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ABSTRACT 

 

The primary aim of this thesis was to develop a better understanding of the physiological mechanisms that 

cause the slow rise in O2 uptake (V
•
O2) that occurs during heavy- and severe-intensity exercise. The slow 

rise in V
•
O2 during heavy-intensity exercise is known as the slow component of O2 uptake kinetics. This 

thesis includes a series of three studies investigating the mechanisms underlying the elevated O2 cost 

observed during heavy-intensity constant-load cycling exercise. Eight recreational cyclists (V
•
O2peak: 55.6 ± 

1.3 ml·kg-1·min-1) participated in each of the three studies. Each study was designed to manipulate blood 

lactate concentration ([La-]) and/or blood pH, or type II motor unit recruitment to determine if a 

corresponding change would occur in the amplitude of the V
•
O2 slow component. All studies used a similar 

research design with each trial involving 3 minutes of baseline cycling (25 W) prior to 8 minutes of heavy-

intensity constant-load cycling at a power output equal to 50% of the difference between the power output 

achieved at the ventilatory threshold and peak aerobic power (Δ50% work rate). Surface 

electromyographic (EMG) activity from the vastus medialis and vastus lateralis was measured throughout 

each constant-load cycling trial. Integrated EMG activity was used as an index of total neural activity, 

while the mean power frequency of the EMG signal was used as an indication of motor unit recruitment 

pattern. Blood lactate, pH and bicarbonate concentrations were determined under resting conditions prior 

to the start of exercise, at the end of 3 minutes at 25 W, and after 1.5, 3, 4.5, 6 and 8 minutes of heavy-

intensity constant-load exercise. O2 uptake, CO2 production (V
•
CO2), and minute ventilation (V

•
E) were 

measured breath-by-breath while heart rate was measured continually throughout each constant-load trial. 

V
•
O2 kinetics were determined using a double-exponential model with independent time delays beyond the 

phase I component.  

 

In the first study, the recruitment of type II motor units during heavy-intensity exercise was altered in 

order to determine if a corresponding change in the amplitude of the slow component would occur. 

Subjects were required to complete a glycogen reduction protocol to lower the glygogen content of 

predominantly type I muscle fibres. Subsequent heavy-intensity exercise is likely to result in an increase in 
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type II fibre recruitment when the glycogen content of type I fibres is significantly reduced. The glygogen 

reduction protocol used in the present study required subjects to exercise at a work rate 5% above the 

ventilatory threshold until exhaustion. The average time to exhaustion was 143 ± 8 minutes. This protocol 

has been shown to lower intra-muscle glycogen stores in primarily type I muscle fibres. Following an 

overnight fast, subjects were then required to perform the heavy-intensity constant-load exercise bout in 

the glycogen-reduced state. The glycogen reduction (GR) and control (CON) trials were conducted in 

random order. Blood [La-] was significantly reduced, while blood pH was significantly elevated during 

exercise following GR compared to the CON trial. However, no difference existed between trials in the O2 

cost of exercise. As a result, it was concluded that blood [La-] and pH are not important to the 

development of the slow component. There was no difference between trials in iEMG activity implying 

that total neural activity was similar in the two trials. Moreover, iEMG did not rise over time in either trial, 

supporting the conclusion that iEMG and its underlying mechanisms are not related to the development of 

the slow component. In both experimental trials, type II motor unit activity increased significantly over 

time as indicated by a rise in MPF activity. Despite a greater increase in MPF, and thus type II recruitment 

in the GR trial, there was no difference between trials in the amplitude of the V
•
O2 slow component. 

Therefore, we concluded that type II motor unit rectuitment is likely to contribute to the additional O2 cost 

of heavy-intensity exercise, but may not be the primary mechanism responsible for the V
•
O2 slow 

component. 

 

In the second study, acetazolamide was administered orally (4 x 250 mg doses) to inhibit carbonic 

anhydrase activity in order to reduce blood lactate (and blood pH). Subjects performed 8 min of exercise 

under control conditions (CON) and after acetazolamide administration (ACZ trial). The order of testing 

was randomized. The main purpose of the study was to determine if a fall in blood [La-] during the ACZ 

trial would result in a corresponding reduction in the V
•
O2 slow component. A secondary aim was to 

determine if the fall in pH associated with oral ACZ administration would alter motor unit recruitment. 

There was no difference between trials in the V
•
O2 slow component despite a significant reduction in blood 

[La-] and blood pH in the ACZ trial. This observation suggests that blood [La-] does not play an important 
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role in the development of the slow component. The pH of blood is reduced with ACZ treatment because 

carbonic anhydrase inhibition results in the excretion of bicarbonate ions (HCO3
-) in the urine, leading to a 

metabolic acidosis with a compensatory hyperventilation. In contrast, the mechanism responsible for the 

reduction in blood [La-] following ACZ administration is unknown. There was no difference between trials 

in iEMG activity when normalised to baseline (25 W) cycling. These results suggest that total neural 

activity was the same during the CON and ACZ trials. Since iEMG activity did not rise over time in either 

trial, yet a slow component was observed in both trials, it can be concluded that total neural activity is not 

related to the development of the V
•
O2 slow component. MPF increased over time in both trials in the 

vastus medialis muscle, but a significant rise in MPF in the vastus lateralis muscle was only observed 

during the ACZ trial. These results suggest a progressive rise in the proportion of type II motor units 

occurred during the ACZ trial. Since there was a corresponding rise in O2 cost of heavy exercise, these 

findings suggest the recruitment of additional type II motor units contributes in part to the development of 

the slow component. However, a greater increase in type II motor unit recruitment over time was observed 

in the vastus lateralis muscle in the ACZ trial than in the CON trial. Although the blood pH was lower in 

the ACZ trial, which might be expected to increase the amplitude of the slow component, the reduced 

blood [La-] may have off-set any effect of reduced blood pH on the amplitude of the slow component. The 

greater type II motor unit recruitment in one muscle may not have been of sufficient magnitude to 

significantly increase the slow component amplitude when V
•
O2 was already high. However, it is also 

possible that type II motor unit recruitment is not the primary mechanism responsible for the slow 

component. Any direct affect of ACZ on the energetic cost of muscle function has yet to be determined.  

 

In the third study, type II motor unit recruitment was manipulated by changing pedal cadence during 

cycling from 50 to 75, and then to 100 rev•min-1. The order of testing for the pedal cadence trials was 

randomized. When the raw iEMG data was normalised to baseline values, the smallest rise above baseline 

was observed in the 100 rev•min-1 trial compared with the largest increase above baseline in the 50 

rev•min-1 trial. However, during baseline cycling in the 100 rev•min-1 trial, there is likely to have been a 

greater recruitment of type II motor units because of the faster contraction velocity, thus the increase in 

total neural activity was less than in the 75 and 50 rev•min-1 trials respectively. When normalised to end-
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exercise iEMG activity, there would have been no difference between trials in iEMG. Thus, it is likely that 

total neural activity was not altered by changes in pedal cadence during heavy-intensity exercise in the 

present study. There was no difference between trials in the magnitude of the absolute V
•
O2 slow 

component even though the relative V
•
O2 slow component (% changer per min) was greatest in the 100 

rev•min-1 trial. The contribution of the slow component amplitude relative to the overall V
•
O2 response is 

known as the relative slow component. Results of this study support the notion that total neural activity is 

not involved in the development of the V
•
O2 slow component. MPF and thus type II motor unit activity 

increased over time in both the vastus medialis and vastus lateralis during each experimental trial along 

with the O2 cost of exercise. These findings indicate that the recruitment of type II motor units contributes 

in part to the development of the slow component. MPF and therefore type II motor unit recruitment was 

higher in the 50 and 100 rev•min-1 trials compared to the 75 rev•min-1 trial.  The force required per pedal 

stroke at 50 rev•min-1 would have been greater than during the 75 rev•min-1 or 100 rev•min-1 trials, 

requiring a greater contribution of type II motor units. The faster contraction velocity at 100 rev•min-1 

would also have resulted in a preferential recruitment of type II motor units compared to the 75 rev•min-1 

trial. The O2 cost of cycling was elevated in both the 50 and 100 rev•min-1 trials compared to the 75 

rev•min-1 trial, although the amplitude of the slow component was significantly elevated only in the 100 

rev•min-1 trial. This suggests that some mechanism other than type II motor unit recruitment caused the 

slow component amplitude to be greater in the 100 rev•min-1 trial than in the 50 rev•min-1 trial. 

 

The results of these studies suggest that an increase in type II motor unit recruitment is only partly 

responsible for the development of the V
•
O2 slow component. In each study, evidence is provided 

suggesting that the additional recruitment of type II motor units may not be the only mechanism 

responsible for the development of the slow component. Also, changes in blood [La-] and pH did not 

account for the increased O2 cost associated with the performance of heavy-intensity cycling. It was found 

that the slow component amplitude did not always change in accordance with the observed changes in 

motor unit recruitment. Therefore, it is concluded that increased recruitment of type II motor units (as 

indicated by a rise in MPF activity) only partly explains the increased O2 cost observed over time during 
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heavy-intensity exercise (V
•
O2 slow component). Further research is required to determine the precise 

mechanisms responsible for the development of the V
•
O2 slow component.  
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Exercise under non steady-state conditions provides the opportunity to investigate the physiological 

mechanisms that influence gas-exchange dynamics. A step-change in exercise intensity results in an 

immediate increase in energy demand, which cannot be supplied by aerobic metabolism alone. This 

increase in energy demand results in an O2 deficit period (Henry, 1951; Åstrand and Saltin, 1961; 

Linnarsson, 1974). This deficit is due to the inability of aerobic mechanisms, specifically the O2 transport 

and utilization systems, to instantly adjust to meet the energy requirements of the active muscle. The delay 

in the ability to meet the energy demands by aerobic mechanisms results in one or more exponential 

response patterns in the variables involved in energy production (Whipp and Casaburi, 1982; Casaburi et 

al. 1989). The increase in the rate of oxygen consumption (V
•
O2) is generally characterised by three 

temporal phases (Figure 1.1; Whipp and Wasserman, 1972; Linnarsson, 1974; Bennett et al. 1981; 

Barstow et al. 1990; Barstow and Molé, 1987; Hughson et al. 1988). The increase in V
•
O2 during exercise 

is essential to regenerate adenosine triphosphate (ATP) from adenosine diphosphate (ADP) and inorganic 

phosphate (Pi). The ultimate sources of energy for ATP resynthesis are fat and carbohydrate. Carbohydrate 

metabolism can be considered in two steps, anaerobic (or glycolysis with lactate as an end product) and 

aerobic (or the entrance of pyruvate into the tricarboxylic acid cycle and electron transport chain). Under 

certain conditions large quantities of pyruvate can be converted to lactate (La-) and depending on the rate 

of La- removal, can increase the concentration of lactate ([La-]) in the muscle and blood (Knuttgen and 

Saltin, 1972). Metabolic, cardiovascular and ventilatory adjustments must be made to support the 

increased cellular respiration of the active muscles (Wasserman, 1994).  

 

Three phases of O2 uptake kinetics 

At the onset of exercise, there is a rapid increase in both carbon dioxide production (V
•
CO2) and V

•
O2 

lasting ~15 s. The increase in muscle metabolism however, is not instantaneously expressed at the mouth 

(Barstow et al. 1990). During phase I, the increase in V
•
O2 is primarily due to the increased pulmonary 

blood flow perfusing the alveoli resulting from the immediate increase in stroke volume and heart rate at 

the start of exercise. The duration of phase I represents the circulatory transit delay between the exercising 

muscle and the lungs. Phase I lasts until the gas tensions in mixed venous blood entering the pulmonary 
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capillaries begin to change as a result of increased muscle gas exchange (Whipp, 1987). 

 

 

 

 

 

 

 

Figure 1.1. Schematic representation of the oxygen uptake (V
•
O2) response to a step-change in work 

rate indicating three response phases and the temporal location of the V
•
O2 slow component. BL, 

baseline; TD1 is the time delay from beginning of exercise until the onset of phase II; τ0, phase I time 

constant, A0
’ is the amplitude of early cardiodynamic phase; TD2 is the time delay from the 

beginning of heavy-intensity exercise until the onset of slow component; τ1 is the phase II time 

constant; A1 represents the amplitude of the phase II exponential rise in V
•
O2; A1

’ is the sum of A0
’ 

and A1 (equal to the amplitude of the primary component; τ2 is the time constant of the slow 

component; A2 represents the amplitude of the slow component; ΔEEV
•
O2, increase above baseline of 

V
•
O2 at the end of exercise (Reproduced from Barstow et al. 1996). 

 

Phase II represents the exponential rise in pulmonary V
•
O2 reflecting the increasing utilization of O2 within 

the muscle, and any further increase in cardiac output (Q
•
) beyond that observed in phase I. The modelling 

of Barstow and Molé (1987) suggest that across a wide range of circulatory adjustments, the kinetics of 

pulmonary V
•
O2 during phase II are similar to those of muscle V

•
O2 (Barstow et al. 1990; Barstow et al. 

1994; Barstow and Molé, 1991). The rise in V
•
O2 in phase II represents the influence of the increased 

venous effluent from the contracting muscle on mixed venous O2 content in the lung.  

 

Phase III represents the new steady-state V
•
O2 which occurs during low- to moderate-intensity exercise 

beyond the exponential phase II component. That is, unless the work rate is too high for V
•
O2 to stabilize 

Time (s)

V•
O
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resulting in an upward drift or slow component of O2 uptake kinetics (Barstow et al. 1990; Barstow and 

Molé, 1991). The V
•
O2 slow component is clearly evident at work rates above what has historically been 

called the “anaerobic threshold” or “blood lactate threshold” (BLT) and can result in V
•
O2 reaching 

maximum levels despite the work rate still being regarded as submaximal. This elevation of V
•
O2 is not 

merely a function of high absolute metabolic rates, rather it appears to manifest at all work rates above the 

BLT irrespective of absolute V
•
O2 (Henson et al. 1989). While the V

•
O2 slow component appears to be 

associated with the mechanism of fatigue, there is little conclusive evidence demonstrating a significant 

relationship between the slow component and the time to exhaustion (Duffield et al. 2006). Complex 

curve fitting models have been used, particularly for heavy-intensity exercise accompanied by a lactic 

acidosis where the slow component is evident. A double exponential model beginning after a time delay 

has been used in some instances to describe the V
•
O2 response kinetics. The second exponential has a much 

longer time constant and varies in length and amplitude with the increase in blood [La-] (Barstow and 

Molé, 1991). The excess V
•
O2, based on the linear V

•
O2 – work rate relationship observed during sub-BLT  

exercise is not limited to constant-load exercise. The slow component is evident during incremental 

exercise tests in which the duration of each step is 3 or more minutes (Whipp et al. 1981; Henson et al. 

1989). This results in a non-linear V
•
O2-work rate relationship with an increasingly greater O2 cost as work 

rate continues to increase at exercise intensities above the BLT. 

 

Exercise-intensity domains 

Exercise can be divided into three distinct intensity domains based on V
•
O2 and the blood La- response to 

exercise. These are moderate-, heavy- and severe-intensity exercise as indicated in Figure 1.2. Moderate-

intensity exercise includes all work rates that can be accomplished without an elevation of arterial blood 

[La-] (i.e., < BLT). During moderate exercise, the phase II time constant is relatively invariant with 

changes in work rate, but is faster in cyclists with a high peak oxygen consumption (V
•
O2peak) and can be 

reduced by training (Yoshida et al. 1992). The time constant (tau; τ) is defined as the time taken for V
•
O2 

to reach ~63% of the difference between the pre-step baseline and the post-step plateau, when an 
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exponential curve is fit to the data. In phase III, the steady-state V
•
O2 response increases as a linear 

function of work rate within the moderate-intensity domain, having a gain of 9-11 ml O2 uptake per watt 

per minute (O2 uptake·W-1·min-1; Gaesser and Poole, 1996). 

 

 

 

Figure 1.2. Schematic representation of the V
•
O2 and blood lactate responses to constant-load 

exercise in each exercise intensity domain (top and bottom panels, respectively). Each panel is 

demarcated into moderate (<BLT), heavy (>BLT, <Wa), and severe (>Wa) exercise domains, where 

BLT and Wa denote the blood lactate threshold and the work rate above which steady-state V
•
O2 is 

not attained, respectively (Modified from Gaesser and Poole, 1996). The arrow denotes fatigue. 

 

Heavy-intensity exercise is the lowest work rate at which blood La- appearance exceeds its rate of removal 

from the blood. This results in an increase in blood La- above the pre-exercise level, but [La-] may not 

continue to rise throughout the duration of the exercise period. The upper boundary of heavy-intensity 

exercise is defined as the highest work rate at which arterial blood [La-] can be stabilised (i.e., maximal 
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blood La- steady-state). Thus, La- appearance and removal rates are once again balanced, but with blood 

[La-] now at an elevated level (Gaesser and Poole, 1996). A delayed steady-state V
•
O2 is usually reached in 

this domain and exercise is well tolerated. However, the V
•
O2 is higher than predicted based on the sub-

BLT relationship between V
•
O2 and work rate. Zoladz et al. (1995) observed the end-exercise V

•
O2 was 

approximately 15% higher than the V
•
O2 predicted from the sub-BLT V

•
O2-work rate relationship. The O2 

cost under these conditions is generally ~12-13 ml O2 uptake·W-1·min-1 (Barstow and Molé, 1991). For 

exercise in this domain, the slow component is increased with work rate and the greatest rate of change 

appears to develop most rapidly early in the exercise bout (i.e., minutes 3-10) as the rate of change in the 

slow component decreases with time. Potential factors that might account for the slow component should 

change in a similar manner in this intensity domain (Roston et al. 1987).  

 

Work rates for which blood [La-] continues to rise systematically throughout exercise and which produce a 

V
•
O2 approaching maximum are considered to be of severe-intensity (Whipp, 1987). At work rates well 

above BLT, steady-state V
•
O2 is not attained and rises progressively over time until exhaustion ensues. In 

some instances, V
•
O2 reaches levels equal to or even slightly greater than the “peak” values elicited during 

ramp or incremental protocols. Under these circumstances, the magnitude of the V
•
O2 slow component may 

exceed 1000–1500 ml·min-1 (Gaesser and Poole, 1996; Whipp and Ward, 1992). Blood [La-], La- to 

pyruvate ratio, and [H+] continue to rise (presumably reflecting intramuscular changes) and bicarbonate 

concentration ([HCO3
-]) falls. The lower boundary for severe-intensity exercise is generally considered to 

be the maximal blood La- steady-state and is the highest work rate which will result in a V
•
O2 steady-state. 

While the mechanisms are speculative, the V
•
O2 slow component is not directly associated with the fatigue 

process despite occurring at the same time (Duffield et al. 2007) and may be used as a functional index of 

fatiguing development. That is, the more rapidly the slow component projects towards V
•
O2max, the shorter 

will be the tolerable duration of that work rate (Whipp and Ward, 1992). Severe-intensity exercise is likely 

to recruit all muscle fibre types and generate high intracellular concentrations of [H+], inhibiting 

contractile mechanisms. The augmented V
•
O2 reflects an increase in both muscle blood flow and O2 
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extraction, with each process contributing an approximately equal proportion to the excess V
•
O2 above that 

predicted (Poole et al. 1991). 

 

V
•
O2 rises as a function of both time and power within the heavy- and severe-intensity domains, as a result, 

it is not appropriate to identify work rates with respect to V
•
O2max. Thus, the common practice of reporting 

exercise intensity as a percentage of V
•
O2max is incorrect within these upper exercise-intensity domains. 

The lower boundary of the severe-intensity exercise domain corresponds to the highest work rate at which 

blood lactate can be stabilised, which commonly occurs at close to 50% of the difference between BLT 

and V
•
O2max. Thus, there is a range of work rates above which V

•
O2 will increase until maximum values are 

achieved. Work rates in the severe-intensity domain will exhibit a particularly large V
•
O2 slow component 

developing over the 10- to 20-minute duration of tolerable work (Gaesser and Poole, 1996; Whipp and 

Wasserman, 1972). 

 

Delta (Δ) work rate represents the difference in the work rate obtained at BLT and that achieved at V
•
O2max. 

Endurance training increases both V
•
O2max and the BLT, but has been shown not to affect Δ values 

significantly (Whipp and Ward, 1992). At work rates between BLT and approximately Δ40%, [La-] 

increases systematically and then achieves a plateau. Above Δ40%, [La-] continues to rise until exercise 

stops due to exhaustion (Roston et al. 1987). Casaburi et al. (1987) demonstrated subjects could tolerate 

15 minutes of constant-load exercise up to Δ50%, but were unable to complete 15 minutes at Δ75%. 

 

Central and peripheral mechanisms responsible for the slow component 

In an effort to determine the cause of the V
•
O2 slow component, early research investigated temporal 

relationships between variables during constant-load work rates. Few studies have independently 

manipulated the potential mediators to determine the cause of the V
•
O2 slow component during heavy-

intensity exercise (Gaesser et al. 1994). Previous experiments have provided conflicting conclusions 

regarding the mechanisms responsible for the development of the V
•
O2 slow component (Poole et al. 
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1991). During heavy- and severe-intensity exercise, there is a complex array of potential mechanisms 

acting simultaneously within and outside of the exercising limbs. It is only possible therefore to define 

with certainty the role of any single potential mediator of the V
•
O2 slow component (e.g. lactate) by 

minimising or controlling for all other confounding influences (Poole, 1994).  

 

A number of central and peripheral factors have been postulated to contribute to the slow component 

observed during heavy-intensity exercise. Central factors include epinephrine (Gaesser et al. 1994; 

Womack et al. 1995) and testosterone (Weltman et al. 1995), as well as cardiac and ventilatory work 

(Hagberg et al. 1978), lactate (Henson et al. 1989; Roston et al. 1987; Whipp and Wasserman, 1986), pH 

(Poole, 1991), temperature (Poole, 1991) and potassium (Poole, 1991). Peripheral factors acting within the 

exercising muscle include the effect of less efficient mitochondrial P-O coupling (Willis and Jackman, 

1994), reduced chemical-mechanical coupling efficiency (Willis and Jackman, 1994), and the recruitment 

of less efficient type II motor units (Gaesser and Poole, 1996). Poole et al. (1991) demonstrated ~86% of 

the V
•
O2 slow component could be accounted for by an increase in leg V

•
O2 indicating the majority of 

factors contributing to the slow component act mainly within the exercising limbs. 

 

The increased cost of cardiac and ventilatory work contributes to the metabolic cost of heavy- and severe-

intensity exercise (Hagberg et al. 1978). Ventilation (V
•

E) is the responsible for the largest component of 

the V
•
O2 slow component attributed to central mechanisms (Hagberg et al. 1978). Casaburi et al. (1987a; 

1987b) and Poole et al. (1991) demonstrated during heavy exercise V
•

E may rise by ~20-60 l·min-1 over the 

duration of the slow component. While the O2 cost of breathing has been demonstrated to be highly 

variable (Shephard, 1966), results suggest V
•

E accounts for only a relatively small portion of the slow 

component amplitude (Poole et al. 1991). 

 

Epinephrine has been suggested as a possible mediator of the slow component since epinephrine infusion 

increases resting metabolic rate (Marshall and Shepherd, 1963). Furthermore, plasma epinephrine 

concentration increases during heavy- and severe-intensity exercise (Poole et al. 1988; 1991). Febbraio et 
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al. (1998) observed that intramuscular glycogen utilization, glycolysis, and carbohydrate oxidation are 

augmented following epinephrine infusion. However, the infusion of epinephrine has been demonstrated 

to have no effect on the magnitude of the slow component (Marshall and Shepherd, 1963; Gaesser et al. 

1994; Womack et al. 1995). As a result, increasing epinephrine concentration is unlikely to be a primary 

cause of the V
•
O2 slow component during heavy- and severe-intensity exercise. 

