoil’, the pressure-terms 

PRS,res and PRS,in are non-conservative; the work expended to overcome the 

system’s inertance and resistance is not ‘stored’ in its structures, rather this energy 

is lost/dissipated as heat and sound (Rodarte and Rehder, 2011). The physical 

properties of the respiratory system which give rise to such dissipative pressure 

losses during spontaneous breathing are discussed below. 
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A.3.1 Resistance of the lungs 

The total resistance of the lungs to motion (RL) originates from the resistance of 

gas flowing along the upper airways and tracheobronchial tree, and to the intrinsic 

viscance of parenchymal tissues: RL = RL,aw + RL,ti. In general, airways resistance 

is given by the ratio of driving pressure (∆P) to airflow ( ɺV ):  

     =L,aw
P

R
V

∆

ɺ
   Eqn. A4 

The variables which determine the gradient in pressure from the inlet to outlet of 

the conduit (∆P) is determined by the profile of the gas flow (laminar v turbulent), 

its density and viscosity, and the geometric attributes of the airways through 

which the gas flows. The relationship between pressure, ɺV , kinematic viscosity 

and airway geometry are outlined in the equation below:  

Laminar profile  
4( )
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P r
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π
η
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  Eqn. A5 

Turbulent profile  
5

2 (4 )P r
V

π
ρ

∆=ɺ
ℓ

  Eqn. A6   

where µ is the viscosity of gas, ρ is the density of gas, and ℓ and r represent the 

length and radius of the conduit, respectively. Eqn. A5 states that ɺV  is 

independent of gas-density for a given ∆P, and is affected by the radius of the 

conduit when the profile of gas is laminar (i.e., Poiseuille’s law).  

When flow is turbulent (Eqn. A6), ɺV  is dependent on the density of gas, and is 

relatively more biased toward changes in the radius of the conduit than during 

laminar flow (i.e., 4̟r5 v ̟r4). Moreover, the ratio of ∆P to ɺV  (i.e., RL,aw) is 

independent of flow in the laminar profile, yet appears flow-dependent in 

turbulence. Regardless of the profile of gas flow, RL,aw is greatly affected by the 
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size of the collective radii (effective cross-sectional area) of the airways within the 

tracheobronchial tree. Indeed, methacholine-induced bronchoconstriction increases 

RL,aw in healthy individuals (Brown et al., 2000; Ding et al., 1987; Kaczka et al., 

1997; Phagoo et al., 1993), while inhalation of short-acting bronchodilators 

decreases RL,aw in asthmatic subjects (Harvey and Tattersfield, 1982; Kaczka et 

al., 1999; Ullah et al., 1981). Moreover, RL,aw is dependent on tidal volume, 

whereby the forces acting to expand the alveoli during deep inspiration also tether 

the airways open, increasing the cross-sectional area of patent airways, ultimately 

decreasing RL,aw at higher lung volumes (Briscoe and Dubois, 1958; Ding et al., 

1987; Rodarte and Rehder, 2011). For a given RL,aw at fixed lung volume,  

the maximal inspiratory flow is solely dependent upon the ability of the  

inspiratory muscles to generate a pressure gradient (∆P) across the airways  

(i.e., effort-dependent). However, maximal achievable expiratory flows are 

constrained due to the phenomenon of ‘flow-limitation’. That is, once a critical 

pressure is applied to the airways during expiration, smaller dependent airways 

begin to collapse, and further increases in ‘effort’ do not yield further increases  

in flow (Hyatt and Flath, 1966; Olafsson and Hyatt, 1969).  

It must be acknowledged that equations Eqn. 4 & 5 are only valid when applied to 

a singular, rigid tube of defined length and radius; a constraint to which the 

airways of the lung do not adhere (e.g., flow-limitation). Nevertheless, these 

conventions may be regarded as useful descriptors (not determinants) of the 

pressure-flow relationship within the airways of the lung. Although it may appear 

intuitive that RL,aw should constitute the greatest proportion of RL during 

spontaneous breathing, it is well-documented that RL contains a significant 

contribution from the lung tissues, where approximately 40–60% of RL is accounted 

for by RL,ti (Bachofen, 1968; Fredberg and Stamenovic, 1989; Kaczka et al., 1997; 
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Ludwig et al., 1987; McIlroy et al., 1955; Verbeken et al., 1992). In addition, RL,ti 

exhibits significant frequency-dependent behaviour where lung tissue viscance 

decreases with increasing fR (Brusasco et al., 1989; Verbeken et al., 1992).  

The potential sources of RL,ti under normal conditions are: (i) the frictional 

resistance offered by collagen and elastin fibres as these elements ‘slide’ past one 

another during inflation and deflation; (ii) the viscoelastic properties of the surface 

fluid lining the terminal air spaces; and (iii) the maldistribution of surface forces 

which act to stabilise the alveoli (Fredberg and Stamenovic, 1989; Kimmel et al., 

1995). Importantly, RL,ti increases during pulmonary congestion and when the 

airways are constricted (Barnas et al., 1995; Kaczka et al., 1997; Lutchen et al., 

1994). It is believed that under these pathological conditions the collagen-elastin 

matrix of the parenchyma may become distorted, and stabilisation of alveolar 

geometry adversely impacted, thereby increasing lung tissue resistance.   

A.3.2 Resistance of the chest wall 

The mechanisms contributing to the hysteretic nature of the chest wall are poorly 

understood. It is hypothesised that viscance of the connective tissues and the 

skeletal muscles of the chest wall are the primary sources of the structure’s 

resistance (Rcw,ti) under normal conditions (Barnas et al., 1989; Barnas et al., 1991; 

Stamenovic et al., 1993). Moreover, it is possible that when the respiratory muscles 

contract, the chest wall is distorted away from its relaxation configuration, and 

there occurs a redistribution of mechanical stresses upon the viscoelastic tissues of 

the chest wall (e.g., bone, cartilage, ligaments, tendons etc.), thereby affecting the 

structure’s resistive properties during motion (Barnas et al., 1989).  
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A.3.3 Inertance 

The respiratory pressures lost in overcoming the inertial properties of the 

respiratory system (PRS,in) are proportional to the system’s mass and linear 

acceleration. The inertance of the total respiratory system (IRS; Eqn. A2) is ~0.01 

cmH2O·L·s2 within the range of breathing frequencies observed during spontaneous 

breathing (DuBois et al., 1956; Mead, 1956; Sharp et al., 1964). Interestingly, it is 

the gas within the airways, and not the tissues of the lungs and chest wall, which 

contributes most to IRS in healthy subjects; the thoracic gases, while constituting 

the least mass of the entire respiratory system, experience the greatest linear 

accelerations during reversals in airflow (Mead, 1956). However, this contribution 

may be altered in certain pathological conditions. Abdominal obesity causes a 

relatively higher contribution from the chest wall tissues to IRS (Sharp et al., 1964), 

and pulmonary congestion increases the proportion of IRS explained by the lung 

parenchyma (Dellaca et al., 2008; Schumann et al., 2008). The volume acceleration 

of the respiratory system is relatively small within the physiological range of fR 

experienced at rest and during exertion. Thus, inertive pressure losses (PRS,in) are 

often considered negligible (Campbell et al., 1970; Mead, 1956).  

A.4A.4A.4A.4 Summary of opposing pressures 

To maintain an adequate level of ɺVE  during exercise, the respiratory muscles must 

overcome the various opposing forces determined by the respiratory system’s 

elastic, resistive and inertive properties. That is, Pmus must be equal and opposite 

magnitude to PRS,dyn (Eqn. A3) for there to occur a change in the system’s volume 

(i.e., ɺV ), or for the system to be held at fixed volumes above or below FRC. 

Recalling that: PRS,dyn = PRS,el + PRS,res + PRS,in; the balance of forces acting on 

the respiratory system can be summarised by the following expression:  
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Although Pmus provides a measure of respiratory muscle effort, it offers little 

information regarding the dynamic performance of these muscles during 

contraction – what is the mechanical cost associated with breathing? 

A.5A.5A.5A.5 Theoretical basis of mechanical work 

The concept of mechanical work was first introduced in 1829 by the French 

Physiologist, Gustave Coriolis. In his book Calculation of the Effect of Machines, 

Coriolis states that:  

“... work is defined as the product of a weight carried, 

multiplied by the distance from transport ...” 