 

Testosterone has been shown to elevate the amplitude of the slow component, although the mechanism for 

this apparent increase remains unclear (Weltman et al. 1995). In five men, testosterone was experimentally 

manipulated and the largest slow component amplitude was observed in the trial with the highest 

testosterone concentration (Weltman et al. 1995). It appears that a rise in testosterone concentration may 

be related to the development of the V
•
O2 slow component during prolonged exercise, although a 

significant elevation in testosterone concentration over 6-8 minutes of heavy-intensity exercise has not 

previously been demonstrated. Therefore, the role of testosterone as a mechanism for the V
•
O2 slow 

component is unclear. 

 

During heavy-intensity exercise, active muscles release potassium (K+) and the plasma ([K+]) 

concentration increases. Yasuda et al. (1992) reported high correlations between V
•
O2 and blood [K+]. 

However, Poole (1991) observed that despite the rapid rise in plasma [K+] at the onset of exercise, there 

was no further rise over the period of the slow component during heavy exercise. Therefore, it is unlikely 

that rising [K+] contributes to the development of the V
•
O2 slow component. 

 

The Q10 effect of rising core and muscle temperature also increases metabolic rate (Hagberg et al. 1978).  

The working muscles generate 80-90% of the metabolic rate, so the Q10 effect has the potential to increase 

V
•
O2. Poole et al. (1991) concluded that a 1° C rise in local muscle temperature could account for ~39% of 

the slow component arising from the exercising limbs. This estimation is based on the assumption that 

venous blood reflects the temperature of the exercising limbs. If this assumption is correct, the Q10 effect 

could account for a significant portion of the slow component. However, rising muscle temperature has 
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been observed despite constant leg V
•
O2 (Poole et al. 1991). Moreover, elevating body and muscle 

temperature has been shown to have no effect on V
•
O2 (Rowell, 1971). It therefore appears that over short 

periods of heavy- or severe-intensity exercise, any increase in muscle temperature is likely to be small, 

thus the Q10 effect on the V
•
O2 slow component is likely to be minimal. 

 

The slow component might be due in part to less efficient mitochondrial P-O coupling as a result of 

reduced chemical-mechanical efficiency. During sustained heavy-intensity exercise, elevated temperature 

and decreased pH decrease the efficiency of coupling O2 consumption to ATP production and could 

account for as much as 300-400 ml·min-1 of the slow component (Willis and Jackman, 1994). In other 

words, the amount of ATP produced for a given O2 consumption is reduced. Therefore, V
•
O2 must rise to 

produce enough ATP to provide adequate energy for muscular contraction. Thus a reduction in chemical-

mechanical coupling efficiency is one possible mechanism that could contribute to the development of the 

slow component. The proportion of the slow component attributable to this mechanism has not been 

investigated. 

 

Changes in blood [La-] have received much attention as the amplitude of the slow component is highly 

correlated with the rise in blood [La-] during exercise. The different experimental approaches listed below 

have provided consistent but indirect support for an involvement of lactate in the slow component of V
•
O2 

kinetics (Poole et al. 1991): 

1)   The V
•
O2 slow component is found only at work rates that produce a sustained lactic acidosis (Henson 

et al. 1989; Roston et al. 1987; Whipp and Wasserman, 1986). 

2)   The magnitude of the slow component is related quantitatively to the degree of lactic acidosis (Poole 

et al. 1988; Roston et al. 1987; Whipp, 1987). 

3)   The temporal profiles of V
•
O2 and blood [La-] during heavy- and severe-intensity exercise are highly 

correlated (Roston et al. 1987; Whipp, 1987). 

4)   Exercise training reduces V
•
O2 in proportion to the decrease in exercising blood [La-] (Womack et al. 

1995). 
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During heavy-intensity exercise, the rate of glycogen depletion increases in proportion to exercise 

intensity and this is associated with increasing blood [La-]. The continually increasing V
•
O2 and blood 

lactate suggests impending fatigue (Gaesser and Poole, 1996). Augmented blood [La-] has the potential to 

increase metabolic rate in the liver and possibly in skeletal muscle through stimulation of gluconeogenesis. 

This increase in gluconeogenesis suggests another possible mechanism for the association between La- 

accumulation and the V
•
O2 slow component (Poole et al. 1991). Furthermore, it is likely the rise in 

intracellular [H+] reduces the free energy yeild from ATP hydrolysis (i.e., reduced P-O coupling 

efficiency). 

 

However, Wasserman (1994) contended it is the accompanying acidosis that causes the slow component 

during heavy-intensity exercise. When PO2 reaches a critically low value in the capillary bed, lactate 

increases relative to pyruvate through anaerobic glycolysis. The H+ formed with lactate consumes cellular 

bicarbonate (HCO3
-) and then blood HCO3

- as lactate and HCO3
- are exchanged across the cell membrane 

(Wasserman, 1994). The dissociation of carbonic acid (H2CO3) produced intracellularly from the HCO3
- 

buffering of H+ from lactic acid, generates CO2, which adds non-metabolic CO2 to that produced from 

aerobic metabolism (Wasserman et al. 1995). The reduction in pH shifts the oxyhaemoglobin dissociation 

curve to the right, increasing the unloading of O2 from haemoglobin. This raises capillary PO2 and 

facilitates the transfer of O2 to the active muscle (Wasserman, 1994). The decrease in pH also results in 

local vasodilation increasing active muscle blood flow. Thus, Wasserman (1994) suggests the fall in pH 

associated with lactate accumulation increases V
•
O2 through a greater unloading of O2 from haemoglobin 

and increased blood flow due to decreased vascular tone (local vasodilation). However, this hypothesis 

fails to explain why V
•
O2 increases above that predicted from the sub-BLT V

•
O2-work rate relationship. 

 

There are reasons to doubt increases in blood [La-] as a primary cause of the exercise slow component. 

First, correlations do not establish cause and effect. Second, it is possible to find examples of significantly 

elevated and progressively rising blood [La-] during constant-load exercise at a time when V
•
O2 is in 

steady-state. Additionally, the slow component starts well beyond the onset of the rise in blood [La-] 
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during heavy-intensity exercise. Moreover, glycogen reduction has been shown to lower blood [La-] with 

no corresponding change in the V
•
O2 slow component (Krustrup et al. 2004a; Osborne and Schneider, 

2006). Blood [La-] can be elevated significantly during exercise accompanied by epinephrine infusion 

without any effect on V
•
O2 (Womack et al. 1995). Following the infusion of sodium L(+)-lactate into 

isolated dog gastrocnemius, exercising V
•
O2 decreased, but this may have been caused by an equivalent 

decrease in muscle tension development (Poole et al. 1994). In addition, a slow component has been 

observed at work rates without metabolic acidosis following glycogen reduction (Krustrup et al. 2004a). 

Conversely, the administration of acetazolamide inhibits carbonic anhydrase, which reduces blood [La-] 

without effecting V
•
O2 kinetics (Scheuermann et al. 1998). These findings suggest the high correlations 

observed between blood [La-] and the V
•
O2 slow component are coincidental rather than causal. Lactate 

may serve simply as a marker for some other metabolic response that causes the slow component. Poole et 

al. (1994) concluded that some event temporally related to La- metabolism is responsible for the slow 

component. An increased recruitment of less efficient, glycogenolytic type II motor units during heavy- 

and severe-intensity exercise could explain the elevated V
•
O2 as well as elevate the blood [La-] (Gaesser, 

1994). However, few studies have attempted to manipulate blood [La-] and motor unit recruitment to 

determine if a corresponding change in the V
•
O2 slow component occurs. 

 

An increased recruitment of type II motor units could explain the association between blood [La -] and the 

slow component as these motor units are significant La- producers. Many studies have demonstrated an 

increased recruitment of less efficient type II muscle fibres may play an important role in the development 

of the V
•
O2 slow component (Coyle et al. 1992; Shinohara and Moritani, 1992; Poole et al. 1994; Pringle 

et al. 2003; Krustrup et al. 2004a; Krustrup et al. 2004b; Sabapathy et al. 2004). During heavy- and 

severe-intensity exercise, a decrease in pH may impair contractile function which would result in an 

increased recruitment of additional motor units to maintain a constant-load work rate (Cooke et al. 1988; 

Hogan et al. 1995). During heavy-intensity exercise, as the glycogen content of those muscle fibres 

recruited earlier decreases and fatigue ensues, there is a progressive recruitment of type II motor units 

(Vøllestad et al. 1984). The process of recruiting additional type II motor units may play an important role 
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in the extra O2 cost observed at heavy-intensity work rates. Muscle fibre composition has been shown to 

significantly affect V
•
O2 during heavy-intensity exercise (Crow and Kushmerick, 1982; Barclay, 1996; 

Krustrup et al. 2004b). The recruitment of additional type II motor units could explain the temporal 

association between the rise in blood [La-], the fall in pH, and the slow component. There is evidence that 

individuals with a high proportion of type II motor units in the vastus lateralis have a reduced energetic 

efficiency during cycle exercise (Coyle et al. 1992). The relationship between fibre type percentage and 

the O2 cost of exercise is shown in Figure 1.3 (Coyle et al. 1992). The V
•
O2 slow component is negatively 

correlated with % type I fibres, whereas the percentage of type II fibres is positively correlated with the 

magnitude of the slow component. That is, subjects with the highest proportion of type II fibres 

demonstrate the greatest V
•
O2 slow component. 

 

Several features of type II muscle fibre energetics suggest they are a logical source of much of the 

additional V
•
O2 needed to perform heavy to severe exercise. In rodent skeletal muscle, type II motor units 

are less energetically efficient than type I motor units at developing tension (Crow and Kushmerick, 

1982). Crow and Kushmerick (1982) demonstrated a longer time constant (138 s) for the rise in V
•
O2 of a 

mouse extensor digitorum longus muscle composed primarily of type IIa and type IIb, than for soleus 

muscle (36 s) composed predominantly of type I and type IIa fibres. Also, type II fibres produce greater 

heat (50-600% more) in vitro and consume more O2 for the same tension development. Calcium pump 

activety, which is ATP dependant, is greater in type II fibres (5-10 fold), as is actomyosin turnover (Crow 

and Kushmerick, 1982). Mitochondria from type II fibres when isolated exhibit an 18% lower P-O ratio 

when compared to type I fibres (Willis and Jackman, 1994) which would predict a greater O2 cost for any 

given ATP resynthesis rate.  
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Figure 1.3. Summary of observed relationship between muscle fibre type and kinetics of V
•
O2 

(normalised as O2 cost for a given power output) during heavy exercise at 60 rev·min-1, for 2 subjects 

exercising at a power output equal to 50% of the difference between that achieved at ventilatory 

threshold (Tvent) and V
•
O2peak (Δ50%). Subject 10 (●) who had the highest % type I fibres (67%) did 

not exhibit a significantly large V
•
O2 slow component, whereas Subject 7 (○) with the highest % type 

II fibres (82%) exhibited a larger V
•
O2 slow component (Reproduced from Barstow et al. 1996). 

 

This difference in P-O ratio may be due in part to a greater relative reliance on the α-glycerophosphate 

shuttle over the malate-aspartate shuttle in type II muscle (Barstow et al. 1996). Thus, an increase in the 

proportion of type II fibres recruited could explain the increased O2 cost observed during heavy-intensity 

constant-load exercise. However, Barclay and Weber (2004) observed no difference in net efficiency 

between type I and II fibres in rodent muscle. If no difference exists in the net efficiency between fibre 

types, then an increase in the absolute recruitment of either motor unit type could be responsible for the 

increased metabolic cost associated with heavy-intensity exercise. 

 

Shinohara and Moritani (1992) demonstrated the slow component occurred at the same time as an increase 

in integrated electromyography (iEMG) activity. An increase in the iEMG indicates an increase in total 

neural activity (Viitasalo and Komi, 1977). It therefore seems plausible that an absolute increase in either 

type I or II motor unit recruitment may account for a significant portion of the V
•
O2 slow component.  
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Muscle biopsies reveal substantial glycogen stores in type II muscle fibres remain after 180 minutes of 

low- and medium-intensity exercise (Gollnick et al. 1974; Vøllestad and Blom, 1985). However, type IIb 

fibres tend to become glycogen depleted within several minutes during severe-intensity exercise (Thomson 

et al. 1979). These results suggest there is a greater recruitment of type IIb motor units during severe–

intensity exercise. The increased type II muscle fibres recruited could therefore be involved in the 

development of the slow component. Few studies have experimentally forced the active muscle to 

selectively recruit a greater proportion of type II motor units to see if there is a corresponding rise in the 

V
•
O2 slow component. 

 

Early studies, predominantly in rodent muscle, have indicated that type II muscle fibres produce more heat 

and consume more oxygen for the same rate of tension development and ATP turnover than type I muscle 

fibres (Crow and Kushmerick, 1982; Wendt and Gibbs, 1973). This presumed lower efficiency of type II 

muscle fibres has led to the hypothesis that the progressive recruitment of additional type II motor units 

during heavy-intensity exercise is responsible for the development of the slow component (Barstow et al. 

1996; Gaesser and Poole, 1996; Whipp, 1994; Pringle et al., 2003). When previously activated muscle 

fibres are unlikely to contribute towards force production, additional motor units are recruited to provide 

the required force which results in an increased O2 cost. An in vitro study demonstrated that non-cross-

bridge ATPase activity (mostly Ca++ and Na+/K+ pumping) increased markedly during successive fatiguing 

contractions (Barclay 1996; Krustrup et al. 2004). The elevated O2 cost is associated with ion pumping 

and resynthesis of energy rich phosphates or a drop in the mitochondrial P:O ratio (Barclay et al 1993; 

Krustrup et al. 2003; Burnley et al. 2002; DiPrampero et al. 1988). These studies indicate there may be a 

direct association between an increase in the recruitment of type II motor units and the V
•
O2 slow 

component. 

 

Purposes and research hypotheses of the thesis 

This thesis was designed as a series of three experiments investigating the possible mechanisms 

underlying the increased O2 cost observed during 8 minutes of heavy-intensity cycling at a power output 



Introduction 
 

 37

equal to 50% of the difference between the power output achieved at the Tvent and V
•
O2peak (Δ50%). Each 

study was designed to manipulate blood [La-], blood pH and/or motor unit recruitment pattern to 

determine if corresponding changes occur in the magnitude of the V
•
O2 slow component. All studies were 

conducted using a similar experimental design. Surface electromyographic (EMG) activity was measured 

throughout each heavy-intensity constant-load cycling trial. Integrated EMG activity was used as an index 

of total neural activity, while the mean power frequency (MPF) of the EMG signal was used as an 

indication of motor unit recruitment pattern. Blood [La-], pH and [HCO3
-] were determined at the end of 3 

minutes of cycling at 25 W, and after 1.5, 3, 4.5, 6 and 8 minutes of heavy-intensity exercise. V
•
O2, V

•
CO2

and V
•

E were measured breath-by-breath and heart rate was measured continually throughout each 

constant-load trial. V
•
O2 kinetics were determined using a double exponential model with independent time 

delays beyond the phase I component. 

 

The aim of Study 1 (Chapter 2) was to determine if reducing the glycogen content of type I muscle fibres 

would result in an increase in the recruitment of type II motor units during subsequent heavy-intensity 

exercise (GR trial). The aim was to determine if the increased type II motor unit recruitment would in turn 

increase the V
•
O2 slow component when compared to a control (CON) bout of heavy-intensity exercise. 

Subjects cycled to exhaustion at a work rate slightly above Tvent (>2 hr) and this was followed by an 

overnight fast (12-hour period) prior to performing the Δ50% constant-load work rate trial. The glycogen 

reduction protocol has previously been demonstrated to significantly reduce the glycogen content of 

mainly type I muscle fibres (Thomson et al.1979). The hypotheses for Study 1 included: 

1. Prior muscle glycogen reduction in primarily type I fibres would result in an increased recruitment 

of type II fibres during a subsequent bout of heavy-intensity exercise when compared with the 

CON trial 

2. Increased type II fibre recruitment in the GR trial, following type I muscle fibre glycogen 

reduction, would result in an increase in the amplitude of the iEMG and/or increase the MPF of 

the EMG signal compared to the CON trial.  

3. Increased type II fibre recruitment in the GR trial, following type I muscle fibre glycogen 
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reduction, would slow phase II kinetics, and augment the amplitude of the V
•
O2 slow component.  

 

The aim of Study 2 (Chapter 3) was to determine if oral acetazolamide (ACZ) administration would 

increase type II motor unit recruitment during heavy-intensity (Δ50% work rate) constant-load exercise. 

The purpose was to determine if increased type II motor unit recruitment, as a result of ACZ 

administration, would in turn increase the V
•
O2 slow component when compared to a control (CON) bout 

of heavy-intensity exercise. The hypotheses for Study 2 included: 

1. Oral Acetazolamide administration would reduce blood [La-]. Additionally, the diuretic action of 

ACZ would lower HCO3
- and reduce blood pH during heavy-intensity exercise. This increased 

acidity would impair muscle function and increase the number and/or proportion of type II motor 

units recruited compared to the CON trial.  

2. Increased type II fibre recruitment in the ACZ trial would result in an increase in the amplitude of 

the iEMG signal and/or increase the MPF of the EMG signal compared to the CON trial.  

3. Any increase in type II motor unit recruitment following ACZ administration would result in a 

corresponding slowing of phase II kinetics, and increase the amplitude of the V
•
O2 slow 

component compared to the CON trial. 

 

The aim of Study 3 (Chapter 4) was to determine if increasing pedal cadence from 50 to 75 rev·min-1, and 

then from 75 to 100 rev·min-1 would change motor unit recruitment pattern and in turn alter the V
•
O2 slow 

component. The hypotheses for Study 3 included: 

1. The slower pedal cadence of 50 rev·min-1 would increase the recruitment of type II motor units 

compared to the 75 rev·min-1 trial because of the greater force required per pedal revolution.  

2. The increased type II recruitment at 50 rev·min-1 is likely to slow phase II kinetics and increase 

the amplitude of the V
•
O2 slow component compared to the 75 rev·min-1 trial.  

3. The pedal cadence of 100 rev·min-1 would result in an increased recruitment of type II motor units 

compared to the 75 rev·min-1 trial because of the faster contractile velocity required. 

4. The increased type II recruitment at 100 rev·min-1 would slow phase II kinetics and cause the V
•
O2 
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slow component to be higher than when cycling at 75 rev·min-1.  
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ABBREVIATED TERMS 

 

ACZ  Acetazolamide trial 

ADP  Adenosine diphosphate 

ATP  Adenosine triphosphate 

blood [La -]  Blood lactate concentration 

BLT  Blood lactate threshold 

CO2   Carbon dioxide 

CON  Control trial 

Δ50%  50% of the difference in work rate observed at Tvent and V
•
O2peak 

EMG  Electromyography 

GR  Glycogen reduction trial 

HCO3
-  Bicarbonate 

[H+]  Hydrogen ion concentration 

[H2PO4
-] Phosphoric acid concentration 

iEMG  Integrated electromyographic activity 

[K+]  Potassium concentration 
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MPF  Mean power frequency 

O2   Oxygen 

P-O ratio Ratio of ATP produced to O2 consumed (oxidative phosphorylation) 

phase I  The increase in V
•
O2 primarily as a result of increased pulmonary blood flow 

phase II  The exponential rise in V
•
O2 beyond the phase I component 

phase III Steady-state V
•
O2 

Pi  Inorganic phosphate 

PO2  Partial pressure of O2 

Q
•
  Cardiac output 

Q10  The ratio of the rate of a reaction at one temperature divided by the rate of the same 
reaction at a temperature 10° C less 

 
rev·min-1 Revolutions per minute 

τ Time constant or the time to reach ~63% of the difference between the baseline and 
plateau V

•
O2 or the onset of the V

•
O2 slow component 

 
Tvent  Ventilatory threshold 

type I  Slow-twitch muscle fibres or motor units 

type II  Fast-twitch muscle fibres or motor units 

V
•
CO2  CO2 production 

V
•

E  Minute ventilation 

V
•
O2  O2 uptake 

V
•
O2max  Maximal O2 uptake 

V
•
O2(t)  Whole body V

•
O2 at time t 

W  Watt 
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Chapter 2: Study 1 - Muscle Glycogen Reduction: Relationship between Surface EMG Activity 
and V
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INTRODUCTION 

 
At the onset of exercise, the increase in pulmonary oxygen consumption (V

•
O2) can be characterized by 

three transient phases. Phase I is the rise in V
•
O2 at the onset of exercise lasting between 15 and 20 s. This 

is attributed to a rapid increase in cardiac output and pulmonary blood flow. At the beginning of moderate-

intensity exercise, i.e. below the blood lactate threshold (BLT), phase II V
•
O2 increases monoexponentially 

and reaches a new steady-state (phase III) value in about 2-3 minutes (Whipp et al. 1987). The rate of 

change in phase II V
•
O2 kinetics is determined by an interaction between adjustments in O2 delivery to the 

active muscle (Barstow and Molé, 1987; Whipp, 1987) and the regulation of O2 utilization by the muscle 

(as reviewed in Tschakovsky and Hughson, 1999). During heavy exercise above the BLT, the attainment 

of a steady-state V
•
O2 is delayed or may not occur and a slow component of increasing V

•
O2 (V

•
O2 slow 

component) is observed (Whipp and Wasserman, 1972). During heavy-intensity exercise, V
•
O2 has the 

potential to rise to maximal values despite the work rate being regarded as submaximal. The increasing O2 

cost over time represents an increasing energy cost of performing heavy exercise. Slower phase II kinetics 

or a larger V
•
O2 slow component are predicted to have a detrimental effect on performance during heavy 

exercise (Poole et al. 1994a). 

 

The possible mechanisms responsible for the development of the V
•
O2 slow component during heavy-

intensity exercise include increased muscle and blood lactate concentration ([La-]), elevated plasma 

epinephrine concentrations, increased ventilatory and cardiac work, a rise in core or muscle temperature, 

and the progressive recruitment of less efficient fast-twitch (type II) muscle fibres (Gaesser and Poole, 

1996). Many studies have demonstrated that the progressive recruitment of less efficient type II muscle 

fibres may play an important role in the development of the V
•
O2 slow component (Coyle et al. 1992; 

Shinohara and Moritani, 1992; Poole et al. 1994a; Pringle et al. 2003; Krustrup et al. 2004a; Krustrup et 

al. 2004b; Sabapathy et al. 2004). The participation of type II fibres could also explain the temporal 

association between blood [La -] and the V
•
O2 slow component as these fibres are significant lactate 

producers. Several features of type II fibres suggest they are a source of the additional O2 cost during 
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heavy exercise. Coyle et al. (1992) observed that individuals with a high proportion of type II fibres in the 

vastus lateralis are less efficient during cycle exercise than individuals with a higher proportion of type I 

fibres. In addition, type II fibres have been shown to be less efficient than type I fibres in mouse skeletal 

muscle (Crow and Kushmerick, 1982; Barclay, 1996). In contrast, Barclay and Weber (2004) found no 

difference in net efficiency between type I and II fibres in rodent muscle. Barclay (1996) also 

demonstrated the efficiency of a muscle fibre is reduced following a moderate level of fatigue. It is likely 

that both type I and II fibres are recruited at the onset of exercise and as heavy exercise progresses a 

greater proportion of type II fibres are recruited as type I and/or type II fibres become fatigued (Krustrup 

et al. 2004b). As the progressive recruitment of type II fibres continues, there may be an increase in V
•
O2 

beyond that seen at lower intensities when primarily type I fibres are recruited (Poole et al. 1994a; 

Krustrup et al. 2004b). 

 

Few studies have experimentally altered muscle fibre recruitment pattern to see if there is a corresponding 

change in either on-transient V
•
O2 kinetics or the V

•
O2 slow component (Poole et al. 1994a; Boukaert et al. 

2004; Krustrup et al. 2004a). One way to alter muscle fibre recruitment pattern during heavy exercise is to 

reduce the glycogen content in a specific muscle fibre type prior to exercise (Boukaert et al. 2004; 

Krustrup et al. 2004a). Cycling to exhaustion at a work rate slightly above the BLT has been shown to 

reduce the glycogen content of mainly type I fibres (Essén, 1978; Thomson et al. 1979). Selective 

glycogen reduction in type I fibres should result in a greater recruitment of type II fibres during a 

subsequent bout of heavy exercise (Krustrup et al. 2004a). Krustrup et al. (2004a) used single fibre 

creatine phosphate and glycogen content to identify muscle fibre recruitment pattern during moderate-

intensity exercise performed after muscle glycogen reduction. These researchers demonstrated the 

presence of a slow component and an increase in the phase II amplitude during moderate-intensity work 

rates (below BLT) following type I muscle fibre depletion. In contrast, both Carter et al. (2004) and 

Boukaert et al. (2004) demonstrated reducing type I muscle fibre glycogen content did not effect the phase 

I, phase II or slow component amplitudes or the phase II time constant during heavy exercise. However, 

no measure of muscle fibre recruitment pattern was made during heavy exercise performed with reduced 

muscle glycogen stores in either study. Therefore, it is unclear whether prior glycogen reduction in mainly 
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type I fibres will increase type II fibre recruitment and cause a corresponding rise in the V
•
O2 slow 

component during heavy exercise. No prior study has examined the relationship between the slow 

component and muscle fibre recruitment pattern (as indicated by changes in electromyographic (EMG) 

activity) during heavy exercise following glycogen reduction. Therefore, the purpose of the present study 

was to determine if reduced muscle glycogen content in type I fibres would alter surface EMG activity and 

change on-transient V
•
O2 kinetics or the slow component. An increase in the integrated EMG (iEMG) 

indicates an increase in total neural activity (Viitasalo and Komi, 1977), while an increase in the mean 

power frequency (MPF) of the EMG is thought to represent an increase in average motor unit action 

potential conduction velocity and thus greater type II fibre recruitment (Komi et al. 2000; Scheuermann et 

al. 2001). Plasma catecholamine and thyroxine concentrations were measured to determine if changes in 

these hormones during exercise are associated with the V
•
O2 slow component. We hypothesised that a 

higher MPF and consequently a greater recruitment of type II muscle fibres would occur with prior muscle 

glycogen reduction compared to a CON trial (with normal muscle glycogen content). The increase in type 

II recruitment in the glycogen reduction trial would in turn slow the phase II kinetic response and augment 

the amplitude of the V
•
O2 slow component when compared to a control trial performed with normal muscle 

glycogen content.  

 

METHODS 

 
Subjects 

Eight recreational cyclists volunteered to participate in this study after giving written informed consent.  

The mean (± SEM) values for age, height and body mass were 23.3 ± 0.9 yr, 181 ± 3 cm and 72.5 ± 2.8 

kg, respectively. All subjects were screened for indications of pulmonary insufficiencies, and completed a 

Physical Activity Readiness Questionnaire and a medical history questionnaire. The procedures and 

consent forms were approved by the Griffith University Human Research Ethics Committee. 

 

Experimental protocol 

Each subject reported to the laboratory for three testing sessions conducted on separate days within a 2-wk 



Chapter 2 

 52

period. Each exercise session was separated by a minimum of four days and a maximum of eight days. 

Subjects were instructed not to engage in heavy physical activity for 48 h prior to each testing session and 

to fast for 12 h prior to each exercise trial. The first session was used to familiarise subjects with the 

testing equipment and procedures, and to obtain informed consent. In the same session, each subject 

performed an incremental cycling test to determine peak oxygen uptake (V
•
O2peak) and the ventilatory 

threshold (Tvent). Subjects then performed two constant-load exercise tests on separate days to determine 

V
•
O2 kinetics and to quantify the slow component. Each subject performed constant-load tests at a power 

output equal to 50% of the difference between the power output achieved at Tvent and V
•
O2peak (Δ50%). One 

test was performed under control (CON) conditions, while the alternate trial was performed the morning 

after a session designed to reduce muscle glycogen content (GR). The CON and GR trials were performed 

in random order. Exercise was performed on an electronically-braked cycle ergometer (Lode Excalibur 

Sport) at a pedal cadence of 75 rev·min-1. Subjects used toe clips to improve pedalling efficiency and 

comfort. Seat and handlebar heights were recorded and maintained during all testing sessions for each 

subject. 

 

Determination of V
•
O2peak and Tvent 

During preliminary testing, subjects completed an incremental cycling test to exhaustion (~75 rev·min-1). 

Subjects cycled for 3 minutes at 50 W before the power output was increased by 10 W·20 s-1 until 

volitional fatigue. Standard open-circuit spirometry techniques were used to determine gas exchange 

measures (MedGraphics CPX/D, MedGraphics Cardiopulmonary Diagnostic Systems, St Paul, MN, 

USA). The O2 and CO2 analysers and the pneumotachograph were calibrated before and after each test 

using precision reference gases and a syringe of known volume (3 litres), respectively. V
•
O2peak was 

calculated by averaging the breath-by-breath V
•
O2 over 20-second intervals, with the average of the highest 

three consecutive values used as the peak value. Heart rate and rhythm were monitored continuously 

throughout the test using an electrocardiograph (Lohmeier M607, Munich, Germany) with the ECG signal 

transferred into the gas analysis system for storage. The Tvent was determined as the power output 

corresponding to the point where a systematic increase in the ventilatory equivalent for O2 (V
•

E/V
•
O2) 
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occurred without an increase in the ventilatory equivalent for CO2 (V
•

E/V
•
CO2). The Tvent calculated by this 

method was verified using the modified V-slope method described by Schneider et al. (1993). If threshold 

placement was not agreed upon, the Tvent was determined as the average of both methods.  

 

Constant-load cycling trials (CON and GR) 

On entry into the laboratory, subjects had a catheter inserted into a prominent forearm vein for subsequent 

blood sampling. The catheter was regularly flushed with 0.9% saline. Subjects were then required to rest 

quietly for 25-30 minutes before starting exercise. Subjects then began cycling for 3 minutes at 25 W 

before completing an 8-minute square-wave exercise test at the Δ50% power output. V
•
O2, carbon dioxide 

production (V
•
CO2), minute ventilation (V

•
E) and respiratory exchange ratio (RER) were measured on a 

breath-by-breath basis (MedGraphics CPX/D, MedGraphics Cardiopulmonary Diagnostic Systems, St 

Paul, MN, USA) throughout the constant-load exercise bout. Gas-exchange values containing occasional 

aberrant breaths that were clearly artifactual (e.g., coughing, swallowing) were eliminated from the data 

set. Heart rate and rhythm were monitored continuously throughout the test using an electrocardiograph 

(Lohmeier M607, Munich, Germany) with the ECG signal transferred into the gas analysis system for 

storage. Venous blood samples (2 ml) were collected in lithium heparin tubes prior to the onset of 

exercise, at the end of the 3-minute period of cycling at 25 W, and at 1.5, 3, 4.5, 6 and 8 minutes 

throughout the exercise test for analysis of blood [La -], pH and bicarbonate concentration ([HCO 3
-]). 

Blood [HCO 3
-] and pH were measured within 30 s of sampling using a blood gas analyser (Ciba Corning 

850 Series, Ciba Corning Diagnostics Corp., Medfield, MA, USA) at 37° C. Fifty μl of blood were mixed 

with 100 μl of buffer solution (YSI 2357 Buffer Concentrate Kit) and a cell-lysing agent (YSI 1515 Cell 

Lysing Agent Kit) before blood [La -] was determined using an automated blood lactate analyser (Model 

2700 Select, Yellow Springs Instruments, Yellow Springs, OH, USA). The lactate and blood gas analysers 

were calibrated before and after every 10 samples. Plasma [HCO 3
-] was calculated from the measured pH 

and PCO2 values using the Henderson-Hasselbalch equation (Wasserman et al. 1991). Additional blood 

samples (4 ml) were drawn at the end of the 3-minute period of cycling at 25 W and at 3, 6 and 8 minutes 

for analysis of plasma catecholamine and thyroxine concentrations. Samples were stored at -70º C until 
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later analysis. Plasma norepinephrine and epinephrine concentrations were determined by means of high-

performance liquid chromatography (HPLC) with electrochemical detection (Waters, 1986). The between-

day coefficients of variation were less than 5%, whereas within-day coefficients of variation were less than 

3% for both epinephrine and norepinephrine. Free thyroxine (FT4) was measured in undiluted serum by 

direct equilibrium dialysis radioimmunoassay (RIA) (Schmalzing et al. 1997). 

 

The glycogen-reduction procedure 

Subjects reported to the laboratory 3 hours after their last mid-afternoon meal on the evening before the 

scheduled constant-load GR trial. Subjects cycled until volitional fatigue at ~75 rev·min-1 at a power 

output 5% above their Tvent. Exhaustion was defined as the point at which subjects could no longer 

maintain the pedal frequency above 50 rev·min-1. Average time to exhaustion was 143 ± 8 minutes. 

Following the glycogen reduction protocol, subjects were required to fast until the following morning 

when they completed the GR test. Water was allowed ad libitum during and after the glycogen reduction 

protocol. All subjects reported that they adhered to the overnight fasting requirement. The glycogen 

reduction protocol was adapted from the method of Thomson et al. (1979) who biopsied muscle to 

validate the procedure. Cycling at this intensity and duration resulted in a severe depletion of glycogen 

from type I fibres (~95% loss), an intermediate loss of glycogen from type IIa (~50% loss), and a minimal 

loss of glycogen from type IIb fibres (~20% loss; Thomson et al. 1979). 

 

Determination of V
•
O2 response kinetics 

V
•
O2 kinetics were determined using a double-exponential model with independent time delays. Phase I 

was determined as the time from the onset of heavy exercise to the sharp downward break in RER, which 

coincided with the initial inflection point or the end of the early plateau in V
•
O2 (Barstow and Molé, 1991). 

The following equation was used to model V
•
O2 response kinetics: 

 
V
•
O2(t)= V

•
O2BL + phase I + phase II (1-e-(t-TD1)/τ1) + V

•
O2 slow component (1-e-(t-TD2)/τ2) 

 
Where V

•
O2(t) is the whole body V

•
O2 at time t. V

•
O2BL is the baseline V

•
O2 measured during cycling at 25 
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W; phase I is the abrupt increase in V
•
O2 amplitude after the step increase to the Δ50% power output. 

Phase II and V
•
O2 slow component represent the respective amplitudes, while TD1 and TD2, and τ1 and τ2 

are the respective time delays and time constants. 

 

The relative contribution of the slow component to the overall V
•
O2 response was determined as: [V

•
O2 

slow component amplitude/(phase I + phase II + slow component amplitudes)]/tSC x 100, where tSC 

represents the duration of the slow component in minutes (Sabapathy et al. 2004). The amplitude of the 

slow component calculated in this manner represents the contribution of the slow component to the overall 

V
•
O2 response per unit of time (% change per minute, %·min-1). 

 

The slow component was also measured as the increase in V
•
O2 between the third minute of exercise and 

the end of constant-load exercise (8 minutes). The V
•
O2 values at 3 minutes were calculated as the average 

V
•
O2 for the preceding and subsequent 15 seconds of exercise, while the final 30 seconds was averaged for 

end-exercise V
•
O2 (3 minute V

•
O2 = V

•
O2 between 2:45 – 3:15; and 8 minute V

•
O2 = V

•
O2 between 7:30 – 

8:00). The difference in V
•

E between the third minute of exercise and the end of constant-load exercise was 

also determined using this process (ΔV
•

E(8-3 min)). The end-exercise V
•
O2 is also reported relative to V

•
O2peak 

(%V
•
O2peak). 

 

Measurement of surface EMG activity 

Prior to constant-load exercise, an area covering the vastus lateralis, vastus medialis and biceps femoris 

muscles of the left leg was shaved and cleaned with alcohol to minimise skin impedance. Silver/silver-

chloride surface electrodes (5 mm diameter – inter-electrode distance = 20 mm) were attached in a bipolar 

configuration along the midline of the muscle belly using standard electrode placement and positioning 

(Ericson et al. 1985) with a reference electrode placed over the anterior iliac crest. Electrode position was 

temporarily tattooed with silver nitrate to ensure consistent placement between trials. All EMG wires were 

taped to the skin to reduce movement artefact. The raw EMG data were sampled during the final 10 
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seconds of each minute of exercise at 1000 Hz (EMG100B Electromyogram Amplifier, Biopac Systems 

Inc., Santa Barbara, CA, USA) and processed using custom written software (LabVIEW Version 4.0.1 

National Instruments, Austin, TX, USA). All trials were inspected on a waveform graph to eliminate pedal 

revolutions where clipping of the data occurred and each revolution was then isolated to determine the 

temporal characteristics of each muscle burst. Attempts were made to minimise the confounding effects of 

changes in velocity and muscle length by analysing within a 200-millisecond range from the top of the 

downward pedal stroke. This portion of the pedal stroke was the point at which the least amount of muscle 

shortening occurs and where the muscle contraction is slowest. The time where both the vastus medialis 

and vastus lateralis first achieved a peak or a plateau in EMG activity within each revolution was selected 

as the approximate top of the downward pedal stroke (Ryan and Gregor, 1992). This was estimated from 

visual inspection of the raw EMG signal. The raw EMG data were band-pass filtered (15-500 Hz) using a 

fourth order Butterworth filter, and rectified to yield a linear envelope (De Luca, 2006). The MPF was 

calculated from the power spectral density function using a 1024-point fast Fourier transformation. The 

iEMG and MPF for 8-10 consecutive pedal revolutions were averaged to calculate the iEMG and MPF for 

each minute of exercise. The iEMG and MPF activity were normalised as a percent of the baseline (3 

minutes of cycling at 25 W) activity recorded during each experimental trial.  

 

Statistical analysis 

All results are presented as group means ± SEM. Differences between CON and GR trials for the modelled 

data obtained from the constant-load cycling tests were examined using paired-sample t-tests. A two-way 

repeated measures analysis of variance (ANOVA) with experimental condition and time as the main 

effects was used to assess condition-related differences in the change in the respiratory data, blood 

measures, and iEMG and MPF at discrete time intervals. Pair-wise comparisons to determine where 

significant differences existed were performed using a Student-Newman-Keuls test. Correlation 

coefficients were determined between the magnitude of the slow component as measured between the third 

and eighth minutes of exercise (ΔV
•
O2(8-3 min)) and changes in blood [La-] (Δ[La-](8-3 min)) over the same 

period of time. Accuracy of the curve fitting procedure was assessed by calculating the coefficient of 

determination (r2) and coefficient of correlation (r) obtained between modelled V
•
O2 and actual V

•
O2 
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(SigmaPlot v4.01, Jandel Scientific, San Rafael, CA, USA). The random distribution of model residuals 

according to time was checked with linear and non-linear regression. Statistical significance was accepted 

at P<0.05. The data were analysed using the Statistical Package for the Social Sciences software (SPSS, 

v9.0) and SigmaStat Statistical Software (SigmaStat v 1.0, Jandel Scientific, San Rafael, CA, USA). 

 

RESULTS 

 

The mean V
•
O2peak obtained during incremental cycling was 4.02 ± 0.15 l·min-1  (55.6 ± 1.3 ml·kg-1·min-1 ), 

achieved at a mean peak power output of 393 ± 12 W and a maximum heart rate of 186 ± 4 beats·min-1 . 

Tvent occurred at a power output of 205 ± 10 W and a V
•
O2 of 2.40 ± 0.11 l·min-1 . The average Δ50% power 

output used during constant-load cycling was 284 ± 8 W. 

 

Blood [La -] was significantly lower at 6 and 8 minutes of exercise during the GR trial compared to the 

CON trial (Figure 2.1, Panel A). Blood pH and standard [HCO3 -] were significantly elevated in the GR 

trial from the third and sixth minutes of exercise respectively, and then remained higher throughout the 

exercise bout (Figure 2.1, Panel B and C, respectively). 

 

Several indicators suggest the model was appropriate to describe the V
•
O2 response to a single transition in 

both experimental trials. These include the large number of data points obtained (>200 breaths) during the 

slow component phase; the coefficients of determination (r2) (99.7 ± 0.2% in the CON trial and 99.7 ± 

0.1% in the GR trial) between modelled V
•
O2 and actual V

•
O2; and the residuals were independent of time 

and randomly distributed around the regression line. 

 

Gas-exchange responses determined at specific time intervals during the constant-load exercise bouts are 

presented in Table 2.1. There was no difference between the CON and GR trials in the V
•
O2 measured at 

rest or at 25 W of cycling. However, V
•
O2 was significantly elevated at all time intervals throughout 

exercise in the GR trial. V
•
CO2 was significantly reduced at rest and during baseline cycling in the GR 



Chapter 2 

 58

trial, although any reduction was no longer significant once heavy exercise began. RER was reduced at 

rest and throughout exercise in the GR trial compared to the CON trial. V
•

E was elevated at 3 and 6 minutes 

of exercise following GR compared with the CON trial, but there was no difference between trials in 

ΔV
•

E(8-3 min). Also, there was no difference between trials in heart rate in the present study (Table 2.1). 
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Figure 2.1. Blood lactate concentration ([La-]), pH and bicarbonate concentration ([HCO3
-]) (Panels 

A, B, and C, respectively) at Δ50% work rate performed under control conditions (CON) and 

following glycogen reduction (GR). Data at rest were recorded prior to any cycling, while 0 

represents the final minute of 3 minutes of cycling at 25 W prior to the start of the 8-minute Δ50% 

constant-load test. Error bars indicate SEM. Indicates significant difference between CON and GR 

trials, (P<0.05). 
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Table 2.1. Oxygen consumption (V
•
O2), carbon dioxide production (V

•
CO2), minute ventilation (V

•
E), 

respiratory exchange ratio (RER), heart rate (HR) and blood lactate concentration ([La-]) at 

specified time intervals during 8 minutes of constant-load cycling performed under control 

conditions (CON) and following glycogen reduction (GR). Values presented are means ± SEM. 

  CON GR         P value 

V
•
O2 Rest 0.53 ± 0.03 0.44 ± 0.03 0.064 

(L·min-1) 25 W 0.94 ± 0.04 0.97 ± 0.05 0.095 

 3 min 3.28 ± 0.11 3.50 ± 0.09 0.005* 

 6 min 3.63 ± 0.11 3.88 ± 0.12 0.009* 

 8 min 3.84 ± 0.13 4.06 ± 0.12 0.001* 

 ΔV
•
O2(8-3 min) 0.56 ± 0.04 0.56 ± 0.07 0.164 

V
•
CO2 25 W 0.82 ± 0.03 0.72 ± 0.03 0.031* 

(L·min-1) 3 min 3.90 ± 0.13 3.74 ± 0.13 0.216 

 6 min 4.04 ± 0.13 3.93 ± 0.15 0.654 

 8 min 4.06 ± 0.14 3.93 ± 0.16 0.179 

 ΔV
•
CO2(8-3 min) 0.16 ± 0.04 0.19 ± 0.07 0.666 

V
•

E 25 W 22.7 ± 1.1 22.1 ± 1.6 0.749 

(L·min-1) 3 min 90.6 ± 4.2 97.7 ± 3.9 0.042* 

 6 min 102.8 ± 4.6 113.1 ± 4.8 0.014* 

 8 min 110.1 ± 6.1 118.0 ± 6.1 0.098 

 ΔV
•

E(8-3 min) 19.5 ± 3.4 20.3 ± 4.0 0.768 

RER 25 W 0.87 ± 0.04 0.74 ± 0.04 0.048* 

 3 min 1.19 ± 0.02 1.07 ± 0.03 0.010* 

 6 min 1.11 ± 0.01 1.01 ± 0.02 0.014* 

 8 min 1.06 ± 0.01 0.97 ± 0.02 0.022* 

 ΔRER(8-3 min) -0.13 ± 0.01 -0.10 ± 0.01 0.037* 

HR 25 W 87 ± 3 88 ± 4 0.787 

(Beats·min-1) 3 min 158 ± 4 159 ± 4 0.782 

 6 min 166 ± 4 168 ± 3 0.380 

 8 min 170 ± 4 171 ± 4 0.373 

 ΔHR(8-3 min) 11 ± 1 12 ± 1 0.285 

Blood [La-] 25 W 1.0 ± 0.1 1.0 ± 0.1 0.859 

(mmol·l-1) 3 min 3.5 ± 0.5 3.0 ± 0.5 0.461 

 6 min 6.4 ± 0.7 4.7 ± 0.6 0.048* 

 8 min 8.4 ± 0.5 5.9 ± 0.7 0.015* 

 Δ[La-](8-3 min) 4.8 ± 0.4 2.9 ± 0.7 0.025* 

*Indicates significant difference between CON and GR trials. Data collected during 3 minutes of 

exercise at 25 W were used as the baseline value prior to the application of the Δ50% work rate. 

 

The V
•
O2 kinetic responses for each condition are provided in Table 2.2. The amplitudes of the phase I and 
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II responses were significantly greater following GR. However, there was no difference between trials in 

the phase II time constant. Also, the onset and the amplitude of the slow component were not significantly 

different between trials. There was no significant difference between trials in the rise in V
•
O2 between the 

third and eighth minutes of exercise (ΔV
•
O2(8-3 min)) (Table 2.1). End-exercise V

•
O2 was significantly higher 

during the GR trial with subjects reaching 101 ± 0.6 % of V
•
O2 peak, whereas subjects only reached 95.5 ± 

1.0 % of V
•
O2peak in the CON trial. In an effort to compare the relative changes in V

•
O2 between trials, the 

amplitude of the slow component was expressed as a percentage of the overall V
•
O2 response per unit time 

(%·min-1). The relative slow component (%·min-1) was not significantly different between GR and CON 

trials (Table 2.2). 

 

Integrated EMG was not different between trials during baseline cycling (25 W) or during heavy constant-

load cycling. Integrated EMG activity increased significantly following the step increase in work rate in 

all three muscles, but no further increase over time in iEMG was observed during exercise. In the vastus 

medialis, normalised MPF increased significantly from the onset of exercise to the end of the 8-minute 

exercise bout in both experimental trials, while MPF increased over time only in the GR trial in the vastus 

lateralis. MPF was significantly elevated at a number of individual time points during constant-load 

cycling in the GR trial compared to the CON trial in all three muscles studied. The increase in MPF over 

time between 3 and 8 minutes of exercise was significantly greater in the GR trial compared to the CON 

trial in both the vastus medialis and vastus lateralis muscles (Figure 2.2). No change over time was 

observed in MPF of the biceps femoris in either trial and there was no significant difference between 

treatment conditions. A significant correlation was found between the increase in MPF between 3 and 8 

minutes of exercise and the magnitude of the V
•
O2 slow component in the vastus lateralis in the CON trial 

only (CON: r = 0.76, P = 0.029; GR: r = 0.47, P = 0.236). No significant correlations were obtained 

between the change in V
•
O2 and MPF over time in the vastus medialis or biceps femoris muscles. 
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Table 2.2. Oxygen uptake (V
•
O2) kinetics determined during constant-load cycling performed under 

control (CON) conditions and following muscle glycogen reduction (GR). Values presented are 

means ± SEM. 

 CON GR P value 

Phase I V
•
O2 Amplitude, l·min-1 0.10 ± 0.03 0.19 ± 0.04 0.046* 

Phase I Duration (TD1), s 16.4 ± 2.3 21.4 ± 3.2 0.159 

Phase II V
•
O2 Amplitude, l·min-1  2.17 ± 0.06 2.25 ± 0.06 0.015* 

Phase II Time Constant (τ1), s 32.9 ± 2.8 29.2 ± 3.5 0.287 

V
•
O2 Slow Component Onset (TD2), s 151.8 ± 15.4 132.8 ± 13.0 0.286 

V
•
O2 Slow Component Amplitude, l·min-1 0.63 ± 0.14 0.63 ± 0.10 0.834 

End-Exercise V
•
O2, l·min-1 3.84 ± 0.13 4.06 ± 0.12 0.001* 

End-Exercise V
•
O2, %V

•
O2peak 95.5 ± 1.0 101.0 ± 0.6 0.001* 

Relative V
•
O2 Slow Component, %·min-1 3.97 ± 0.49 3.59 ± 0.44 0.126 

*Indicates significant difference between CON and GR trials. Phase I, early cardiodynamic phase; 

TD1, time delay from beginning of exercise until the onset of phase II; Phase II, exponential rise in 

oxygen consumption; τ1, phase II time constant; TD2, time delay from beginning of heavy exercise 

until the onset of slow component. 