The mathematical expression of this definition is the integral of force applied to  

an object, and its resulting displacement: ∫F·∆s, where F is the applied force 

(Newtons; N) and s is the displacement (metres; m). This integral yields a value 

with units of Newton metres (N·m) or Joules (J). Indeed, for an object travelling 

along a single plane (one dimension) having but one force acting upon it,  

the calculation of mechanical work appears trivial. On the other hand, to quantify 

work for a mechanical system operating in three-dimensional space is exceedingly 

complex – the individual forces of each actuating component and the displacements 

of all moving parts must be known. This approach is not feasible when measuring 

the mechanical work contributed by the respiratory muscles during breathing  

(i.e. Wb). It is possible, however, to quantify the Wb if the global pressure 

developed by the respiratory muscles (Pmus), and the consequent change in the 

system’s volume (∆V) are recorded simultaneously. If we accept that Pmus 

represents a force applied to the surface area of the chest wall (N·m-2), and that ∆V 
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is the change in chest wall volume in cubic metres (m3), then the units of Wb may 

be derived: N·m-2·m3 = N·m(-2+3) = N·m or J. Accordingly, the work of breathing is 

given by the integral of Pmus and tidal volume: Wb = ∫Pmus·∆V.  

A.5.1 Determining the mechanical work of breathing 

The mechanical work performed by the respiratory muscles during spontaneous 

breathing can be visualised on the P-V diagram of the total respiratory system.  

The solid, continuous line in Figure A2 displays the pathway of Pmus as a function 

of lung volume during maximal-intensity exercise ( ɺVE  = 173 L·min-1; VT = 3.24 L;  

fR = 48 breaths·min-1). The muscles of inspiration are active when Pmus is positive, 

and the muscles of expiration are active when Pmus is negative sign. In theory,  

if one were able to negate the resistive and inertive properties of the respiratory 

system, the Pmus in Figure A2 would follow a trajectory identical to that  

observed during quasistatic relaxation: that is, if PRS,res and PRS,in are nil, then 

Pmus = PRS,el. In such a case, the integral of Pmus and lung volume yields the 

mechanical work performed by the respiratory muscles against the elastic 

properties of the lungs and chest wall. The elastic Wb during inspiration  

is identified in Figure A2 as the horizontally hatched area enclosed by the  

PRS,el-volume relation and the zero-axis above the system’s relaxation volume  

(i.e., FRC). Moreover, the elastic Wb during expiration is denoted by the vertically 

hatched area enclosed by the PRS,el-volume relation and the zero-axis below FRC. 

These areas represent the amount of potential energy stored in the lungs and chest 

wall during spontaneous breathing.  

In reality, the dissipative properties of the respiratory system cannot be ignored 

and additional pressure must be generated in order to produce ɺV  during 

spontaneous breathing. For any instance where the pathway of Pmus deviates from 
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the PRS,el-volume relation, pressure is lost to the viscous elements of the lungs and 

chest wall (i.e. dynamic components of Eqn. A3). Consequently, the area  

encircled by the solid, continuous line in Figure A2 (Pmus-volume loop) represents 

the resistive work performed on the respiratory system during inspiration and 

expiration. It should be noted that this entire area is not solely the result  

of mechanical work expended by the respiratory muscles. When the pathway  

of Pmus falls between the PRS,el-volume relation and the zero-axis line, the work 

performed against the dissipative elements of the respiratory system is contributed 

by the potential energy stored in the elastic structures of the respiratory system 

(elastic Wb). It is not until the pathway of Pmus lay outside the areas of elastic 

work that one is certain the respiratory muscles are performing work against  

the resistance offered by the lungs and chest wall. In turn, the fine and coarsely 

stippled areas of Figure A2 represent the inspiratory and expiratory resistive 

components of Wb, respectively. 