 

 

Thyroxine concentrations did not change over time during Δ50% exercise, whereas both epinephrine and 

norepinephrine concentration increased significantly throughout both exercise bouts. There was no 

difference between experimental trials in norepinephrine concentrations (CON: Rest: 3.1 ± 0.2 nmol·l-1, 

Peak: 27.0 ± 6.0 nmol·l-1; GR: Rest: 2.7 ± 0.6 nmol·l-1, Peak: 28.2 ± 4.0 nmol·l-1), epinephrine 

concentrations (CON: Rest: 0.3 ± 0.1 nmol·l-1, Peak: 3.7 ± 1.2 nmol·l-1; GR: Rest: 0.4 ± 0.1 nmol·l-1, Peak: 

4.5 ± 1.2 nmol·l-1) or thyroxine levels (CON: Rest: 14.9 ± 1.0 pmol·l-1, Peak: 14.8 ± 1.0 pmol·l-1; GR: Rest: 

14.2 ± 1.0 pmol·l-1, Peak: 14.2 ± 0.9 pmol·l-1). 
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Figure 2.2. Mean power frequency (MPF) was normalised to the final minute of 3 minutes of cycling 

at 25 W prior to the start of the 8-minute Δ50% constant-load test. Data were recorded during 

exercise at 1-minute intervals for vastus medialis (A) and vastus lateralis (B) under control 

conditions (CON) and following glycogen reduction (GR). Error bars indicate SEM. Indicates 

significant difference between CON and GR trials at individual time points. † Indicates significant 

difference between 3 and 8 minutes of exercise, (P<0.05). 

 

 
DISCUSSION 

 

It was hypothesised that prior muscle glycogen reduction in primarily type I fibres would result in a 

greater recruitment of type II fibres during a subsequent bout of heavy-intensity exercise and this in turn 

would slow the phase II kinetic response and augment the amplitude of the V
•
O2 slow component 

compared to the CON trial. Prolonged submaximal exercise was used to reduce the glycogen content of 

†

†

†
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primarily type I fibres to determine if muscle fibre recruitment pattern and V
•
O2 kinetics would be altered 

during subsequent exercise. V
•
O2 was significantly higher in the GR trial compared to the CON trial as a 

result of augmented phase I and II amplitudes with no difference between trials in the phase II time 

constant or the magnitude of the slow component. The MPF of the EMG for the vastus medialis and vastus 

lateralis increased significantly over time during both trials, with a greater rate of increase observed in the 

GR trial compared to the CON trial. Results of the present study suggest the higher V
•
O2 in the GR trial 

was primarily due to augmented type II fibre recruitment. However, the greater rate of increase in the 

recruitment of type II fibres in the GR trial may not have been large enough to further elevate the slow 

component when V
•
O2 was already high and approaching V

•
O2peak. 

 

The phase I V
•
O2 amplitude was significantly elevated in the GR trial compared to the CON trial in the 

present study. The rise in V
•
O2 during phase I is caused by an increase in cardiac output (Q

•
) and pulmonary 

blood flow (Whipp, 1987). Although stroke volume and heart rate kinetics were not determined in the 

present study, there was no difference between trials in the heart rate response measured at 1-minute 

intervals during constant-load exercise. These results suggest that Q
•
 was higher at the onset of exercise in 

the GR trial even though heart rate was unchanged. However, the possible mechanism responsible for the 

higher Q
•
 in the GR trial compared to the CON trial is unknown.  

 

There are several possible mechanisms contributing to the larger phase II amplitude obtained in the GR 

trial. It is likely that the reduced carbohydrate availability in the GR state may have increased fat 

metabolism mainly in type I muscle fibres (Boukaert et al. 2004), which leads to a higher V
•
O2 for a given 

power output than carbohydrate metabolism (Vollestad et al. 1984). At the end of 3 minutes of cycling at 

25 W, the mean RER value was significantly lower in the GR trial compared to the CON trial. Therefore, 

at the onset of heavy constant-load exercise (and during phase II), the contribution of fat to the total 

energy cost of exercise was higher in the GR trial. This suggests that increased energy cost of fat oxidation 

may have contributed in part to the greater phase II amplitude observed in the GR trial. However, the 

difference between trials in RER and substrate utilisation was relatively small, and any increase in fat 
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oxidation in the GR trial would have resulted in only a minor contribution to the higher phase II V
•
O2 

amplitude. 

 

Minute ventilation was significantly elevated by 7.1 l·min-1 above the CON trial by the third minute of 

exercise in the GR trial and remained elevated for the duration of the exercise bout. However, the 

difference in V
•

E between trials is unlikely to enhance pulmonary V
•
O2 and would not be expected to 

greatly effect the phase II or slow component amplitudes (Engelen et al. 1996; Scheuermann et al. 1998).  

 

Krustrup et al. (2004b) demonstrated a significant reduction in the glycogen content of type II muscle 

fibres after 3 minutes of heavy exercise suggesting an early recruitment of these type II motor units. While 

the difference between treatment conditions in the MPF was not statistically significant until the fifth 

minute of exercise in the present study, the data suggest an early elevation in the MPF over the period of 

the phase II response in the GR trial. The MPF is determined by motor unit action potential conduction 

velocity which is primarily influenced by muscle fibre type and muscle fibre cross sectional area (De 

Luca, 1997). This suggests that changes in MPF may be better than iEMG in differentiating muscle fibre 

recruitment patterns during exercise. Using a muscle biopsy technique, Gerdle et al. (1991) demonstrated 

that an increase in the MPF was associated with the use of a greater proportion of type II muscle fibres. 

Several features of type II fibre energetics suggest they are a logical source of the additional V
•
O2 needed 

to perform heavy exercise. In mouse skeletal muscle, type II fibres produce greater heat in vitro and 

consume more O2 for the same tension development or ATP resynthesis rate (Crow and Kushmerick, 

1982; Willis and Jackman, 1994). Calcium pump activity, which is ATP dependant, is 5 to 10 fold greater 

in type II fibres, as is actomyosin turnover (Crow and Kushmerick, 1982). In contrast, Barclay and Weber 

(2004) found no difference in net efficiency between type I and II fibres in rodent muscle. In another 

study, Barclay (1996) demonstrated the efficiency of a muscle fibre is reduced following a moderate level 

of fatigue. In the present study, a shift in the proportion of type II fibres recruited at the onset of exercise 

could have contributed to the greater phase II V
•
O2 amplitude observed in the GR trial. 
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Although the phase II V
•
O2 amplitude increased significantly in the GR trial in the present study, there was 

no effect of GR on the phase II time constant. Both Carter et al. (2004) and Bouckaert et al. (2004) 

observed no change in phase II amplitude or the time constant following a similar GR protocol as used in 

the present study. Crow and Kushmerick (1982) demonstrated a slower (longer) time constant in type II 

muscle fibres than type I fibres. Furthermore, Krustrup et al. (2004b) found a slower phase II time 

constant when a greater number of type II fibres were recruited during heavy exercise. In the present 

study, the significantly higher MPF observed in the GR trial is consistent with a greater recruitment of 

type II motor units. A greater number of type II motor units recruited in the GR trial would be expected to 

slow the phase II time constant during heavy exercise. However, Molé and Hoffmann (1999) demonstrated 

that V
•
O2 kinetics were accelerated during moderate-intensity exercise performed with a lower RER. They 

attributed this to the faster dynamics of muscle fat oxidation which represent increased oxidation of 

intramuscular triglycerides. During the 3-minute period of cycling at 25 W (when RER was in steady-

state) in the present study, the RER values were 0.87 for the CON trial (42% fat oxidation) and 0.74 in the 

GR trial (88% fat oxidation). Therefore, at the onset of heavy constant-load cycling, the contribution of fat 

to the total energy cost of exercise was higher in the GR trial. This suggests that increased fat oxidation at 

the onset of exercise could accelerate the phase II V
•
O2 response, whereas the greater recruitment of type II 

fibres would act to slow phase II kinetics. Under these two opposing conditions, the phase II time constant 

would be unchanged during the GR trial in the present study. 

 

In the present study, blood [La -] was significantly reduced at 6 and 8 minutes of exercise during the GR 

trial compared to the CON trial. In contrast, blood pH was significantly higher at 3 minutes of exercise and 

remained higher throughout the GR trial (Figure 2.1). Following the GR protocol used in the present 

study, there would have been a significant loss of glycogen from type I fibres and a moderate loss of 

glycogen from type II fibres (Thomson et al. 1979; Krustrup et al. 2004a). A significant number of the 

partially and fully glycogen depleted fibres would have been recruited during the subsequent heavy 

exercise bout. As a result of the reduced glycogen content, the rate of the enzymatic breakdown of 

glycogen would have decreased in both fibre types compared to the CON trial, resulting in a reduced rate 
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of La- production and a lower blood [La-] during the GR trial (Klausen et al. 1973). The higher pH and the 

lower blood [La-] in the GR trial are consistent with the findings of other GR studies (Segal and Brooks, 

1979; Heigenhauser et al. 1983; Busse et al. 1991; Sabapathy et al. 2006). Gerbino et al. (1996) proposed 

that blood flow and O2 delivery increased more rapidly in the second of two bouts of heavy exercise due to 

the residual acidosis that permitted more rapid vasodilation and a greater O2 off-loading from the red 

blood cells due to the Bohr effect. Moreover, Gerbino et al. (1996) concluded if muscle pH was reduced 

and the rate of oxidative phosphorylation in the muscle increased at the onset of exercise, a faster phase II 

time constant is likely to be observed. Since there was no difference between treatment conditions in the 

present study in either blood [La-] or pH at rest or at the end of baseline cycling (25 W), it is unlikely that 

metabolic acidosis influenced the phase II time constant. 

 

Both the absolute and relative slow component were unchanged even though blood [La -] was reduced after 

4.5 minutes of exercise and pH was elevated after 1.5 minutes of exercise in the GR trial. Moreover, the 

rise in blood [La-] over the period of the slow component between 3 and 8 minutes of exercise was 

significantly less in the GR trial (2.9 ± 0.7 mmol·l-1) than in the CON trial (4.8 ± 0.4 mmol·l-1). These 

findings provide evidence that lactate per se and/or the accompanying metabolic acidosis does not cause 

the slow component. Krustrup et al. (2004a) did not observe a slow component with normal glycogen 

content at a work rate of 50% of V
•
O2 peak (below the BLT), whereas a slow component was observed 

following GR at this work intensity while exercise blood [La -] was significantly reduced. This 

demonstrates that the slow component can occur without metabolic acidosis or blood La - accumulation. 

The results of the present study and those of Krustrup et al. (2004a) suggest that mechanisms other than an 

increase in blood lactate and associated metabolic acidosis cause the V
•
O2 slow component during heavy 

exercise. 

 

There was no difference between conditions in norepinephrine, epinephrine or thyroxine concentrations. 

Norepinephrine and epinephrine concentrations increased significantly over time during exercise, whereas 

thyroxine concentration did not change over time during either trial. The similar epinephrine 
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concentrations observed in both trials in the present study does not eliminate epinephrine as a potential 

cause of the slow component since epinephrine and V
•
O2 both increased over time. However, epinephrine 

infusion has previously been demonstrated to have no effect on the magnitude of the slow component 

(Marshall and Shepherd, 1963; Gaesser et al. 1994; Womack et al. 1995). As a result, increasing 

epinephrine concentration is unlikely to be a significant contributing factor in the development of the slow 

component during heavy-intensity exercise in the present study. Thyroxine is known to increase metabolic 

rate and cardiac output and also increase the rate of secretion of most endocrine glands (Guyton, 1986). 

The results of the present study suggest that thyroxine was not responsible for the higher V
•
O2 found in the 

GR trial compared to the CON trial. The norepinephrine and epinephrine findings are in agreement with 

those of Krustrup et al. (2004a) and Poole et al. (1994b), while no previous study has reported the 

thyroxine response to heavy constant-load exercise performed under these treatment conditions. 

 

Integrated EMG increased significantly from baseline (25 W) cycling to the Δ50% work rate, however 

iEMG did not change over time during the heavy constant-load exercise bout. In contrast, MPF increased 

significantly from the onset of exercise to the end of the 8-minute exercise bout in both experimental trials. 

 The results of the present study are supported by the observations of Boranni et al. (2001) and Saunders et 

al. (2000) who found a significant increase in MPF over the duration of the slow component.  In contrast 

to these findings, Perrey et al. (2001) reported an increase in iEMG over time with no change in MPF. 

Bouckaert et al. (2004) concluded that reduced muscle glycogen content resulted in a shift towards greater 

fat metabolism in the type I fibres with no appreciable change in fibre recruitment pattern. This conclusion 

was made despite no measurement of motor unit recruitment pattern. Scheuermann et al. (2001) 

demonstrated that both the iEMG and MPF remained relatively constant throughout heavy exercise and 

concluded that changes in EMG activity were not associated with the V
•
O2 slow component. These 

investigators (Scheuermann et al. 2001) concluded that the increased O2 cost of heavy exercise (i.e., V
•
O2 

slow component) is coupled with a progressive increase in ATP requirements of the already recruited 

motor units rather than to increases in the recruitment of additional type II motor units. These studies 

together indicate that enhanced fat metabolism, the recruitment of additional motor units, or increased 
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ATP requirements of already recruited motor units could all contribute to the increased O2 cost of heavy-

intensity exercise. The significant rise in MPF observed over the duration of exercise under both treatment 

conditions in the present study is consistent with the progressive recruitment of a greater proportion of less 

efficient (in terms of O2 consumption) type II fibres. This greater recruitment of less efficient muscle 

fibres in turn may contribute to the development of the V
•
O2 slow component. 

 

It is difficult to explain why glycogen reduction was not successful in augmenting the slow component 

despite the greater rate of rise in MPF over the duration of exercise and possibly a larger contribution of 

type II fibres in the GR trial compared to the CON trial. The force generated by type II motor units is 

greater than type I motor units (Close, 1967). If more type II fibres were used in the GR trial, then fewer 

motor units may need to be recruited to maintain a constant force against the pedals.  Therefore, the total 

number of motor units recruited may have decreased or remained unchanged during exercise performed 

with reduced muscle glycogen content, and the O2 cost of heavy exercise may not be different. However, 

the constant iEMG activity observed over time under both treatment conditions is not consistent with a 

reduction in the total number of motor units recruited in the GR trial. It is possible that the higher MPF 

and consequently the greater recruitment of type II fibres in the GR trial may not have been large enough 

to be physiologically important. Using the equation of Wretling et al. (1987) as an index of muscle fibre 

recruitment pattern, there was only a 4% greater recruitment of type II fibres in the GR trial than in the 

CON trial. This treatment difference in motor unit recruitment pattern may not be large enough to increase 

the V
•
O2 slow component when the V

•
O2 response to heavy exercise was already relatively high (about 4.0 

l·min-1) and approaching V
•
O2peak. 

 

In conclusion, the higher MPF and the greater rate of increase in MPF over the duration of exercise in the 

GR trial suggest the glycogen reduction protocol was effective in increasing the proportional motor unit or 

type II fibre recruitment during subsequent heavy exercise compared to the CON trial. V
•
O2 was higher in 

the GR trial compared to the CON trial as a result of augmented phase I and II amplitudes with no 

difference between trials in the phase II time constant or the magnitude of the slow component. An 
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increased recruitment of additional type II motor units may have been responsible for the higher V
•
O2 

observed throughout the GR trial. Since MPF increased significantly over time for both CON and GR 

trials, it is likely that the recruitment of a greater proportion of type II fibres contributed to the 

development of the slow component in both trials. However, the greater increase over time in type II fibre 

recruitment in the GR trial may not have been of sufficient magnitude to further elevate the slow 

component when the V
•
O2 response to heavy exercise was already high and approaching V

•
O2peak. 
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ABBREVIATED TERMS 

 

%·min-1  Relative change in slow component amplitude; % change per minute 

ANOVA Analysis of variance 

ATP  Adenosine triphosphate 

beats·min-1  Beats per minute 

blood [La -]  Blood lactate concentration 

BLT  Blood lactate threshold 

CO2   Carbon dioxide 
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CON  Control 

Δ50%  50% of the difference in work rate observed at Tvent and V
•
O2peak 

Δ[La-](8-3 min) Difference in blood lactate concentration between 8 and 3 minutes of exercise 

ΔV
•
O2(8-3 min) Magnitude of the slow component measured as the rise in V

•
O2 between 3 and 8 

minutes of exercise 
 
ECG  Electrocardiogram 

EMG  Electromyography 

GR  Glycogen reduction 

HCO3
-  Bicarbonate 

HR  Heart rate 

Hz  Hertz 

iEMG  Integrated electromyographic activity 

l·min-1   Litres per minute 

MPF  Mean power frequency 

nmol·l-1  Nanomol per litre 

O2   Oxygen 

phase I  The abrupt increase in V
•
O2 after the step increase to the Δ50% power output 

phase II  The exponential rise in V
•
O2 beyond the phase I component 

phase III Steady-state V
•
O2 when no slow component is evident 

pmol·l-1  Picomol per litre 

Q
•
  Cardiac output 

r  Coefficient of correlation 

r2  Coefficient of determination  

RER  Respiratory exchange ratio 

rev·min-1 Revolutions per minute 

SEM  Standard error of the mean 

τ Time constant or the time to reach ~63% of the difference between the baseline and 
plateau V

•
O2 or the onset of the V

•
O2 slow component 
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TD  Time delay  

Tvent  Ventilatory threshold 

μl  Microlitre 

V
•
CO2  CO2 production 

V
•

E  Minute ventilation: volume of expired gas per minute 

V
•

E/V
•
CO2 Ventilatory equivalent for CO2 

V
•

E/V
•
O2  Ventilatory equivalent for O2 

V
•
O2  O2 uptake 

V
•
O2BL    Baseline V

•
O2 during cycling at 25 W 

V
•
O2peak  Peak O2 uptake 

V
•
O2(t)  Whole body V

•
O2 at time “t” where “t” represents any time throughout the double 

exponential period being modelled 
 

W  Watt 
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INTRODUCTION 

 

During heavy-intensity exercise above the blood lactate threshold (BLT), the attainment of a steady-state 

V
•
O2 is delayed or may not occur and a slow component of increasing V

•
O2 (V

•
O2 slow component) is 

observed (Barstow and Molé, 1987; Tschakovsky and Hughson, 1999). The increasing O2 cost over time 

represents an additional energy cost of performing heavy exercise and could have a detrimental effect on 

performance (Poole et al. 1994a; Womack et al. 1995). During constant-load exercise, the temporal profile 

and the amplitude of the V
•
O2 slow component is proportional to the increase in blood lactate concentration 

([La-]) (Casaburi et al. 1987). Poole et al. (1994b) concluded that the association between blood [La-] and 

the increasing V
•
O2 indicates that some metabolic event related to lactate metabolism may be responsible 

for the slow component. The recruitment of additional type II motor units could explain the association 

between blood [La -] and the V
•
O2 slow component as these motor units are significant lactate producers. 

Type II motor units have also been shown to be less efficient than type I motor units in mouse skeletal 

muscle (Crow and Kushmerick, 1982; Barclay, 1996) and may be a source of the additional O2 cost of 

heavy exercise. 

 

Acetazolamide (ACZ) inhibits carbonic anhydrase (CA) which catalyses the reaction involving the 

hydration of CO2 and the dehydration of carbonic acid that plays an important role in facilitating the 

elimination of CO2 from the active tissues. The mechanism responsible for the reduction in blood [La-] 

following ACZ administration is unknown (Kowalchuk et al. 1992). The excretion of bicarbonate ions 

(HCO3
-) in the urine following CA inhibition can lead to metabolic acidosis and a compensatory 

hyperventilation. It has also been demonstrated that CA inhibition increases twitch duration (slows 

contraction) and reduces isometric force in extensor digitorum longus muscle bundles (Andrade et al. 

2004). This decrease in force occurs as a result of altered Ca2+ kinetics (Wetzel et al. 1990). This suggests 

the reduced exercise tolerance observed in ACZ studies could be due in part to impaired skeletal muscle 

function (Brechue et al. 1997; Garske et al. 2003).  
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Scheuermann et al. (1998) demonstrated the slow component was not affected by ACZ administration 

suggesting mechanisms other than blood [La-] or pH determine the slow component. However, 

Scheuermann et al. (1998) did not include any direct (muscle biopsy) or indirect measures (EMG activity) 

of motor unit recruitment during heavy constant-load exercise.to determine if ACZ administration could 

alter motor unit recruitment pattern or total neural activity. Changes in the acid-base status (decreased pH) 

of muscle and blood are likely to contribute to the onset of early fatigue in some motor units, decreasing 

force production even though these fibres are still metabolically active (Shinohara and Moritani, 1992). 

One explanation for the slow component is that additional less efficient (type II) motor units are recruited 

to maintain force production as heavy-intensity exercise progresses (Krustrup et al. 2004). ACZ may 

affect motor unit recruitment if contraction is slowed as a result of altered Ca2+ kinetics which may reduce 

the force generating capacity of the motor units. No previous study has examined surface 

electromyographic (EMG) activity as an index of motor unit recruitment pattern and simultaneous changes 

in V
•
O2 kinetics during heavy-intensity cycling performed after oral ACZ administration. 

 

The purpose of the present study was to determine if oral ACZ administration would increase type II 

motor unit recruitment during heavy constant-load exercise, and if this in turn would slow the phase II 

response or increase the amplitude of the V
•
O2 slow component compared to a control (CON) trial. An 

increase in integrated EMG (iEMG) would indicate an increase in total neural activity (Viitasalo and 

Komi, 1977), while an increase in the mean power frequency (MPF) of the EMG is thought to represent an 

increase in motor unit action potential conduction velocity and thus greater type II motor unit recruitment 

(Komi et al. 2000). It was hypothesised that the diuretic action of ACZ would lower HCO3
- and reduce 

blood pH during heavy-intensity exercise when compared to a CON trial. This increased acidity of the 

ACZ trial would impair muscle function and increase the number and/or proportion of type II motor units 

recruited as indicated by a rise in iEMG and/or MPF when compared with a CON trial. It was further 

hypothesised that any increase in type II motor unit recruitment would increase iEMG and/or MPF 

following ACZ administration. The increased type II motor unit recruitment in the ACZ trial would slow 

the phase II response and increase the V
•
O2 slow component during heavy-intensity exercise when 
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compared with the CON trial. 

 

METHODS 

 

Subjects 

Eight male recreational cyclists volunteered to participate in this study after giving written informed 

consent. The mean (± SEM) values for age, height and body mass were 23.3 ± 0.9 yr, 181 ± 3 cm and 72.5 

± 2.8 kg, respectively. All subjects completed a Physical Activity Readiness Questionnaire and a medical 

history questionnaire. The procedures and consent forms were approved by the Griffith University Human 

Research Ethics Committee. 

 

Experimental design 

Each subject reported to the laboratory for three testing sessions conducted on separate days within a 2-wk 

period. Each session was separated by a minimum of four days and a maximum of ten days. Subjects were 

instructed not to engage in heavy physical activity for 48 hours prior to each testing session. The first 

session was used to familiarise subjects with the testing equipment and procedures, and to obtain written 

informed consent. In the same session, subjects performed an incremental cycling test to determine peak 

oxygen uptake (V
•
O2peak) and the ventilatory threshold (Tvent). Subjects then performed two constant-load 

exercise tests on separate days to determine V
•
O2 kinetics and to quantify the slow component. Each 

subject performed the constant-load tests at a power output equal to 50% of the difference between the 

power output achieved at Tvent and V
•
O2peak (Δ50%). One test was performed under control conditions 

(CON), while the alternate trial was conducted after oral administration of ACZ. The CON and ACZ trials 

were performed in random order. EMG activity was recorded from the vastus lateralis and vastus medialis 

muscles at 1-minute intervals throughout constant-load cycling performed under both experimental 

conditions. All exercise tests were conducted on an electronically-braked cycle ergometer (Lode Excalibur 

Sport, Groningen, The Netherlands) at a pedal cadence of 75 rev·min-1. All subjects used toe clips to 

improve pedalling comfort while the seat and handlebar heights were recorded and maintained during all 
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testing sessions. Subjects were given four 250 mg doses of ACZ to be taken 24, 18, 10 and 2 hours prior to 

performing the constant-load test. Subjects were not administered a placebo because the potential side 

effects of ACZ such as headaches due to severe dehydration are noticeable and obvious to the subject 

(Scheuermann et al. 1998). Throughout the day prior to the ACZ trial, subjects were encouraged to 

consume large quantities of water (approximately 500 ml per hour over a 6-8 hour period) and sports drink 

ad libitum to counter the diuretic effects of ACZ. 

 

Determination of V
•
O2peak and Tvent 

During preliminary testing, subjects completed an incremental cycling test to exhaustion at a pedal 

cadence of 75 rev·min-1. Subjects cycled for 3 minutes at 50 W and then the power output was increased 

by 10 W·20 s-1 until volitional fatigue. Standard open-circuit spirometry techniques were used to 

determine gas-exchange measures (MedGraphics CPX/D, MedGraphics Cardiopulmonary Diagnostic 

Systems, St Paul, MN, USA). The O2 and CO2 analysers and the pneumotachograph were calibrated before 

and after each test using precision reference gases and a syringe of known volume (3 litres), respectively. 

V
•
O2peak was calculated by averaging the breath-by-breath V

•
O2 data over 20-second intervals, with the 

average of the highest three consecutive values used as the peak value. Heart rate and rhythm were 

monitored continuously throughout the test using an electrocardiograph (Lohmeier M607, Munich, 

Germany) with the ECG signal transferred into the gas analysis system for storage. The Tvent was 

determined as the power output corresponding to the point where a systematic increase in the ventilatory 

equivalent for O2 (V
•

E/V
•
O2) occurred without an increase in the ventilatory equivalent for CO2 (V

•
E/V

•
CO2). 

The Tvent calculated by this method was verified using the modified V-slope method described by 

Schneider et al. (1993). If threshold placement was not agreed upon, the Tvent was determined as the 

average of both methods. 

  

Constant-load cycling trials (CON and ACZ) 

On entry into the laboratory, subjects had a catheter inserted into a prominent forearm vein for subsequent 

blood sampling. The catheter was regularly flushed with 0.9% saline. Subjects were then required to rest 
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quietly for 25-30 minutes before starting exercise. Subjects were required to drink 150 ml of water every 

15 minutes after entering the laboratory in both trials to offset the diuretic effects of ACZ. Subjects then 

began cycling for 3 minutes at 25 W before completing an 8-minute square-wave exercise test at the Δ50% 

power output. V
•
O2, carbon dioxide output (V

•
CO2) and minute ventilation (V

•
E) were measured on a breath-

by-breath basis (MedGraphics CPX/D) throughout the constant-load exercise bout. Gas-exchange data that 

were clearly artefactual (>3 standard deviations from the mean), including occasional aberrant breaths 

(e.g., coughing, swallowing), were eliminated from the data set. Heart rate was monitored continually 

throughout the test. EMG activity was recorded from the vastus lateralis and vastus medialis muscles at 1-

minute intervals during baseline cycling and during the Δ50% exercise trials. Venous blood samples (2 ml) 

were collected in lithium heparin tubes prior to the onset of exercise, at the end of the 3-minute period of 

cycling at 25 W, and at 1.5, 3, 4.5, 6 and 8 minutes throughout the exercise test for analysis of blood [La -] 

and pH. Blood pH was measured within 30 seconds of sampling using a blood gas analyser (Ciba Corning 

850 Series, Ciba Corning Diagnostics Corp., Medfield, MA, USA) at 37° C. Fifty μL of blood were mixed 

with 100 μl of buffer solution (YSI 2357 Buffer Concentrate Kit) and a cell-lysing agent (YSI 1515 Cell 

Lysing Agent Kit) before blood [La -] was determined using an automated blood lactate analyser (Model 

2700 Select, Yellow Springs Instruments, Yellow Springs, OH, USA). The lactate and blood gas analysers 

were calibrated before and after each testing session. 

 

Determination of V
•
O2 response kinetics 

V
•
O2 kinetics were determined using a double-exponential model with independent time delays. Phase I 

was determined as the time from the onset of heavy-intensity exercise to the sharp downward break in 

respiratory exchange ratio, which coincided with the initial inflection point or the end of the early plateau 

in V
•
O2 (Barstow and Molé, 1991). The following equation was used to model the V

•
O2 response kinetics 

beyond phase I: 

 

V
•
O2(t) = V

•
O2BL + phase I + phase II (1-e-(t-TD1)/τ1) + V

•
O2 slow component (1-e-(t-TD2)/τ2) 
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Where V
•
O2(t) is the whole body V

•
O2 at time t. V

•
O2BL is the baseline V

•
O2 during cycling at 25 W; phase I 

is the abrupt increase in V
•
O2 following the step increase to the Δ50% power output. Phase II and V

•
O2 

slow component represent the respective amplitudes, while TD1 and TD2, and τ1 and τ2 are the respective 

time delays and time constants. 

 

When modelling V
•
O2 kinetics, it is common to collect a number of data points greater than 10 times the 

number of degrees of freedom plus 10 data points (Borrani et al. 2001). Borrani et al. (2001) determined 

the minimum number to be 70 points ([6 x 10] + 10) using a double-exponential model where phase I had 

been removed from the data set. In the present study, the phase I amplitude and duration were included, so 

the minimum number of data points to accurately fit the model parameters was 90. The high number of 

breaths observed in the present study is clearly more than the minimum number required to reduce the 

breath-by-breath noise when fitting the double-exponential model, eliminating any need to repeat trials 

with ACZ administration. 

 

The slow component was also measured as the increase in V
•
O2 between the third minute of exercise and 

the end of constant-load exercise (8 minutes). The V
•
O2 values at 3 minutes were calculated as the average 

V
•
O2 for the preceding and subsequent 15 seconds of exercise, while the final 30 seconds was averaged for 

end-exercise V
•
O2 (3 minute V

•
O2 = V

•
O2 between 2:45 – 3:15; and 8 minute V

•
O2 = V

•
O2 between 7:30 – 

8:00). The end-exercise V
•
O2 is also reported relative to V

•
O2peak (%V

•
O2peak). 

 

Measurement of surface EMG activity 

The EMG methods are briefly summarised here, having been previously described in detail by Osborne 

and Schneider (2006). Silver/silver-chloride surface electrodes were attached in a bipolar configuration 

along the midline of the vastus lateralis and the vastus medialis muscle bellies (Ericson et al. 1985) with a 

reference electrode placed over the anterior iliac crest. The raw EMG data were sampled during the final 

10 seconds of each minute of exercise at 1000 Hz (EMG100B Electromyogram Amplifier, Biopac 

Systems Inc., Santa Barbara, CA, USA) and processed using custom written software (LabVIEW Version 
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4.0.1 National Instruments, Austin, TX, USA). Attempts were made to minimise the confounding effects 

of changes in velocity and muscle length by analysing within a 200-millisecond range from the top of the 

downward pedal stroke. This portion of the pedal stroke was the point at which the least amount of muscle 

shortening occurs and where the muscle contraction is slowest. The time where both the vastus medialis 

and vastus lateralis first achieved a peak or a plateau in EMG activity within each revolution was selected 

as the approximate top of the downward pedal stroke (Ryan and Gregor, 1992). This was estimated from 

visual inspection of the raw EMG signal. The raw EMG data were band-pass filtered (15-500 Hz) using a 

fourth order Butterworth filter, and rectified to yield a linear envelope. The MPF was calculated using a 

1024-point fast Fourier transformation. The iEMG and MPF for 10 consecutive pedal revolutions were 

averaged to calculate the iEMG and MPF for each minute of exercise. The iEMG and MPF activity were 

normalised as a percent of baseline (3 minutes of cycling at 25 W) activity recorded during each trial. 

 

Statistical analysis 

All results are presented as group means (± SEM). Differences between CON and ACZ trials for the 

modelled data obtained from the constant-load cycling tests were examined using paired-sample t-tests. A 

two-way repeated measures analysis of variance (ANOVA) with experimental condition (CON and ACZ) 

and time as the main effects were used to assess condition-related differences in the change in the gas-

exchange data, blood measures, and iEMG and MPF at discrete time intervals. Pair-wise comparisons to 

determine where significant differences existed were performed using a Student-Newman-Keuls test. 

Accuracy of the curve fitting procedure was assessed by calculating the coefficient of determination (r2) 

and coefficient of correlation (r) obtained between modelled V
•
O2 and actual V

•
O2 (SigmaPlot v4.01, Jandel 

Scientific, San Rafael, CA, USA). The random distribution of model residuals according to time was 

checked with linear and non-linear regression. Confidence intervals (95% CI) for the phase II time 

constant, phase II amplitude and the onset of the slow component were calculated from the standard error 

estimates of the regression model used to describe V
•
O2 kinetics. Statistical significance was accepted at 

P<0.05. The data were analysed using the Statistical Package for the Social Sciences (SPSS, v9.0). 
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RESULTS 

 

The mean V
•
O2peak obtained during incremental cycling was 4.02 ± 0.15 l·min-1  (55.6 ± 1.3 ml·kg-1·min-1 ), 

achieved at a mean peak power output of 393 ± 12 W and a maximum heart rate of 186 ± 4 beats·min-1 . 

The Tvent occurred at a power output of 205 ± 10 W and a V
•
O2 of 2.40 ± 0.11 l·min-1 . The average Δ50% 

power output used during constant-load cycling was 284 ± 8 W. 

 

There was no significant difference between treatments in blood [La-] at rest or during baseline cycling at 

25 W. However, blood [La-] was significantly lower by 1.5 minutes of the ACZ trial compared to the CON 

trial and remained lower throughout exercise (Figure 3.1, Panel A). Even though blood [La-] was reduced, 

pH was significantly lower at all time points (Figure 3.1, Panel B) throughout exercise in the ACZ trial 

compared to the CON trial. The magnitude of the rise in blood [La-] between 3 and 8 minutes of exercise 

(Δ[La-] (8-3 min)) was unchanged with ACZ administration. Moreover, the actual fall in pH between 3 and 8 

minutes of exercise (ΔpH (8-3 min)) was not different between trials. 

 

Gas-exchange responses determined at specific time intervals during the constant-load exercise bouts are 

presented in Table 3.1. V
•
O2 was not significantly different between trials during the 3 minutes of exercise 

performed at 25 W or at any time period during 8 minutes of constant-load cycling. There was no 

difference in V
•
CO2 between trials during baseline cycling or during constant-load exercise. V

•
E was 

significantly elevated throughout baseline and constant-load cycling in the ACZ trial compared to the 

CON trial. While V
•

E was significantly elevated during the ACZ trial, the increase in V
•

E between 3 and 8 

minutes of exercise (ΔV
•

E(8-3 min)) was not significantly different between treatment conditions. Heart rate 

was not affected by ACZ administration. 

 

The V
•
O2 kinetic responses for each condition are presented in Table 3.2. Figure 3.2 provides an example 

of the breath-by-breath V
•
O2 response and the model fit for one subject performing transitions under both 
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treatment conditions. Neither the amplitude nor the duration of the phase I or phase II responses were 

significantly different between the two experimental conditions. Also, there was no significant difference 

between trials in the phase II time constant. The amplitude of the modelled V
•
O2 slow component was 

statistically unchanged with ACZ administration. 
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Figure 3.1. Blood lactate concentration ([La-]) and pH (Panels A and B, respectively) at the Δ50% 

work rate performed under control conditions (CON) and following acetazolamide (ACZ) 

administration. Data at rest were recorded prior to any cycling, while 0 represents the start of the 8-

minute constant-load test following 3 minutes of cycling at 25 W. Error bars indicate SEM. 

Significant difference between CON and ACZ trials at individual time points. 

 

Several indicators suggest the model was appropriate to describe the V
•
O2 response to a single transition in 

both trials. These include the degree of significance with a large number of data points (>200 breaths) 

during the slow component phase; the high coefficients of determination (r2) (99.7 ± 0.2% in the CON trial 

and 99.6 ± 0.2% in the ACZ trial) between modelled V
•
O2 and actual V

•
O2; and the random distribution of  

Rest 
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Table 3.1. Oxygen consumption (V
•
O2), carbon dioxide production (V

•
CO2), minute ventilation (V

•
E), 

and heart rate determined at specified times during 8 minutes of constant-load cycling performed 

under control conditions (CON) and following acetazolamide (ACZ) administration. Values 

presented are means ± SEM. 

  CON ACZ P value 

V
•
O2 25 W 0.94 ± 0.04 0.94 ± 0.04 0.882 

(l·min-1 ) 3 min 3.28 ± 0.11 3.35 ± 0.09 0.721 
 6 min 3.63 ± 0.11 3.66 ± 0.11 0.645 
 8 min 3.84 ± 0.13 3.81 ± 0.12 0.878 
 ΔV

•
O2(8-3 min) 0.56 ± 0.04 0.46 ± 0.06 0.053 

V
•
CO2 25 W 0.82 ± 0.03 0.85 ± 0.04 0.760 

(l·min-1 ) 3 min 3.90 ± 0.13 3.73 ± 0.14 0.389 
 6 min 4.04 ± 0.13 3.99 ± 0.12 0.767 
 8 min 4.06 ± 0.14 3.92 ± 0.13 0.489 
 ΔV

•
CO2(8-3 min) 0.16 ± 0.04 0.20 ± 0.09 0.355 

V
•

E 25 W 22.7 ± 1.1 26.4 ± 1.2 0.033* 

(l·min-1 ) 3 min 90.6 ± 4.2 108.9 ± 6.4 0.032* 
 6 min 102.8 ± 4.6 130.6 ± 7.7 0.008* 
 8 min 110.1 ± 6.1 133.9 ± 6.8 0.020* 
 ΔV

•
E(8-3 min) 19.5 ± 3.4 25.0 ± 3.5 0.273 

Heart rate 25 W 87 ± 3 83 ± 2 0.270 

(beats·min-1 ) 3 min 158 ± 4 159 ± 3 0.876 
 6 min 166 ± 4 169 ± 3 0.615 
 8 min 170 ± 4 172 ± 3 0.661 
 ΔHR(8-3 min) 11 ± 1 13 ± 2 0.574 

*Indicates significant difference between CON and ACZ trials. Data collected during 3 minutes of 

exercise at 25 W is used as the baseline value prior to the application of the Δ50% work rate. 

 

the residuals which were independent of time. Group mean 95% confidence interval (CI) values for the 

phase II time constant were 5.5 ± 1.2 s and 4.8 ± 0.9 s in the CON and ACZ trials respectively, while the 

95% CI values for the onset of the slow component were 30.2 ± 2.3 s and 30.6 ± 1.8 s in the CON and 

ACZ trial respectively. Group mean 95% CI values for the phase II amplitude were 0.12 ± 0.02 l·min-1 and 

0.24 ± 0.04 l·min-1 in the CON and ACZ trial, while the 95% CI values for the slow component amplitude 

were 0.28 ± 0.04 l·min-1 and 0.18 ± 0.3 l·min-1 in the CON and ACZ trial respectively. These confidence 
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intervals are comparable to those published elsewhere in studies using a single transition (Sabapathy et al. 

2004). Therefore, further transitions would only serve to narrow the confidence intervals, which would not 

alter the results of the present study. Repeat trials were not performed because of the high degree of fit and 

also because of the risks associated with prolonged ACZ use. 

 

Table 3.2. Oxygen uptake (V
•
O2) kinetics determined during constant-load cycling performed under 

control conditions (CON) and following acetazolamide (ACZ) administration. Values presented are 

means ± SEM. 

 CON ACZ P value 

Phase I V
•
O2 Amplitude, l·min-1  0.10 ± 0.03 0.13 ± 0.05 0.619 

Phase I Duration (TD1), s 16.4 ± 2.3 17.8 ± 1.8 0.456 

Phase II V
•
O2 Amplitude, l·min-1  2.17 ± 0.06 2.16 ± 0.12 0.949 

Phase II Time Constant (τ1), s 32.9 ± 2.8 29.3 ± 2.4 0.334 

V
•
O2 Slow Component Onset (TD2), s 151.8 ± 15.4 138.6 ± 15.6 0.559 

V
•
O2 Slow Component Amplitude, l·min-1  0.63 ± 0.14 0.58 ± 0.09 0.143 

End-Exercise V
•
O2, l·min-1  3.84 ± 0.13 3.81 ± 0.12 0.878 

End-Exercise V
•
O2, %V

•
O2peak 95.5 ± 1.0 94.8 ± 1.9 0.696 

Phase I, early cardiodynamic phase; TD1, time delay from beginning of exercise until the onset of 

phase II; Phase II, exponential rise in oxygen consumption; τ1, phase II time constant; TD2, time 

delay from beginning of heavy exercise until the onset of slow component.  

 

Integrated EMG activity increased significantly following the step increase in work rate in both muscles 

tested, but no further increase over time in iEMG was observed during exercise. Additionally, there was 

no difference between trials in iEMG activity. There was no difference in MPF between experimental 

trials during baseline cycling (25 W). In the vastus medialis, MPF increased significantly from the onset of 

exercise to the end of the 8-minute exercise bout in both experimental trials. MPF increased over time only 

in the ACZ trial in the vastus lateralis muscle (Figure 3.3). Additionally, MPF was significantly elevated 

after 6 and 8 minutes of constant-load cycling in the ACZ trial compared to the CON trial in the vastus 
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lateralis muscle. A significant correlation was found between the increase in MPF between 3 and 8 

minutes of exercise and the magnitude of the V
•
O2 slow component in the vastus lateralis in the CON trial 

only (CON: r = 0.78, P < 0.05; ACZ: r = 0.66, P = 0.07). No significant correlations were obtained 

between the change in V
•
O2 and MPF over time in the vastus medialis. 
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Figure 3.2. Breath-by-breath response of O2 uptake and model fit for a single subject performing 

step transitions from baseline cycling (25 W) to the Δ50% work rate under control conditions 

(CON) and following acetazolamide (ACZ) administration.  The residuals for both treatment 

conditions are also provided.  The vertical line represents the application of the pre-determined 

power output at the end of 3 minutes of baseline cycling (at 0 min). 
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Figure 3.3. Mean power frequency (MPF) normalised to the final minute of 3 minutes of cycling at 

25 W prior to the start of the 8-minute Δ50% constant-load test. Surface electromyographic (EMG) 

activity was recorded at 1-minute intervals during exercise from the vastus medialis (Panel A) and 

vastus lateralis (Panel B) under control conditions (CON) and following acetazolamide (ACZ) 

administration. Error bars indicate SEM. Significant difference between CON and ACZ trials at 

individual time points. †Significant difference between 3 and 8 minutes of exercise. 

 

DISCUSSION 

 

We hypothesised that ACZ administration would increase the number and/or proportion of type II motor 

units recruited as a result of impaired muscle function in the ACZ trial. It was further hypothesised that 

any increase in MPF following ACZ administration reflecting an increase in type II motor unit recruitment 

would slow the phase II response compared to that observed in the CON trial as well as increase the V
•
O2 

slow component during heavy-intensity exercise. 

†

†

†
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The results of the present study demonstrate that oral ACZ significantly decreased blood [La-] and pH with 

no change in phase II kinetics or the V
•
O2 slow component. The decrease in blood [La-] and pH compared 

to the CON trial suggests the administration of 4 x 250 mg doses of ACZ was effective in inhibiting 

carbonic anhydrase activity. The MPF of the EMG increased significantly over time in the vastus medialis 

during both trials and only in the ACZ trial in the vastus lateralis muscle. These results suggest a 

progressively greater recruitment of type II motor units occurred as heavy exercise continued. There was 

no difference in the MPF between trials in the vastus medialis, whereas the increase in MPF was 

significantly greater in the vastus lateralis during the final 2 minutes of the ACZ trial compared to the 

CON trial. Oral ACZ appeared to increase type II motor unit recruitment above that observed in the CON 

trial in the vastus lateralis, but there was no corresponding rise in the V
•
O2 slow component after ACZ 

administration. This suggests that the recruitment of additional type II motor units may not be the primary 

mechanism responsible for the development of the V
•
O2 slow component. Alternatively, the increase in 

MPF and thus type II motor unit recruitment may not have been of sufficient magnitude to elevate 

pulmonary V
•
O2 beyond that observed in the CON trial when the V

•
O2 was already relatively high. 

 

In the present study, there was no difference between trials in iEMG activity and no rise observed over the 

duration of the slow component. Scheuermann et al. (2001) also demonstrated iEMG remained relatively 

constant throughout heavy exercise and was not related to the slow component. The iEMG results 

observed in the present study suggest there was no difference between experimental trials in total neural 

activity. Despite the iEMG remaining constant, a slow component was observed in both trials in the 

present study. These findings suggest that changes in total neural activity do not appear to be the cause of 

the V
•
O2 slow component. 

 

In agreement with the findings of the present study, Scheuermann et al. (1998) reported that the amplitude 

of the V
•
O2 slow component was unchanged with ACZ administration. However, Scheuermann et al. 

(1998) did not report any measure of motor unit recruitment pattern. An increase in the MPF represents an 

increase in motor unit action potential conduction velocity which is determined by muscle fibre diameter 
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where the larger diameter type II motor units have a faster conduction velocity (Komi, 1982). MPF is also 

affected by factors such as temperature, blood flow, motor unit synchronisation, pH and fatigue (De Luca, 

1997). While temperature and blood flow are likely to have been similar between experimental trials in the 

present study, pH was significantly lower in the ACZ trial compared to the CON trial. The MPF was only 

significantly elevated during the final 2 minutes of the heavy constant-load exercise bout in the ACZ trial 

in the present study. Additionally, no significant correlation was found between the changes in pH and 

MPF over time (vastus lateralis: r = -0.173, P = 0.68; vastus medialis: r = -0.424, P = 0.29). This suggests 

there was no association between the change in pH following ACZ administration and the MPF measured 

during heavy-intensity constant-load cycling. Gerdle et al. (1991) and Wretling et al. (1987) demonstrated 

an increase in the MPF during heavy-intensity knee extension exercise was associated with the use of a 

greater proportion of type II motor units. In the present study, the significant rise in MPF over time in the 

vastus medialis muscle during both experimental trials suggests a progressive increase in the proportion of 

type II motor units recruited, whereas total neural activity (iEMG) was unchanged. Since a V
•
O2 slow 

component was observed in both experimental trials, it can be assumed that the progressive increase in the 

recruitment of type II motor units was responsible in part for the additional O2 cost of heavy-intensity 

exercise. 

 

The MPF of the vastus lateralis was significantly higher during the final 2 minutes of heavy-intensity 

cycling in the ACZ trial compared to the CON trial. This suggests an increase in motor unit action 

potential conduction velocity and a greater increase in the recruitment of type II motor units in the vastus 

lateralis muscle during the final 2 minutes of the ACZ trial. The mechanism(s) responsible for a greater 

type II motor unit recruitment in the vastus lateralis in the ACZ trial is unknown, although these findings 

could be related to impaired skeletal muscle function as suggested by other researchers (Brechue et al. 

1997; Andrade et al. 2004; Wetzel et al. 1990). In the present study, pH was significantly lower 

throughout exercise in the ACZ trial compared to the CON trial. This is similar to the findings reported by 

Scheuermann et al. (1999). The decrease in intramuscle pH is likely to cause early fatigue in some motor 

units, decreasing force production even though these fibres are still metabolically active. However, no 

significant correlation was found in the present study between changes in pH and MPF over time. Geers 
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and Gros (1990) observed a reduction in the ability to generate isometric force in isolated muscle 

preparations following carbonic anhydrase inhibition. The overall O2 cost of exercise and the amplitude of 

the V
•
O2 slow component were unchanged with ACZ administration in the present study. The greater MPF 

and type II motor unit recruitment observed in the vastus lateralis during the final 2 minutes of the ACZ 

trial may not have been of sufficient magnitude to increase the end-exercise V
•
O2 beyond that observed in 

the CON trial when the V
•
O2 was already high (~3.8 l·min-1  or ~95% V

•
O2 peak). Alternatively, the higher 

MPF obtained in the vastus lateralis during the final 2 minutes of the ACZ trial suggests the recruitment of 

additional type II motor units (in only one muscle) may not be the primary mechanism responsible for the 

development of the V
•
O2 slow component. 