It is of interest to note that Pmus in Figure A2 remains positive during the initial 

moments of expiration, indicating persistent activity of the inspiratory muscles 

while lung volume is decreasing (Agostoni et al., 1960; Campbell, 1958; Lourenco 

and Mueller, 1967). The mechanical arrangement of the inspiratory muscles is 

such that sarcomeric length decreases and increases during inflation and deflation 

of the chest wall, respectively. Thus, the positive Pmus during the early period of 

expiration denotes lengthening contraction of the inspiratory muscles which are, at 

this time, performing negative work. This negative work during inspiration 

provides relatively smoother transitions in ɺV  between respiratory cycles than 

would otherwise occur during complete relaxation. In addition, post-inspiratory 

‘braking’ of expiration may provide a mechanism by which the respiratory system 

is maintained above relaxation volume (i.e., dynamic hyperinflation; Martin et al., 
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1980). Negative (eccentric) work contributed by expiratory muscles is also observed 

in Figure A2, indicated by the persistent negativity in Pmus during the first 

moments of inspiration. However, such post-expiratory braking is evident only 

when end-expiratory lung volume is below FRC. 

A.5.1 The pathway of pleural pressure and the work of breathing 

The impracticalities of directly measuring Pmus under dynamic conditions  

have been previously discussed. These parameters must be derived indirectly from 

other sources of available data. Recall from Section A.2 that: PL,el = Palv – Ppl;  

and: Pmus + Pcw,el = Ppl – Pbs. By rearranging the above equations, and  

assuming that Pbs = 0, it is evident that Ppl possesses the unique (and confusing!) 

property of being equal to the forces acting on the chest wall surface in one 

direction (Pmus + Pcw,el), and those acting on the surface of lungs in the other  

(Palv – PL,el). Consequently: Pmus + Pcw = Ppl = Palv – PL,el. The pressure within the 

pleural cavity represents the chest wall recoil when the respiratory muscles are 

relaxed and the airways obstructed (if Pmus = 0, then Ppl = Pcw). And, it is equally 

true that Ppl is the sum of the elastic recoil of the lungs and the pressure contained 

within the alveoli (i.e., Palv and PL,el).  

In order to appreciate the balance of forces acting through the pleural cavity, 

special concern of the pressures acting across the pleural surface is required.  

The relationship between Palv and Ppl during quasistatic relaxation is relatively 

straightforward. Positive values of Palv tend to expand the alveoli and lungs, 

moving the visceral toward the parietal pleural surface, compressing the pleural 

liquid and increasing Ppl. The Palv is therefore positively associated with Ppl.  

The elastic recoil of the lungs is positive at each lung volume within the vital  

 



Respiratory mechanics  

256 

capacity range,  indicating an ever-present tendency of the lung parenchyma to 

compress the alveoli. This tendency acts to separate the visceral and parietal 

pleural surfaces away from one another, affecting a small but significant increase 

in the volume of pleural cavity, thereby causing Ppl to decrease. Thus, PL,el is 

inversely related to Ppl. It is for the above reasons that: Ppl = Palv – PL,el. Seeing 

that during relaxation against an occlusion: Palv = Pcw,el + PL,el; we may then 

Figure A2. The relationships between total respiratory pressure, pleural pressure and 

lung volume during spontaneous breathing at maximal exercise. VC: vital capacity; FRC: 

functional residual capacity; Pmus: respiratory muscle pressure; PRS,el: pressure of the 

respiratory system obtained during relaxation; PRS,dyn: dynamic ‘opposing’ pressure exerted by 

the respiratory system; Pcw,el: elastic pressure exerted by the chest wall; –PL,el: elastic pressure 

exerted by the lungs relative to the pleural surface; –PL,dyn: dynamic lung pressure measured 

from the pleural surface. The solid continuous loops display the pathways of Pmus (left panel) 

and –PL,dyn (right panel) throughout the tidal breath, respectively. The open circles represent 

points of zero-flow. The finely stippled area represents the resistive work of inspiration, whereas 

the coarsely stippled area denotes expiratory resistive work. The horizontal and vertical 

hatching represents the elastic work of inspiration and expiration, respectively. Note: the 

relaxation pressure-volume curve of the respiratory system illustrated in the left panel is 

identical to that displayed in Figure A1. In addition, it can be observed that the areas depicted 

in both panels are of equal magnitude, supporting the utility in deriving Pmus from 

measurements of pleural pressure. See text for further explanation.  
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substitute equations to yield: Ppl = (Pcw,el + PL,el) – PL,el; and thus: Ppl = Pcw,el. 