 

Scheuermann et al. (2001) observed no change in either iEMG or MPF over time during heavy exercise 

despite the presence of a V
•
O2 slow component. They concluded that the increased O2 cost associated with 

performing heavy exercise (i.e., V
•
O2 slow component) could be due to a progressive increase in ATP 

requirements of the already recruited motor units rather than to changes in motor unit recruitment pattern. 

In contrast to the findings of Scheuermann et al. (2001), a significant rise over time was observed in the 

MPF in the vastus medialis and vastus lateralis throughout heavy-intensity exercise with no change in 

iEMG. This suggests the additional O2 cost of heavy exercise may be due in part to an increase in the 

proportion of type II motor units recruited. Results of the present study provide evidence that the 

recruitment of additional type II motor units contributes to the development of the V
•
O2 slow component 

(Poole et al. 1991; Shinohara and Moritani 1992; Poole et al. 1994a; Gaesser and Poole, 1996; Pringle et 

al. 2003; Sabapathy et al. 2004; Krustrup et al. 2004; Osborne and Schneider, 2006). However, it appears 

the recruitment of additional type II motor units is only partly responsible for the slow component. 

 

Wasserman et al. (1995) proposed a direct association between the rise in blood [La-], the fall in pH, and 

the V
•
O2 slow component. In the present study, the decrease in blood [La-] and increase in acidity (decrease 

in pH) in the ACZ trial did not change the slow component.  While blood [La-] was significantly reduced 

in the ACZ trial, the difference between treatment conditions at the end of 8 minutes of exercise (1.7 
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mmol·l-1) is unlikely to have a significant effect on the energy cost of gluconeogenesis and consequently 

the amplitude of the slow component. Scheuermann et al. (1998) also demonstrated the slow component 

was not affected by CA inhibition suggesting mechanisms other than blood [La-] per se and pH determine 

the slow component response. Results of the present study indicate that changes in blood [La-] and 

metabolic acidosis have no affect on the magnitude of the slow component. Oral ACZ administration 

resulted in a lower pH during exercise compared to the CON trial, despite a significant reduction in blood 

[La-]. It is possible that the lower blood [La-] during exercise reduced the slow component, whereas the 

increased metabolic acidosis (lower pH) might have acted to augment the slow component through the 

Bohr effect. Under these two opposing conditions, the V
•
O2 slow component would be unchanged during 

the ACZ trial in the present study. 

 

Minute ventilation was significantly elevated in the ACZ trial by 3.7 l·min-1 above the CON trial during 

baseline cycling and up by 23.8 l·min-1 by the end of the heavy constant-load exercise bout. The higher V
•

E 

in the ACZ trial is likely due to the lower pH and possibly to augmented neurogenic drive as indicated by 

the greater MPF in the ACZ trial in the vastus lateralis muscle. The difference in V
•

E between trials is 

unlikely to enhance pulmonary V
•
O2 and would not be expected to significantly increase the slow 

component amplitudes (Engelen et al. 1996; Scheuermann et al. 1998; Osborne and Schneider, 2006), 

particularly since the rise in V
•

E over the duration of the slow component (ΔV
•

E(8-3 min)) was not different 

between trials. 

 

The phase II V
•
O2 amplitude and time constant were not affected by the decrease in blood [La-] and the 

lower pH observed in the present study. Therefore, ACZ did not affect O2 utilisation or the contribution of 

oxidative phosphorylation to the energy demand at the onset of heavy exercise. Gerbino et al. (1996) 

proposed that blood flow and O2 delivery increased more rapidly in the second of two bouts of heavy 

exercise due to a residual acidosis that permits a rapid vasodilation and a greater O2 off-loading from 

erythrocytes due to the Bohr effect. They concluded that if muscle pH was reduced and the rate of 

oxidative phosphorylation in the muscle was increased at the onset of exercise, a faster phase II time 
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constant is likely to be observed. Despite the significantly lower pH prior to the start of the heavy 

constant-load cycling (during baseline cycling) in the ACZ trial in the present study, there was no 

difference between treatment conditions in the speed or amplitude of the phase II V
•
O2 response. Although 

the findings of the present study imply O2 availability is not the primary limiting factor for phase II V
•
O2 

kinetics during heavy-intensity exercise, it is possible that the off-loading of O2 from haemoglobin (Bohr 

effect) was negatively affected by ACZ administration (Maren and Swenson, 1980). When CA is 

completely inhibited following ACZ administration, the generation of H+ from the hydration of CO2 is 

slowed, thereby limiting the rate of O2 off-loading from haemoglobin (Maren and Swenson, 1980). 

However, Maren and Swenson (1980) were unsure if a reduced Bohr effect imposed any physiological 

disadvantage, particularly if the body can compensate with increased perfusion, dilating and recruiting 

capillaries, widening the PO2 and PCO2 gradients, or increasing erythrocyte 2,3-diphosphoglycerate. 

Results of the present study support the hypothesis that a combined decrease in blood [La-] and blood pH 

has no affect on phase II response kinetics during heavy-intensity exercise. 

 

In conclusion, the present study demonstrated that reduced blood [La-] and pH have no effect on either the 

phase II or the slow component of V
•
O2 kinetics. The MPF of the EMG increased significantly over time in 

the vastus medialis during both trials and only during the ACZ trial in the vastus lateralis muscle. This 

suggests the progressive recruitment of additional type II motor units contributed in part to the 

development of the V
•
O2 slow component during both experimental trials. There was no difference in the 

MPF between trials in the vastus medialis, whereas the MPF in the vastus lateralis was significantly higher 

during the final 2 minutes of the ACZ trial compared to the CON trial. Results of the present study suggest 

the recruitment of additional type II motor units may not be the primary mechanism responsible for the 

development of the V
•
O2 slow component. Alternatively, the greater recruitment of type II motor units 

observed during the final 2 minutes of the ACZ trial in one muscle may not have been of sufficient 

magnitude to elevate the V
•
O2 beyond that observed in the CON trial when V

•
O2 was already high and 

approaching V
•
O2peak.  
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ABBREVIATED TERMS 

 

%·min-1  Relative change in slow component amplitude; % change per minute 

ACZ  Acetazolamide 

ANOVA Analysis of variance 

beats·min-1  Beats per minute 

blood [La -]  Blood lactate concentration 

BLT  Blood lactate threshold 

CA  Carbonic anhydrase 

Ca2+  Calcium ion 

CI  Confidence interval 

CO2   Carbon dioxide 

CON  Control 

Δ50%  50% of the difference in work rate observed at Tvent and V
•
O2peak 

Δ[La-](8-3 min) Difference in blood lactate concentration between 8 and 3 minutes of exercise 

ΔMPF(8-3 min) Difference in MPF measured between 8 and 3 minutes of exercise 

ΔpH(8-3 min) Difference in blood pH measured between 8 and 3 minutes of exercise 



Acetazolamide and O2 Uptake Kinetics 
 

 101

ΔV
•

E (8-3 min) Difference in V
•

E measured between 8 and 3 minutes of exercise 

ΔV
•
O2(8-3 min) Magnitude of the slow component measured as the rise in V

•
O2 between 3 and 8 

minutes of exercise 
 
ECG  Electrocardiogram 

EMG  Electromyography 

H+  Hydrogen ion 

HCO3
-  Bicarbonate 

HR  Heart rate 

Hz  Hertz 

iEMG  Integrated electromyographic activity 

kg  Kilogram 

l·min-1   Litres per minute 

mg  milligrams 

MPF  Mean power frequency 

O2   Oxygen 

phase I  The abrupt increase in V
•
O2 after the step increase to the Δ50% power output 

phase II  The exponential rise in V
•
O2 beyond the phase I component 

PO2  Partial pressure of oxygen 

PCO2  Partial pressure of carbon dioxide 

r  Coefficient of correlation 

r2  Coefficient of determination  

rev·min-1 Revolutions per minute 

SEM  Standard error of the mean 

τ Time constant or the time to reach ~63% of the difference between the baseline and 
plateau V

•
O2 or the onset of the V

•
O2 slow component 

 

TD  Time delay  

Tvent  Ventilatory threshold 

μl  Microlitre 
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V
•
CO2  CO2 production 

V
•

E  Minute ventilation: volume of expired gas per minute  

V
•

E/V
•
CO2 Ventilatory equivalent for CO2 

V
•

E/V
•
O2  Ventilatory equivalent for O2 

V
•
O2  O2 uptake 

V
•
O2BL    Baseline V

•
O2 during cycling at 25 W 

V
•
O2peak  Peak O2 uptake 

V
•
O2(t)  Whole body V

•
O2 at time “t” where “t” represents any time throughout the double 

exponential period being modelled 
 
W  Watt 
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Chapter 4: Study 3 - Pedal Cadence during Heavy-Intensity Cycling: Relationship between Surface 
EMG Activity and O2 Uptake Kinetics 
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INTRODUCTION 

 

Considerable evidence suggests the recruitment of additional type II (fast twitch) motor units appears to 

play a role in causing the V
•
O2 slow component observed during heavy constant-load exercise (Coyle et al. 

1992; Shinohara and Moritani, 1992; Poole et al. 1994; Pringle et al. 2003; Krustrup et al. 2004a; 

Sabapathy et al. 2004; Osborne and Schneider, 2006). However, few studies have experimentally altered 

motor unit recruitment pattern to see if there is a corresponding change in the V
•
O2 slow component 

(Burnley et al. 2002; Pringle et al 2003; Bouckaert et al. 2004; Krustrup et al. 2004a; Krustrup et al. 

2004b; Smith et al. 2006). One way to alter motor unit recruitment pattern is by changing pedal cadence 

during cycling. V
•
O2 generally increases as cadence rises during heavy-intensity exercise (Gaesser et al. 

1992; Vercruyssen et al. 2002; 2006). However, Barstow et al. (1996) observed a decrease in end-exercise 

V
•
O2 as cadence increased from 45 to 90  rev·min-1. Moreover, Smith et al. (2006) observed a larger slow 

component amplitude at a low cadence. The studies by Barstow et al. (1996) and Smith et al. (2006) 

suggest there may be a greater recruitment of type II motor units associated with the slower pedal cadence. 

As the number of type II motor units recruited during heavy-intensity exercise increases, there may be an 

increase in V
•
O2 beyond that seen when primarily type I (slow-twitch) fibres are recruited. This increase in 

V
•
O2 is due to the greater energetic (O2) cost of type II motor units (Crow and Kushmerick, 1982; Poole et 

al. 1994; Krustrup et al. 2004b).  

 

Several features of type II motor units suggest they are a source of the additional O2 cost of performing 

heavy-intensity exercise. Coyle et al. (1992) observed that individuals with a high proportion of type II 

muscle fibres in the vastus lateralis demonstrate a greater O2 cost for a given workload during cycle 

exercise than individuals with a higher proportion of type I muscle fibres. In addition, type II motor units 

have been shown to be less efficient in terms of O2 consumption than type I motor units in mouse skeletal 

muscle (Crow and Kushmerick, 1982; Barclay, 1996). While Barclay and Weber (2004) found no 

difference in net efficiency between type I and II muscle fibres, Barclay (1996) demonstrated that fatigued 

motor units are less efficient. At 50  rev·min-1, greater muscular force per contraction is required compared 
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to a 75  rev·min-1 trial performed at the same power output. The greater force per contraction is likely to be 

produced by an increased recruitment of type II motor units (Deschenes et al. 2000; Smith et al. 2006) 

because these motor units are capable of generating more tension than type I motor units (Close, 1967). 

An increase in type II motor unit recruitment would be expected to elevate the V
•
O2 slow component at 50 

 rev·min-1 compared to that observed at 75  rev·min-1. However, Pringle et al. (2003) did not observe a 

significant difference in the slow component amplitude between 35 and 75 rev·min-1. The study by Pringle 

et al. (2003) did not include any direct (muscle biopsy) or indirect measures (EMG activity) of motor unit 

recruitment during heavy constant-load exercise.  Additionally, Pringle et al. (2003) suggested the greater 

amplitude of the relative V
•
O2 slow component observed during heavy-intensity exercise at 115  rev·min-1 

compared to 35 and 75 rev·min-1 is probably a function of greater type II motor unit recruitment. In the 

study by Pringle et al. (2003), it is unclear whether the differences between trials in the V
•
O2 slow 

component were associated with changes in motor unit recruitment. There is likely to be a preferential 

recruitment of less efficient type II motor units at faster pedal cadences because of a greater rate of force 

production associated with their faster contraction velocity, while at slow pedal cadences, the greater 

muscular force per contraction is also likely to result in a preferrential increase in type II motor unit 

recruitment. 

 

The purpose of the present study was to determine if increasing pedal cadence from 50 to 75, and from 75 

to 100  rev·min-1 would change motor unit recruitment pattern and in turn alter either the primary (phase 

II) or the slow component of V
•
O2 kinetics. It is thought an increase in integrated electromyographic 

(iEMG) activity indicates an increase in total neural activity (Viitasalo and Komi, 1977), whereas an 

increase in the mean power frequency (MPF) of the EMG represents an increase in the average motor unit 

action potential conduction velocity and thus a likely rise in type II fibre recruitment (Kupa et al. 1995; 

Komi et al. 2000; Wakeling and Rozitis, 2004). We hypothesized that the pedal cadence of 100 rev·min-1 

would result in an increased MPF (i.e., augmented type II motor unit recruitment) because of the faster 

contractile velocity required and this in turn would slow phase II kinetics and cause the V
•
O2 slow 

component to be higher than when cycling at 75 rev·min-1. It was also hypothesized that the slower pedal 
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cadence of 50 rev·min-1 would increase the MPF, thus increasing the recruitment of type II motor units 

compared to the 75 rev·min-1 trial because of the greater force required during each contraction. An 

increase in type II motor-unit recruitment at a pedal cadence of 50 rev·min-1 is also likely to slow phase II 

kinetics and elevate the V
•
O2 slow component compared to the 75 rev·min-1 trial. If an increase in type II 

motor unit recruitment occurs with changes in pedal cadence (from 75 to 50 rev·min-1, or from 75 to 100 

rev·min-1) and there is a corresponding rise in the V
•
O2 slow component, this would provide strong 

evidence that the recruitment of type II motor units contributes to the additional O2 cost of performing 

heavy-intensity cycling (the V
•
O2 slow component). This is the first study to investigate the corresponding 

changes in V
•
O2 kinetics, surface EMG activity (iEMG and MPF), and blood lactate concentration while 

cycling at 50, 75, and 100 rev·min-1 performed at the same relative work rate. 

 

METHODS 

 

Subjects  

Eight male recreational cyclists volunteered to participate in this study after giving written informed 

consent. The mean (± SEM) values for age, height and body mass were 23.3 ± 0.9 yr, 181 ± 3 cm and 72.5 

± 2.8 kg, respectively. All subjects were screened for indications of pulmonary insufficiencies, and 

completed a Physical Activity Readiness Questionnaire and a medical history questionnaire. The 

procedures and consent forms were approved by the Griffith University Human Research Ethics 

Committee. 

 

Experimental design 

Each subject reported to the laboratory for four testing sessions conducted on separate days within a 2-wk 

period. Each session was separated by a minimum of three days and a maximum of ten days. Subjects 

were instructed not to engage in heavy physical activity for 48 h prior to each testing session. The first 

session was used to familiarise subjects with the testing equipment and procedures, and to obtain written 

informed consent. In the same session, each subject performed an incremental cycling test at 75 rev·min-1 
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to determine peak oxygen uptake (V
•
O2peak) and the ventilatory threshold (Tvent). Subjects then performed 

three constant-load cycling tests on separate days to determine V
•
O2 kinetics. V

•
O2 kinetics and the slow 

component were quantified using a double-exponential model with independent time delays. Each subject 

performed constant-load tests at a power output equal to 50% of the difference between the power output 

achieved at Tvent and V
•
O2peak (Δ50%). The three constant-load trials were performed for 8 minutes at 50, 75 

and 100 rev·min-1 in random order. EMG activity was recorded at 1-minute intervals from the vastus 

lateralis, vastus medialis and biceps femoris muscles throughout constant-load cycling performed at 50, 75 

and 100 rev·min-1. Exercise was performed on an electronically-braked cycle ergometer (Lode Excalibur 

Sport, Groningen, The Netherlands). Seat and handlebar heights were constant during all testing sessions 

for each subject. Blood samples (2 ml) were collected prior to the onset of exercise, at the end of the 3-

minute period of cycling at 25 W, and at 1.5, 3, 4.5, 6 and 8 minutes throughout the exercise test for 

analysis of blood [La -] and pH.  

 

Determination of V
•
O2peak and Tvent 

During preliminary testing, subjects completed an incremental cycling test to exhaustion (~75 rev·min-1). 

Subjects cycled for 3 minutes at 50 W before the power output was increased by 10 W·20 s-1 until 

volitional fatigue. Standard open-circuit spirometry techniques were used to determine gas-exchange 

measures (MedGraphics CPX/D, MedGraphics Cardiopulmonary Diagnostic Systems, St Paul, MN, 

USA). The O2 and CO2 analysers and the pneumotachograph were calibrated before and after each test 

using precision reference gases and a syringe of known volume (3 litres), respectively. V
•
O2peak was 

calculated by averaging the breath-by-breath V
•
O2 over 20-second intervals, with the average of the highest 

three consecutive values used as the peak value. Heart rate and rhythm were monitored continuously 

throughout the test using an electrocardiograph (Lohmeier M607, Munich, Germany) with the ECG signal 

transferred into the gas-analysis system for storage. The Tvent was determined as the power output 

corresponding to the point where a systematic increase in the ventilatory equivalent for O2 occurred 

without an increase in the ventilatory equivalent for CO2. The Tvent calculated by this method was verified 

using the modified V-slope method described by Schneider et al. (1993).   
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Constant-load cycling trials 

On entry into the laboratory, subjects had a catheter inserted into a prominent forearm vein for subsequent 

blood sampling. The catheter was regularly flushed with 0.9% saline. Subjects were then required to rest 

quietly for 25-30 minutes before starting exercise. Subjects then began cycling for 3 minutes at 25 W 

before completing an 8-minute square-wave exercise test at the Δ50% power output at either 50, 75 or 100 

rev·min-1. V
•
O2, carbon dioxide output (V

•
CO2) and minute ventilation (V

•
E) were measured on a breath-by-

breath basis (MedGraphics CPX/D, MedGraphics Cardiopulmonary Diagnostic Systems, St Paul, MN, 

USA) throughout each constant-load exercise bout. Aberrant breaths that were clearly artifactual (e.g., 

coughing, swallowing) were eliminated from the data set. Heart rate was monitored continually throughout 

the test. EMG activity was recorded from the vastus lateralis, vastus medialis and biceps femoris muscles 

at 1-minute intervals during baseline cycling and during the Δ50% exercise trials. Blood samples (2 ml) 

were collected in lithium heparin tubes prior to the onset of exercise, at the end of the 3-minute period of 

cycling at 25 W, and at 1.5, 3, 4.5, 6 and 8 minutes throughout the exercise test for analysis of blood [La -] 

and pH. Blood pH was measured within 30 seconds of sampling using a blood gas analyser (Ciba Corning 

850 Series, Ciba Corning Diagnostics Corp., Medfield, MA, USA) at 37° C. Fifty μl of blood was mixed 

with 100 μl of buffer solution (YSI 2357 Buffer Concentrate Kit) and a cell-lysing agent (YSI 1515 Cell 

Lysing Agent Kit) before blood [La -] was determined using an automated blood lactate analyser (Model 

2700 Select, Yellow Springs Instruments, Yellow Springs, OH, USA). The lactate and blood gas analysers 

were calibrated before samples from each trial were analysed. 

 

Data processing and analysis 

V
•
O2 kinetics were determined using a double-exponential model with independent time delays. Phase I 

was determined as the time from the onset of heavy-intensity exercise to the sharp downward break in 

RER, which coincided with the initial inflection point or the end of the early plateau in V
•
O2 (Barstow and 

Molé, 1991). The following equation was used to model the V
•
O2 response kinetics beyond phase I: 

 

V
•
O2(t)= V

•
O2BL + phase I + phase II (1-e-(t-TD1)/τ1) + V

•
O2 slow component (1-e-(t-TD2)/τ2) 



Chapter 4 

 110

Where V
•
O2(t) is the whole body V

•
O2 at time t. V

•
O2BL is the baseline V

•
O2 during cycling at 25 W; phase I 

is the abrupt increase in V
•
O2 amplitude after the step increase to the Δ50% power output. Phase II and 

V
•
O2 slow component represent the respective amplitudes, while TD1 and TD2, and τ1 and τ2 are the 

respective time delays and time constants. 

 

The contribution of the slow component to the overall V
•
O2 response was represented as the contribution 

per unit of time (% change per minute, %·min-1; Sabapathy et al. 2004). The slow component was also 

measured as the increase in V
•
O2 between the third minute of exercise and the end of constant-load 

exercise (8 minutes). 

 

Measurement of surface EMG activity 

The EMG methods are briefly summarised here, having been previously described in detail by Osborne 

and Schneider (2006). Silver/silver-chloride surface electrodes were attached in a bipolar configuration 

along the midline of the vastus lateralis, vastus medialis and biceps femoris muscle bellies (Ericson et al. 

1985) with a reference electrode placed over the anterior iliac crest. The raw EMG data were sampled 

during the final 10 seconds of each minute of exercise at 1000 Hz (EMG100B Electromyogram Amplifier, 

Biopac Systems Inc., Santa Barbara, CA, USA) and processed using custom written software (LabVIEW 

Version 4.0.1 National Instruments, Austin, TX, USA). The raw EMG data were band-pass filtered (15-

500 Hz) using a fourth order Butterworth filter, and rectified to yield a linear envelope. The MPF was 

calculated from the power spectral density function using a 1024-point fast fourier transformation. The 

iEMG and MPF for 8 consecutive pedal revolutions were ensemble averaged to calculate the iEMG and 

MPF for each minute of exercise and were normalised as a percent of baseline (3 minutes of cycling at 25 

W) activity recorded during each trial. 

 

Statistical Analysis 

All results are presented as group means (± SEM). Differences between 50, 75 and 100 rev·min-1 trials for 

the modelled data obtained from the constant-load cycling tests were examined using repeated measures 
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analysis of variance (ANOVA). A two-way repeated measures analysis of variance (ANOVA) with pedal 

cadence and time as the main effects was used to assess condition-related differences in the change in the 

metablic and ventilatory data, blood measures, iEMG and MPF at discrete time intervals. Pair-wise 

comparisons to determine where significant differences existed were performed using a Student-Newman-

Keuls test. Correlation coefficients were determined for the magnitude of the slow component as measured 

between the third and eighth minutes of exercise (ΔV
•
O2(8-3 min)) and the change in blood [La-] 

(Δ[La-](8-3 min)). Accuracy of the curve fitting procedure was assessed by calculating the coefficient of 

determination (r2) and coefficient of correlation (r) obtained between modelled V
•
O2 and actual V

•
O2 

(SigmaPlot v4.01, Jandel Scientific, San Rafael, CA, USA). The random distribution of model residuals 

according to time was examined using linear and non-linear regression. Statistical significance was 

accepted at P<0.05. The data were analysed using the Statistical Package for the Social Sciences software 

(SPSS, v9.0) and SigmaStat Statistical Software (SigmaStat v1.0, Jandel Scientific, San Rafael, CA, 

USA). 

 

RESULTS 

 

The mean V
•
O2peak obtained during incremental cycling was 4.02 ± 0.15 l·min-1  (55.6 ± 1.3 ml·kg-1·min-1 ), 

achieved at a mean peak power output of 393 ± 12 W and a maximum heart rate of 186 ± 4 beats·min-1 . 

Tvent occurred at a power output of 205 ± 10 W and a V
•
O2 of 2.40 ± 0.11 l·min-1 . The average Δ50% power 

output used during constant-load cycling was 284 ± 8 W. 