This convention can be extended to conditions where the lung volume is held 

constant by active respiratory muscle contraction (Pmus ≠ 0), and alveolar pressure 

is made equal to atmospheric (airways open). In this instance Palv is nil, and thus: 

Pmus + Pcw = Ppl = –PL,el. Accordingly, if an individual were to maintain a series of 

lung volumes with the airways open, the inverse of the lung’s static pressure-

volume relationship may be obtained by simply observing Ppl.  

The resistive properties of the lungs (airways and tissues) necessitate a flow-

dependent loss of pressure (∆P) across the entire structure during spontaneous 

breathing. That is, the greater the magnitude of ɺV , the larger the gradient in 

pressure from the body surface to the alveoli (∆P = Palv – Pbs). If one assumes that 

Pbs is nil, then the resistive pressure-drop is reflected by the pressure within the 

alveoli (∆P = Palv). The pressures acting across the pleural and body surfaces may 

now be termed the dynamic pressure of the lungs: –PL,dyn = ∆P – PL,el. Similarly, 

the dynamic pressure of the chest wall during spontaneous breathing equals the 

sum of Pcw,el and the structure’s resistive pressure losses owing to its tissue 

viscance (see Section A.3.2) In practice, however, it is not possible to measure the 

dynamic pressure generated by the chest wall in awake, unaesthetised humans. 

Therefore, at any given instant during spontaneous breathing, the continuity of 

pressures acting through the pleural cavity is: Pmus + Pcw,el = Ppl = –PL,dyn. 

Rearranging this equation we can solve for respiratory muscle pressure by:  

Pmus = Pcw,el + Ppl. This convention provides the basis for determining the resistive 

and elastic components of the Wb using the Ppl-volume diagram. 
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The right panel in Figure A2 displays the Ppl-volume diagram during spontaneous 

breathing at maximal exercise. It is noted that the pathway of Ppl during 

inspiration and expiration proceeds clockwise (as opposed to that of Pmus which 

follows anti-clockwise). The horizontal distance between –PL,el and Pcw,el 

represents the pressure contributed by the respiratory muscles to maintain the 

respiratory system at the given lung volume. The triangular areas enclosed by the 

–PL,el- and Pcw,el-volume relations above and below relaxation volume (i.e., FRC) 

denote the elastic work of inspiration (horizontal hatching) and expiration (vertical 

hatching), respectively. Should the pathway of –PL,dyn lay outside the areas 

defined as elastic potential work, pressure is contributed by the respiratory 

muscles to overcome the flow-resistance of the respiratory system. Accordingly,  

the pressure-volume integral of all instances where –PL,dyn is to the left of –PL,el 

and Pcw,el yields the inspiratory resistive Wb (finely stippled area). Conversely,  

the area enclosed by the pathway of –PL,dyn to the right of –PL,el and Pcw,el 

represents the expiratory resistive Wb (coarsely stippled area). Because the 

dynamic pressures exerted by the chest wall are not depicted in the Ppl-volume 

diagram of Figure A2, the pressure necessary to overcome the resistance of the 

chest wall cannot be determined from this diagram. In turn, the areas describing 

the resistive Wb relate solely to the resistive properties of the lungs (airways + 

tissues). Negative inspiratory work is determined as the area enclosed by –PL,dyn 

and Pcw,el, when the pathway of –PL,dyn lay within the triangular area of 

inspiratory elastic Wb. Moreover, the negative work of expiration is represent by 

the area enclosed by –PL,dyn and –PL,el, when the pathway of –PL,dyn lay within 

the area bounded by expiratory elastic Wb.  
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The method of calculating the Wb described above is a modified presentation  

of the graphical analysis of respiratory work developed by E.J.M. Campbell (1958) 

– modified for the reason that dynamic pressures contributed by the chest wall are 

not visualised. This ‘modified’ Campbell diagram does not account for the 

additional mechanical cost incurred by deformation of the chest wall, hysteresivity 

of chest wall tissues, compression of thoracic gas and the work done on the 

abdominal viscera (Goldman et al., 1976; Milic-Emili and Orzalesi, 1998). 

Although this method appears cumbersome and is constrained by several 

assumptions, it remains one of the most lucid means of determining the mechanical 

work performed by the respiratory muscles during spontaneous breathing.  
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