 

The normalised iEMG results for the vastus medialis, vastus lateralis and biceps femoris muscle are 

provided in Figure 4.1. Integrated EMG activity increased significantly above baseline levels at the onset 

of the Δ50% work rate in all three muscles. When normalised to the iEMG activity determined during 

baseline cycling, the smallest increase above baseline activity occurred during the 100 rev·min-1 trial in all 

three muscles. The largest increase occurred in the 50 rev·min-1 trial in both the vastus lateralis and vastus 

medialis. The largest increase in iEMG occurred in the 75 rev·min-1 trial compared to the 50 and 100 
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Figure 4.1. Integrated EMG (iEMG) recorded at 1-minute intervals from the vastus medialis (A), 

vastus lateralis (B) and biceps femoris (C) muscles during 8 minutes of Δ50% constant-load cycling 

performed at 50, 75 and 100 rev·min-1. Surface iEMG activity was normalised to the final minute of 

3 minutes of cycling at 25 W prior to the onset of the 8-minute constant-load test. Error bars 

indicate SEM. *Significant difference between 50 and 75 rev·min-1; #Significant difference between 

75 and 100  rev·min-1; **Significant difference between 50 and 100 rev·min-1; †Significant difference 

between 3 and 8 minutes of exercise (75 rev·min-1); ٭Significant difference between 3 and 8 minutes 

of exercise (100 rev·min-1), P<0.05. 
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rev·min-1 trials in the biceps femoris muscle. There was no significant rise in iEMG activity over the 

duration of the slow component in either the vastus medialis or vastus lateralis muscles in any trial. 

However, the rise in iEMG over time was significant in the biceps femoris during the 75 and 100 rev·min-1 

trials. 

 

The MPF results for the vastus medialis and vastus lateralis muscles are presented in Figure 4.2. When 

normalised to the EMG activity observed during baseline cycling, the MPF was significantly higher 

throughout the exercise bout performed at 100 rev·min-1 compared to 75 rev·min-1 trial in both the vastus 

medialis and vastus lateralis muscles. The MPF in the 50 rev·min-1 trial was significantly greater than the 

75 rev·min-1 trial only in the vastus lateralis muscle. There were no differences in normalised MPF 

between the 100 and 50 rev·min-1 trials in either the vastus medialis or vastus lateralis. Also, the 

normalised MPF increased significantly over the duration of the slow component in the vastus medialis in 

all three trials, and in the vastus lateralis muscle during the 50 and 100 rev·min-1 trials. In the biceps 

femoris, there was no difference in MPF between trials and there was no significant rise over time in any 

trial (results not shown). 

 

Gas-exchange responses determined at specific time intervals during the constant-load exercise bouts are 

presented in Table 4.1. V
•
O2 was significantly lower throughout the 75 rev·min-1 trial compared to both the 

50 and 100 rev·min-1 trials. There was no difference between the 50 and 75 rev·min-1 trials in the 

ΔV
•
O2(8-3 min), although the ΔV

•
O2(8-3 min) was significantly greater in the 100 rev·min-1 trial. V

•
E values were 

significantly lower throughout the 75 rev·min-1 trial compared to both the 50 and 100 rev·min-1 trials, 

while the rate of change over time was not different between the three trials. Heart rate was significantly 

higher during baseline cycling (25 W) at 100 rev·min-1 compared to both the 50 and 75 rev·min-1 trials, but 

no difference was observed between trials during any of the Δ50% exercise bouts. There was no difference 

between trials in blood pH, whereas blood [La-] was significantly lower at 7 and 8 minutes of heavy 

constant-load exercise in the 75 rev·min-1 trial compared to both the 50 and 100 rev·min-1 trials (Figure 

4.3). 
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Figure 4.2. Mean Power Frequency (MPF) determined at 1-minute intervals from the vastus 

medialis (A) and vastus lateralis (B) during 8 minutes of Δ50% constant-load cycling performed at 

50, 75 and 100 rev·min-1. MPF was normalised to the final minute of 3 minutes of cycling at 25 W 

prior to the onset of the 8-minute constant-load test. Error bars indicate SEM. *Significant 

difference between 50 and 75 rev·min-1; #Significant difference between 75 and 100 rev·min-1; 
§Significant difference between 3 and 8 minutes of exercise (50 rev·min-1); †Significant difference 

between 3 and 8 minutes of exercise (75 rev·min-1); ‡Significant difference between 3 and 8 minutes 

of exercise (100 rev·min-1), P<0.05. 
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Table 4.1. Oxygen consumption (V
•
O2), minute ventilation (V

•
E) and heart rate (HR) at specified 

times during 8 minutes of constant-load cycling performed at 50, 75 and 100 rev·min-1. Values 

presented are means ± SEM.  

   50 rev·min-1 75 rev·min-1 100 rev·min-1 P value 

V
•
O2 25 W  0.78 ± 0.02 0.94 ± 0.04 1.23 ± 0.06 < 0.001 *,#,**

(l·min-1) 3 min  3.41 ± 0.09 3.28 ± 0.11 3.46 ± 0.08 0.004 *,# 

 6 min  3.78 ± 0.10 3.63 ± 0.11 3.87 ± 0.10 < 0.001 *,# 

 8 min  3.99 ± 0.10 3.84 ± 0.13 4.16 ± 0.10 0.003 *,#,**

 ΔV
•
O2(8-3 min)  0.58 ± 0.03 0.56 ± 0.04 0.70 ± 0.04  < 0.001  #,**

V
•

E 25 W  20.0 ± 1.0 22.7 ± 1.1 28.6 ± 1.3 < 0.001 *,#,**

(l·min-1) 3 min  96.4 ± 4.5 90.6 ± 4.2 103.7 ± 6.5 0.004 #,** 

 6 min  114.9 ± 4.6 102.8 ± 4.6 123.5 ± 8.2 0.001 *,# 

 8 min  122.2 ± 5.7 110.1 ± 6.1 130.2 ± 8.9 0.007 *,# 

 ΔV
•

E(8-3 min)  25.9 ± 4.5 19.5 ± 3.4 26.5 ± 3.6 0.183  

HR 25 W  85 ± 2 87 ± 3 98 ± 4 < 0.001 #,** 

(beats·min-1) 3 min  159 ± 3 158 ± 4 160 ± 3  0.358  

 6 min  169 ± 4 166 ± 4 169 ± 3  0.064  

 8 min  173 ± 4 170 ± 4 172 ± 3  0.121  

 ΔHR(8-3 min)  14 ± 2 11 ± 1 12 ± 1  0.313  
*  Significant difference between 50 and 75 rev·min-1 

#  Significant difference between 75 and 100 rev·min-1 

** Significant difference between 50 and 100 rev·min-1 

Data collected during 3 minutes of exercise at 25 W were used as the baseline value prior to the 
application of the Δ50% work rate.  

 

 

The modelled V
•
O2 data for the three experimental trials are illustrated in Figure 4.4. Several indicators 

suggest the single transition in each trial was appropriate to describe the modelled V
•
O2 response. These 

include the degree of significance with a large number of data points obtained during the slow component 

phase (>200 breaths) and the coefficients of determination (r2) (99.7 ± 0.1% in the 50 rev·min-1 trial, 99.7 

±0.2% in the 75 rev·min-1 trial and 99.7 ± 0.1% in the 100 rev·min-1 trial) between the modelled and actual 

V
•
O2. These results suggest a good fit of the model to measured V

•
O2 values while the distribution of the 

residual values was independent of time and randomly distributed around the regression line. The 95% 

confidence interval (CI) values for the phase II time constant were 4.4 ± 1.1 s, 5.5 ± 1.2 s and 5.9 ± 1.4 s 

in the 50, 75 and 100 rev·min-1 trials respectively, while the 95% CI values for the onset of the slow 
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component were 12.3 ± 6.2 s, 30.2 ± 2.3 s and 22.3 ± 3.7 s in the 50, 75 and 100 rev·min-1 trials 

respectively. The 95% CI values for the phase II amplitude were 0.13 ± 0.03 l·min-1, 0.12 ± 0.02 l·min-1 

and 0.19 ± 0.04 l·min-1 in the 50, 75 and 100 rev·min-1 trials respectively, while the 95% CI values for the 

slow component amplitude were 0.11 ± 0.02 l·min-1, 0.28 ± 0.04 l·min-1 and 0.48 ± 0.10 l·min-1 in the 50, 

75 and 100 rev·min-1 trials. These confidence intervals are comparable to those published elsewhere in 

studies using a single transition (Sabapathy et al. 2004). The differences between trials in the phase II 

amplitude are all outside the 95% CI. Repeat transitions would only narrow these confidence intervals,  
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Figure 4.3. Blood lactate concentration ([La-]) and pH (Panels A and B, respectively) measured 

during cycling at Δ50% work intensity performed at 50, 75 and 100 rev·min-1. Resting conditions 

represent those immediately before the 3 minutes of cycling at 25 W with the 8-minute constant-load 

test starting at 0 minutes. Error bars indicate SEM. *Significant difference between 50 and 75 

rev·min-1; #Significant difference between 75 and 100 rev·min-1, P<0.05. 
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which would not alter the results of the present study. The differences between trials in the V
•
O2 slow 

component amplitude were not large and the differences lie inside the 95% CI. While further trials would 

reduce the 95% CI, this change in CI would be unlikely to alter the conclusions of the present study. With 

such a high degree of fit observed, repeat trials at each pedal cadence were not performed. 
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Figure 4.4. Oxygen uptake responses to a step transition from 25 W cycling to the Δ50% work 

intensity during trials performed at 50, 75 and 100 rev·min-1. The data represent the modelled O2 

uptake kinetics from 8 subjects following curve-fitting using a double exponential with independent 

time delays after phase I. The vertical line represents the onset of Δ50% constant-load work rate at 

0 minutes. 

 

 

The amplitude, duration and time constant for the V
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was significantly reduced as cadence increased from 50 to 75 rev·min-1 and then from 75 to 100 rev·min-1. 

The phase II time constant was significantly faster at 50 rev·min-1, while there was no difference in the 

time constant between the 75 and 100 rev·min-1 trials. Moreover, there was no statistical difference 

between trials in the absolute amplitude of the slow component. Also, there was no difference between the 
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50 and 75 rev·min-1 trials in the relative slow component (expressed as % change per minute). However, 

the relative slow component was significantly higher in the 100 rev·min-1 trial than in either the 50 or 75 

rev·min-1 trials. End-exercise V
•
O2 was significantly higher during both the 50 and 100 rev·min-1 trials 

compared to the 75 rev·min-1 trial, with the 100 rev·min-1 trial significantly greater than the 50 rev·min-1 

trial.  

 

Table 4.2. Oxygen uptake (V
•
O2) kinetics determined during constant-load cycling performed at 50, 

75 and 100 rev·min-1. Values presented are means ± SEM.  

         50 rev·min-1 75 rev·min-1 100 rev·min-1      P value 

Baseline (25W) V
•
O2,  

l·min-1 
0.78 ± 0.02  0.94 ±0.04  1.23 ± 0.06 < 0.001*,#,** 

Phase I V
•
O2 Amplitude,  

l·min-1 
0.09 ± 0.03 0.10 ±0.03  0.14 ± 0.03  0.354 

Phase I Duration  
(TD1), s 15.2 ± 1.1  16.4 ±2.3  17.3 ± 1.1  0.464 

Phase II V
•
O2 Amplitude, 

l·min-1 
2.38 ± 0.07  2.17 ±0.06  1.94 ± 0.10  0.001*,#,** 

Phase II Time Constant  
(τ1), s 27.7 ± 2.3  32.9 ±2.8  31.4 ± 3.0   0.046* 

V
•
O2 Slow Component  

Onset (TD2), s 
128.7 ± 6.3  151.8 ±15.4  134.1 ± 11.4   0.001* 

V
•
O2 Slow Component 

Amplitude, l·min-1 
0.74 ± 0.17  0.63 ±0.14  0.85 ± 0.25   0.187 

End-Exercise V
•
O2,  

l·min-1 
3.99 ± 0.10  3.84 ±0.13 4.16 ± 0.10   0.003*,#,** 

Relative V
•
O2 Slow 

Component, %·min-1 
3.94 ± 0.21  3.97 ±0.49 5.03 ± 0.23  < 0.001#,** 

*  Indicates significant difference between 50 and 75 rev·min-1 

#  Indicates significant difference between 75 and 100 rev·min-1 

** Indicates significant difference between 50 and 100 rev·min-1 

Phase I, early cardiodynamic phase; TD1, time delay from beginning of exercise until the onset of phase II; 
Phase II, exponential rise in oxygen uptake; τ1, phase II time constant; TD2, time delay from beginning of 
heavy exercise until the onset of slow component. 
 
 

DISCUSSION 

 

It was hypothesized that a pedal cadence of 100  rev·min-1 would result in increased type II motor unit 
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recruitment compared to the 75 rev·min-1 trial (i.e., increased MPF activity) because of the faster 

contractile velocity required. The increased type II recruitment would in turn slow phase II kinetics and 

cause the V
•
O2 slow component to be higher than when cycling at 75 rev·min-1. It was also hypothesized 

that the slower pedal cadence of 50 rev·min-1 would increase the recruitment of type II motor units 

compared to the 75  rev·min-1 trial because of the greater force required during each contraction, thus 

resulting in an increase in the MPF. An increase in type II motor-unit recruitment at a pedal cadence of 50 

rev·min-1 is also likely to slow phase II kinetics and elevate the V
•
O2 slow component compared to the 75 

rev·min-1 trial.  

 

MPF was significantly higher during heavy exercise in the 50 and 100 rev·min-1 trials compared to the 75  

rev·min-1 trial in the vastus lateralis muscle, suggesting an increase in the proportion of type II motor units 

recruited in these two trials. This finding was supported by the significantly higher blood [La-] observed at 

7 and 8 minutes of exercise in both the 50 and 100 rev·min-1 trials. End-exercise V
•
O2 was highest in the 

100 rev·min-1 trial and lower in the 50 rev·min-1 trial, and lowest in the 75 rev·min-1 trial. The elevated 

end-exercise V
•
O2 is most likely due to an increased O2 cost associated with the greater recruitment of less 

efficient type II motor units. Despite the greater recruitment of type II motor units in both the 50 and 100 

rev·min-1 trials compared to the 75 rev·min-1 trial, the relative slow component (% change per minute) and 

the ΔV
•
O2(8-3 min) values were only greater in the 100 rev·min-1 trial compared to the 50 and 75 rev·min-1 

trials. In the vastus medialis muscle, the MPF was significantly elevated in the 100 rev·min-1 trial 

compared to the 75 rev·min-1 trial, while in the biceps femoris muscle there was no difference in MPF 

between trials and no change over time. These findings suggest that an increase in type II motor unit 

recruitment is only partly responsible for the development of the V
•
O2 slow component. 

 

The iEMG provides a partial picture of the activation features of the muscle and little information on 

individual motor unit recruitment during cycling (Edgerton et al. 1982; Marsh and Martin, 1995). There 

was no change in iEMG activity over time in the vastus medialis and lateralis muscles during constant-

load cycling. In contrast, iEMG activity rose over the duration of the slow component in the biceps 
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femoris muscle during the 75 and 100 rev·min-1 trials, but not in the 50 rev·min-1 trial. Scheuermann et al. 

(2001) did not observe any change in iEMG activity associated with the slow component. Koga et al. 

(2001) found significantly elevated iEMG activity during 1-leg cycling compared to that recorded during 

2-leg cycling, but did not observe any difference between trials in the amplitude of the V
•
O2 slow 

component. The observations of Scheuermann et al. (2001) and Koga et al. (2001), combined with the 

results of the present study, indicate that large changes in V
•
O2 can occur with a relatively small or no 

change in iEMG activity (and vice-versa). Since a V
•
O2 slow component was observed in each trial, results 

of the present study indicate that a change in total neural activity (iEMG activity) is not responsible for the 

additional energy (O2) cost of heavy-intensity exercise. 

 

An increase in MPF represents an increase in the action potential conduction velocity where the larger 

diameter type II motor units have a faster conduction velocity (Komi, 1982). There was no rise in MPF 

over time in any trial in the biceps femoris muscle. There was, however, a significant increase in MPF 

over the duration of the slow component in the vastus medialis (all 3 trials) and vastus lateralis muscles 

(50 and 100 rev·min-1 trials only). The rise in MPF over time in the present study suggests a progressive 

increase in the recruitment of less efficient type II motor units occurs during exercise in some muscles 

(Kupa et al. 1995; Wakeling and Rozitis, 2004). Since a slow component was observed in each 

experimental trial along with a concurrent rise in MPF, results of the present study suggest the recruitment 

of additional type II motor units is only partly responsible for the development of the slow component. 

 

MPF was higher in both the 100 and 50 rev·min-1 trials compared to the 75 rev·min-1 trial in the vastus 

lateralis muscle, suggesting a greater recruitment of type II motor units with faster and slower pedal 

cadences. However, in the vastus medialis muscle, the MPF was only significantly elevated in the 100 

rev·min-1 trial compared to the 75 rev·min-1 trial. The faster contraction velocity in the 100 rev·min-1 trial 

has previously been shown to result in greater type II motor unit recruitment (Lesmes et al. 1979; 

Edgerton et al. 1982). These observations were expected since the rate of muscle shortening is faster at 

100 rev·min-1 and force is applied over a shorter period of time than when cycling at 50 or 75 rev·min-1. 
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There is also evidence that, for the same external work rate, higher pedal rates are associated with a greater 

proportional contribution of type II muscle fibres to muscle force production (Sargeant, 1994). The higher 

MPF in the 50 rev·min-1 trial compared to the 75 rev·min-1 trial results from greater force being exerted 

over a longer period of time which will most likely result in the recruitment of additional type II motor 

units. Based on the amount of glycogen lost from the type I and II fibres respectively, Ahlquist et al. 

(1992) concluded that more type II motor units were recruited during heavy exercise at 50 rev·min-1 

compared to 100 rev·min-1. The MPF results from the vastus lateralis muscle in the present study indicate 

that the motor unit recruitment pattern was not different between the 50 and 100 rev·min-1 trials. The MPF 

results indicate that both the 50 and 100 rev·min-1 trials recruited a greater number or proportion of type II 

motor units than the 75 rev·min-1 trial. Moreover, there was no difference between trials in blood pH, 

although blood [La-] was significantly higher at 7 and 8 minutes of exercise in both the 50 and 100 

rev·min-1 trials compared to the 75 rev·min-1 trial. The higher blood [La-] observed in the 50 and 100 

rev·min-1 trials compared to the 75 rev·min-1 trial in the present study is consistent with a greater 

recruitment of glycolytic type II motor units in the faster and slower pedal cadence trials. 

 

During heavy-intensity exercise, V
•
O2 was higher in the 50 and 100 rev·min-1 trials compared to the 75  

rev·min-1 trial, most likely due to the increased recruitment of less efficient type II motor units which 

occurred as a result of the greater force required and the faster contraction velocities, respectively. 

However, there was no difference between the 50 and 75 rev·min-1 trials in the absolute or relative slow 

component, or the ΔV
•
O2(8-3 min). The relative slow component and the ΔV

•
O2(8-3 min) values were 

significantly greater in the 100 rev·min-1 trial than in both the 50 and 75 rev·min-1 trials, while there was 

no significant difference between trials in the absolute slow component amplitude. In contrast to what was 

observed in the present study, Pringle et al. (2003) demonstrated the absolute slow component was greater 

at 115 rev·min-1 compared to 75 and 35 rev·min-1. However, Pringle et al. (2003) did not include any direct 

(muscle biopsy) or indirect measures (EMG activity) of motor unit recruitment. In contrast to both Pringle 

et al. (2003) and the observations of the present study, Barstow et al. (1996) reported that increasing 

cadence from 45 to 90 rev·min-1 at a Δ50% work rate did not change the relative slow component while 

the absolute magnitude was greatest at 45 rev·min-1. However, it can be argued that the pedal cadence 
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range used by Barstow et al. (1996) did not induce a significant change in the muscle fibre recruitment 

pattern at the faster pedal cadence compared to the slower pedal cadence. Smith et al. (2006) also observed 

a greater slow component amplitude at 50 rev·min-1 compared to 90 rev·min-1 during arm cranking 

exercise at a constant absolute work rate. V
•
O2 and type II motor unit recruitment were elevated in both the 

50 and 100 rev·min-1 trials in the present study, yet the amplitude of the relative slow component and the 

ΔV
•
O2(8-3 min) were only significantly elevated in the 100 rev·min-1 trial. These findings indicate that 

increased recruitment of additional less efficient type II motor units is not solely responsible for the 

development of the V
•
O2 slow component. 

 

One major limitation of the present study was that the work rate across all three trials was determined from 

a single ramp protocol performed at 75 rev·min-1. While the absolute work rate was constant across the 

three trials in the present study, it could be argued that the relative work rate was different between trials. 

If subjects were cycling at a greater relative work intensity in the 50 and 100 rev·min-1 trials compared to 

the 75 rev·min-1 trial, a greater slow component amplitude would have been expected in those trials. 

However, the relative slow component was only significantly elevated in the 100 rev·min-1 trial in the 

present study. In addition, Pringle et al. (2003) determined that no significant difference existed in the 

Δ50% work rate determined across pedal cadences ranging from 35 to 115 rev·min-1. Therefore, valid 

comparisons of the slow component amplitude determined at Δ50% work rates can be made between the 

50, 75 and 100 rev·min-1 trials in the present study. We assumed that the Δ50% work rates were not 

changed by altering pedal cadence and that subjects were exercising at the same relative intensity at all 

three pedal frequencies. 

 

Heart rate was significantly higher during baseline cycling at 100 rev·min-1 compared to 75 and 50 

rev·min-1 suggesting cardiac output (Q
•
) may have increased with cadence. However, there was no 

difference in heart rate after 3 minutes of heavy constant-load exercise and no difference between trials in 

the phase I V
•
O2 amplitude or duration. This implies that despite the greater heart rate during baseline 

exercise, Q
•
 was unlikely to have been different between trials once the Δ50% work rate was applied since 



Pedal Cadence and O2 Uptake Kinetics 
 

 123

there was no effect of pedal cadence on the cardiodynamic phase (phase I) of exercise. 

 

Crow and Kushmerick (1982) demonstrated type II motor units have a higher O2 cost and a longer 

(slower) time constant than type I fibres. Therefore, the greater type II motor unit recruitment at 50 and 

100 rev·min-1 in the present study might be expected to slow the phase II response kinetics. The phase II 

V
•
O2 amplitude was inversely related to cadence, with the phase II amplitude significantly reduced in the 

100 rev·min-1 trial compared to the 75 rev·min-1 trial. Nevertheless, the absolute V
•
O2 was higher after 3 

minutes of exercise in the 100 rev·min-1 trial than in the 75 rev·min-1 trial. This is most likely due to the 

higher V
•
O2 observed during baseline cycling in the 100 rev·min-1 trial due to greater type II motor unit 

recruitment. The phase II time constant was faster at 50 rev·min-1 compared to the 75 and 100 rev·min-1 

trials. It is possible that during baseline cycling (25 W) at 50 rev·min-1 compared to the 75 and 100 

rev·min-1 trials, there was a greater recruitment of type I motor units because of the slow contraction 

velocity and low pedal force required at 25 W of cycling. A greater increase in the recruitment of type I 

motor units in the 50 rev·min-1 trial during baseline cycling could have affected the subsequent V
•
O2 

response at the onset of the Δ50% work rate, resulting in a faster phase II time constant than in the 75 

rev·min-1 trial. However, it is likely there was an increase in the recruitment of both motor unit types 

following the onset of heavy constant-load exercise in the 50 rev·min-1 trial. This was indicated by the 

increase in iEMG activity in all three muscles following the step increase in work rate. It is possible that 

the faster kinetics of type I motor units offset the tendency of the type II motor units to slow phase II 

response kinetics. The phase II time constant in the 100 rev·min-1 trial was no different to that observed in 

the 75 rev·min-1 trial despite the likely increase in the recruitment of type II motor units. Any tendency for 

greater type II motor unit recruitment to slow the phase II response may have been offset by the increased 

O2 cost observed during the first 3 minutes of baseline cycling performed at 100 rev·min-1. 

 

V
•

E was elevated at 50 and 100 rev·min-1 although the change over time during the slow component period 

was not different between trials. The higher V
•

E in the 50 and 100 rev·min-1 trials compared to the 75 

rev·min-1 trial is unlikely to significantly elevate pulmonary V
•
O2 or effect the phase II or slow component 
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amplitudes (Engelen et al. 1996; Scheuermann et al. 1998; Osborne and Schneider, 2006). V
•

E would have 

been expected to be similar given there was no difference between trials in pH in the present study. 

However, the elevated V
•

E in the 50 and 100 rev·min-1 trials compared to the 75 rev·min-1 trial may reflect 

the greater neurogenic drive as indicated by the higher MPF values and the higher V
•
O2 observed in those 

trials. Moreover, the higher V
•

E in the 50 and 100 rev·min-1 trials provides further evidence that type II 

motor unit recruitment was augmented in these trials. 

 

In conclusion, iEMG in the vastus medialis or vastus lateralis muscles did not change over time during 

constant-load cycling, indicating total neural activity does not play a major role in the development of the 

V
•
O2 slow component. MPF was significantly higher in the 50 and 100 rev·min-1 trials compared to the 75 

rev·min-1 trial in the vastus lateralis muscle, suggesting a greater proportion of type II motor units were 

recruited in those two trials. This observation was supported by the significantly elevated blood [La-] 

determined at 7 and 8 minutes of exercise in both the 50 and 100 rev·min-1 trials compared to the 75 

rev·min-1 trial. V
•

E was also elevated in the 50 and 100 rev·min-1 trial indicating greater neurogenic drive 

and increased type II motor unit recruitment in these trials compared to 75 rev·min-1 trial.  End-exercise 

V
•
O2 was significantly higher in the 100 and 50 rev·min-1 trials compared to the 75 rev·min-1 trials, most 

likely due to the increased O2 cost associated with greater type II motor unit recruitment. Despite a likely 

increase in type II motor unit recruitment in the 50 and 100 rev·min-1 trials compared to the 75 rev·min-1 

trial, the relative slow component (% change per minute) was elevated in the 100 rev·min-1 trial, but not in 

the 50 rev·min-1 trial. It is concluded that the recruitment of additional type II motor units is only partly 

responsible for the development of the slow component that occurs during heavy-intensity exercise.  
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ABBREVIATED TERMS 

 

%·min-1  Relative change in slow component amplitude; % change per minute 

ANOVA Analysis of variance 

beats·min-1  Beats per minute 

blood [La -]  Blood lactate concentration 

BLT  Blood lactate threshold 

CI  Confidence interval 

CO2   Carbon dioxide 

Δ50%  50% of the difference in work rate observed at Tvent and V
•
O2peak 

Δ[La-](8-3 min) Difference in blood lactate concentration between 8 and 3 minutes of exercise 

ΔV
•
O2(8-3 min) Magnitude of the slow component measured as the rise in V

•
O2 between 3 and 8 

minutes of exercise 

 
ECG  Electrocardiogram 

EMG  Electromyography 

HCO3
-  Bicarbonate 

HR  Heart rate 

iEMG  Integrated electromyographic activity 

kg  Kilogram 

l·min-1  Litres per minute 

ml  Millilitre 

ml·min-1  Millilitres per minute 

MPF  Mean power frequency 

O2   Oxygen 

phase I  The abrupt increase in V
•
O2 after the step increase to the Δ50% power output 

phase II  The exponential rise in V
•
O2 beyond the phase I component 

Q
•
  Cardiac output 
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r  Coefficient of correlation 

r2  Coefficient of determination  

rev·min-1 Revolutions per minute 

SEM  Standard error of the mean 

τ Time constant or the time to reach ~63% of the difference between the baseline and 
plateau V

•
O2 or the onset of the V

•
O2 slow component 

 
TD  Time delay  

Tvent  Ventilatory threshold 

type I  Slow-twitch muscle fibres or motor units 

type II  Fast-twitch muscle fibres or motor units 

μl  Microlitre 

V
•
CO2  CO2 production 

V
•

E  Minute ventilation  

V
•
O2  O2 uptake 

V
•
O2BL    Baseline V

•
O2 during cycling at 25 W 

V
•
O2peak  Peak O2 uptake 

V
•
O2(t)  Whole body V

•
O2 at time “t” where “t” represents any time throughout the double 

exponential period being modelled 
 
W  Watt 
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Chapter 5: Review of Findings and Conclusions 
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Conclusions 

Blood lactate and pH 

Results suggest that reduced blood [La-] and reduced pH in the ACZ trial did not produce a corresponding 

change in the slow component of V
•
O2 kinetics. However, any potential decrease in the V

•
O2 slow 

component amplitude as a result of the reduced blood [La-] may have been offset by the increased blood 

acidity and greater Bohr effect observed during heavy-intensity exercise. Blood [La-] was significantly 

reduced with a corresponding increase in blood pH in the GR trial compared to the CON trial, while there 

was no change in the amplitude of the slow component. Blood [La-] was significantly elevated in both the 

50 and 100 rev·min-1 trials compared to the 75 rev·min-1 trial, however the absolute amplitude of the slow 

component was only elevated in the 100 rev·min-1 trial. As a result of the dissociation between blood [La-], 

pH and the slow component, we concluded that neither blood [La-] nor blood pH influence the V
•
O2 slow 

component.  

 

Integrated EMG activity 

There was no difference in iEMG activity between experimental conditions in either the GR study or the 

ACZ study. Moreover, iEMG activity in the vastus medialis and vastus lateralis muscles did not change 

over time during constant-load cycling performed under any experimental condition in all of the 

investigations. Thus, it was concluded that the level of neural activity as indicated by iEMG activity is not 

related to the development of the V
•
O2 slow component. 

 

MPF and changes in motor unit recruitment 

A rise in MPF and thus type II motor unit activity was observed in all three studies along with a 

corresponding rise over time in V
•
O2. As a result, it was concluded that the recruitment of additional type II 

motor units is in part, responsible for the increased O2 cost observed during heavy-intensity exercise. 

However, in each of the three studies, dissociation between the amplitude of the slow component and a 

rise in MPF was observed. Therefore, we concluded that the recruitment of additional type II motor units 

only partly explains the increasing O2 cost observed over time during heavy-intensity exercise (i.e., the 
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V
•
O2 slow component). However, it is also possible that differences between trials in fibre type recruitment 

may not have been of sufficient magnitude to further elevate the O2 cost of exercise when V
•
O2 was close 

to peak exercise values (V
•
O2peak). 

 

Phase II 

In both the ACZ and GR experimental trials, the greater rate of rise in the MPF during the early stages of 

heavy-intensity exercise did not result in a slower phase II time constant when compared to the respective 

CON trials. These results suggest the increase in type II recruitment was not of significant magnitude to 

cause a change in the time constant. Alternatively, other mechanisms may have offset the normally slower 

time constant of type II motor units during the phase II V
•
O2 response. For example, an increase in fat 

oxidation, as indicated by the lower RER at 3-min in the ACZ trial when compared to the CON trial, may 

have offset any slowing of the phase II time constant caused by an increase in type II motor unit 

recruitment. In the pedal cadence study, the phase II time constant was faster in the 50 rev·min-1 trial 

compared to the 75 rev·min-1 trial, while there was no difference between the 100 rev·min-1 and the 75 

rev·min-1 trials. These results suggest that mechanisms other than motor unit recruitment may have been 

responsible for the faster time constant in the 50 rev·min-1 trial compared to the 75 rev·min-1 trial. Results 

suggest that either the increase in type II recruitment in the 100 rev·min-1 trial was not large enough to 

slow the phase II time constant or other mechanisms were responsible for accelerating the phase II time 

constant in the 100 rev·min-1 trial. It is more likely the experimental manipulations in this thesis such as 

the limited cadence range of 50-100 rev·min-1 did not produce a large enough change in motor unit 

recruitment patterns to cause a shift in the phase II time constant.  

 

Future Considerations 

Despite recent evidence supporting the recruitment of additional type II motor units as one of the primary 

mechanism responsible for the development of the V
•
O2 slow component, the present series of studies 

suggest that type II motor unit recruitment is only partly responsible for the elevated O2 cost of heavy- and 

severe-intensity exercise. The results of these experiments indicate that some mechanism other than type II 
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motor unit recruitment also contributes to the additional O2 cost of heavy-intensity constant-load exercise.  

 

In Chapter two, prior exercise was used to reduce the glycogen content of primarily type I muscle fibres in 

an attempt to increase the number and proportion of type II muscle fibres recruited during subsequent 

heavy-intensity exercise. A modification of the glycogen reduction experiment would be the following: 

Each subject would be required to undergo four testing sessions conducted within a 4-wk period. The first 

session would be used to determine peak oxygen uptake (V
•
O2peak) and the ventilatory threshold (Tvent) at a 

cadence of ~75 rev·min-1. Subjects would then be required to perform three constant-load exercise tests on 

separate days to determine V
•
O2 kinetics and to quantify the slow component. Each subject would perform 

constant-load tests at a power output equal to 30% of the difference between the power output achieved at 

Tvent and V
•
O2peak  (Δ30%). One test would be performed under control (CON) conditions with a normal 

muscle glycogen content, while a second trial would be performed the morning after a session designed to 

reduce muscle glycogen content specifically from type I muscle fibres (GR-ST). A third trial would be 

performed the morning after a session designed to reduce muscle glycogen content specifically from type 

II muscle fibres (GR-FT). Each of these experimental trials would be performed in random order.  

 

Gas exchange (V
•
O2, V

•
CO2 and V

•
E) would be measured throughout the constant-load exercise bout. EMG 

activity would be recorded from the vastus lateralis and vastus medialis muscles at 1-minute intervals 

during baseline and Δ30% exercise to determine iEMG and MPF activity to obtain a non-invasive 

indication of motor unit recruitment during the constant-load exercise bout. Venous blood samples would 

be collected prior to the onset of exercise, at the end of the 3-minute period of cycling at 25 W, at the 

onset of the slow component, and at  3, 6 and 8 minutes throughout the exercise test for analysis of blood 

[La -] and pH. For both GR protocols, subjects would report to the laboratory ~3 hours after their last mid-

afternoon meal on the evening before the scheduled constant-load test. For the GR-ST, subjects would be 

required to cycle until volitional fatigue at ~75 rev·min-1 at a power output 5% above their Tvent. 

Exhaustion would be defined as the point at which subjects could no longer maintain the pedal frequency 

above 50 rev·min-1 despite verbal encouragement. Based on the results of the same protocol used in 
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Chapter Two of this thesis, average time to exhaustion should be ~ 140 minutes. Following the GR-ST, 

subjects will be required to fast until the following morning when they complete the GR-ST Δ30% 

constant-load trial. Water will be allowed ad libitum during and after the glycogen reduction protocol. 

Cycling at this intensity until exhaustion results in a severe depletion of glycogen from type I fibres (~95% 

loss), an intermediate loss of glycogen from type IIa (~50% loss), and a minimal loss of glycogen from 

type IIb fibres (~20% loss; Thomson et al. 1979). It is hypothesised that in the GR-ST, following the 

depletion of primarily type I motor units, there will be an increased recruitment of type II motor units 

which will result in an increase in the amplitude of the V
•
O2 slow component when compared to a CON or 

GR-FT trial.  

 

For the GR-FT, subjects would be required to undertake a series of maximal 10-s sprints with 50-s 

recovery until volitional fatigue on an air-braked cycle ergometer. Exhaustion would be defined as the 

point at which subjects could no longer achieve a peak pedal frequency above 50 rev·min-1 despite verbal 

encouragement. Following the series of maximal sprints, subjects will be required to fast until the 

following morning when they complete the Δ30% trial. Maximal sprint efforts of this intensity and 

duration should result in a severe depletion of glycogen from type IIb fibres, an intermediate loss of 

glycogen from type IIa, and a minimal loss of glycogen from type I fibres. It is hypothesised that in the 

GR-FT trial, following the depletion of primarily type II motor units, there will be an increased 

recruitment of type I motor units which will result in a reduction in the amplitude of the V
•
O2 slow 

component when compared to the CON or GR-ST trials.  

 

A second proposed study would involve increasing the pedal cadence range compared to those used in the 

present series of studies. This could also incorporate addional manipulations designed to change the 

recruitment of motor unit types during the constant-load work bout. It is proposed that cadence be assessed 

across 35, 75 and 115 rev·min-1. Following a trial to determine peak oxygen uptake (V
•
O2peak) and the 

ventilatory threshold (Tvent) at a cadence of ~75 rev·min-1, each subject would be required to undergo five 

experimental manipulations to determine V
•
O2 kinetics and to quantify the slow component. It is also 
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proposed that each 8-minute constant load trial be repeated three times for each experiential 

condition and the results averaged in order to increase the signal to noise ratio. All trials would 

also start at the same baseline V
•
O2. Increasing the baseline work rate in the 35 and 75 rev·min-1 trials 

would account for any differences in the O2 cost of baseline cycling (25 W) at 115 rev·min-1 due to the 

increased internal work at this faster cadence. Each subject would perform 8-minute constant-load tests at 

a power output equal to 30% of the difference between the power output achieved at Tvent and V
•
O2peak  

(Δ30%).  

 

Gas exchange (V
•
O2, V

•
CO2 and V

•
E) would be measured throughout the constant-load exercise bouts. EMG 

activity would be recorded from the vastus lateralis and vastus medialis muscles at 1-minute intervals 

during baseline and Δ30% to determine iEMG and MPF activity to obtain a non-invasive indication of 

motor unit recruitment during the constant-load exercise bouts. Venous blood samples would be collected 

prior to the onset of exercise, at the end of the 3-minute period of baseline cycling, at the onset of the slow 

component, and at 3, 6 and 8 minutes throughout the exercise test for analysis of blood [La -] and pH. It is 

proposed that one trial be a constant work rate bout at a fixed cadence of 35 rev·min-1 while a 

second constant-load trial would be at 115 rev·min-1. The two additional trials would involve switching the 

cadence at the onset of the slow component in each trial. i.e. in a second 35 rev·min-1 trial, at the onset of 

the slow component, the cadence is immediately increased to 115 rev·min-1. Conversely, in a second 115 

rev·min-1 trial, at the onset of the slow component, the cadence is immediately decreased to 35 rev·min-1.   

 

It is hypothesised that by increasing cadence from 35 to 115 rev·min-1 at the time of the onset of the slow 

component, the amplitude of the V
•
O2 slow component would be greater than that observed in the entire 35 

rev·min-1 trial. This would be a result of the increased recruitment of type II motor units due to the faster 

pedal cadence. In contrast, it is also hypothesised that decreasing cadence  from 115 to 35 rev·min-1 at the 

time of the onset of the slow component, the amplitude of the V
•
O2 slow component would be smaller than 

that observed in the entire 115 rev·min-1 trial. This would be a result of the decreased recruitment of type II 

motor units due to the slower pedal cadence.  
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A third proposed investigation would compare lower body cycling exercise with upper body arm- 

cranking exercise along with combinations of the two exercise modes. Heavy-intensity cycling or arm-

cranking constant-load exercise bouts would be undertaken in isolation at a work rate corresponding to 

90% of the Tvent. While this exercise alone would not result in a slow component, additional experimental 

trials would involve the combination of both upper and lower body exercise. It is hypothesised that when 

combining 90% Tvent upper and lower body exercise, the additional work load would be enough of a 

physiological imposition to result in the development of a V
•
O2 slow component. It is also proposed that 

the entire series of trials would be undertaken at cadences of both 50 and 100 rev·min-1 resulting in 6 

experimental combinations. It is therefore further hypothesised that the amplitude of the slow component 

would be greater in the combined 100 rev·min-1 trial than the combined 50 rev·min-1 trial due to the greater 

recruitment of type II motor units at the faster cadence. Prior to the constant-load exercise tests, subjects 

would be required to undergo tests to determine peak oxygen uptake (V
•
O2peak) and the ventilatory 

threshold (Tvent) while both arm-cranking and cycling independently as well as a combined trial at a 

cadence of ~75 rev·min-1. Subjects would then be required to undergo six experimental manipulations to 

determine V
•
O2 kinetics and to quantify the slow component. It is also proposed that each 6-minute 

constant-load trial be repeated at least twice in order to increase the signal to noise ratio. All trials would 

start at the same baseline V
•
O2. Increasing the baseline work rate in the 50 rev·min-1 trials and during arm-

cranking exercise would account for any differences in the O2 cost of baseline combined arm-cranking and 

cycling (25 W) at 100 rev·min-1 due to the increased internal work at the faster cadence.  

 

Gas exchange (V
•
O2, V

•
CO2 and V

•
E) would be measured throughout the constant-load exercise bout. EMG 

activity would be recorded from the vastus lateralis and vastus medialis muscles during cycling activity 

and the deltoid and tricep muscles during arm-cranking ergometry. Data would be sampled at 1-minute 

intervals during baseline and the 90% Tvent exercise trials to determine iEMG and MPF activity to obtain a 

non-invasive indication of motor unit recruitment during the constant-load exercise bout. Arterialised 

blood samples from the earlobe would be collected prior to the onset of exercise, at the end of the 3-

minute period of baseline exercise, at the onset of the slow component, and at 3, and 6 minutes throughout 
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the exercise test for analysis of blood [La -] and pH.  

 

The primary mechanisms responsible for the development of the V
•
O2 slow component are likely to be 

peripheral (within the active muscle) in origin, and may result from a progressive increase in ATP 

requirements (and O2 cost) of the already recruited motor units rather than to an increase in the recruitment 

of additional type II motor units. The proposed studies could confirm a number of the observations of the 

present series of studies where despite attempts to manipulate type II motor unit recruitment, only a 

minimal change in the amplitude of the slow component was observed. 
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Electromyography (EMG) Analysis: Front Interactive Panel 
LabVIEW Version 4.0.1 National Instruments, Austin, TX, USA 
 

 

 

Illustration of the custom-written EMG analysis software. 
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Appendix 2 – Electromyography (EMG) Analysis: Process Block-Wiring Diagram 
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Electromyography (EMG) Analysis: Process Block-Wiring Diagram 
LabVIEW Version 4.0.1 National Instruments, Austin, TX, USA 
 

 

 

Illustration of the custom EMG analysis program written in LabVIEW V4.01 utilised in the current study.  
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Pre-Selection of Subjects 
 

GRIFFITH UNIVERSITY – GOLD COAST 

 

School of Physiotherapy and Exercise Science 

 

Do you play regular sport? 

 

Do you have any medical condition such as heart disease or diabetes? 

 

Do you have a family history of asthma? 

 

Do you take any medications? 

 

Do you have any allergies? 

 

Do you often feel faint or have spells of severe dizziness? 

 

Have you had a recent viral illness (i.e., cold, flu, and glandular fever)? 

 

Has your Doctor ever said your blood pressure is too high? 

 

Has a Doctor ever told you that you have a bone or joint problems such as arthritis that has been 

aggravated by exercise, or might be made worse by exercise? 

 

Is there a good physical reason not mentioned here why you should not participate in the activity even 

if you wanted to? 

 

Name:          

 

Signature:        Date:     

 

Date of Birth:       
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 Medical History Questionnaire 
GRIFFITH UNIVERSITY 

Medical History Questionnaire 

Name:       
Address:       
Phone: (   )         (W) 
Phone: (   )         (H) 
 
Age:      
DOB:      
 
Please read the following questions very carefully. If 
you have any difficulty please advise the medical 
practitioner. 

 
Family History. Indicate if any of your immediate 
family (parents, brothers, sisters, grandparents) have 
experienced any of the following, the age at which 
diagnosis occurred, and their relationship to you. 

 
Relationship & Age     
High Blood Pressure     
High Cholesterol      
Stroke       
Diabetes       
Cancer       
 
Personal Medical History.  Indicate symptoms 

that apply to you. 
Pain or discomfort in chest following exercise, 

eating or exposure to cold 
Frequent heart palpitations or flutter 
Pain in lower legs when walking or climbing 

stairs 
Unusual shortness of breath 
Very poor exercise tolerance 
Frequent dizziness 
Chronic cough 
Frequent colds or flu 
Frequent headaches 
Frequent aches or pains in joints 
Frequent backache 
Other current symptoms that exercise may 

effect. 
 
Are you presently experiencing, or have you 

ever been treated by a doctor for any of the 
following allergies such as Hayfever, 
Eczema or other rashes? 

Yes 
No 
Details      

 
 
Lung Problems (Asthma/Emphysema/ 

Bronchitis/ Shortness of Breath/Other) 
Yes 
No 
Details       
 
Heart Problems (Rheumatic Fever/Chest 

Pains/Palpitations/Ankle Swelling/Other) 
Yes 
No 
Details       
 
Blood Pressure Problems 
Yes 
No 
Details       
 
Cholesterol Problems 
Yes 
No 
Details       
 
Gut Problems (Ulcer/Abdominal Pain/ 

Diarrhoea/Constipation/ Hernia/Other) 
Yes 
No 
Details       
 
Unexplained Weight Loss 
Yes 
No 
Details       
 
Urinary Problems (Burning/Difficulty with 

Control of Urine) 
Yes 
No 
Details       
 
Blood Loss (In Vomit/Sputum/Bowel  

Action/Urine) 
Yes 
No 
Details       
 
Easy Bruising 
Yes 
No 
Details       
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Endocrine Problems (Diabetes/Thyroid/Other) 
Yes 
No 
Details       
 
Fitting, Fainting, Blackouts, Muscle Weakness, 

Loss of Consciousness, Loss of Sensation. 
Yes 
No 
Details       
 
Headaches 
Yes 
No 
Details       
 
Sight or Hearing Problems 
Yes 
No 
Details       
 
Nervous Conditions 
Yes 
No 
Details       
 
Bone or Joint Injury 

(Back/knee/ankle/hip/shoulders) 
Yes 
No 
Details       
 
Other Joint problems 
Yes 
No 
Details       
 
Work Related Injuries 
Yes 
No 
Details       
 
Are you exposed to a noisy or dusty  

environment? 
Yes 
No 
Details       
 
How often do you take over-the-counter  

medications such as aspirin, etc? 
Daily 
Weekly 
Occasionally 
Never                                                                  
 

Medication. Are you taking any medication  
prescribed by your Doctor or other Health 
Care provider? If so, list details, i.e., type 
of drugs, dosage 

       
 
Sleeping Patterns. How many hours do you 

sleep on average per night? 
   Hours 
 
Do you ever have trouble falling asleep? 
Yes 
No 
Occasionally 
 
Smoking Status 
Never Smoked 
Quit smoking more than 10 years  
Quit smoking less than 10 years  
Currently Smoke (number of years            ) 
 
If currently smoking, how many cigarettes do  

you currently smoke per day? 
 
Physical activity. How many times per week 

do you exercise for at least 20-30 minutes 
continuously? 

Do not have a regular program 
Once per week 
2-3 times per week 
4-5 times per week 
more than 5 times per week 
 
Alcohol consumption. In the past two weeks  

list below how many days you consumed 
an alcoholic beverage. 

Did not drink in the past 6 months 
Did not drink in the past 2 weeks 
1-2 days 
3-4 days 
5-7 days 
8-10 days 
11-14 days 
 
In the past two weeks list how many drinks on 

average you had per day 
Did not drink in the past 6 months 
Did not drink in the past 2 weeks 
Drink 
2-3 drinks 
4-6 drinks 
7 or more drinks 
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INFORMED CONSENT FORM – Study One 

Chief Investigator(s): Contact number(s) 
 
Mark Osborne  07 3404 3224 
Dr Don Schneider  07 5594 8924 
 
Relationship between Muscle Fibre Recruitment Pattern and the Slow Component of Oxygen 

Uptake Kinetics during Heavy Exercise 
 
i The Study 
 
Purpose of the Study 
 
This study aims to determine if an increase in the recruitment of fast twitch muscle fibres results in a 

corresponding rise in the oxygen cost of high-intensity cycling. The study will also investigate the 
effect of reducing the muscle glycogen content in slow twitch fibres on the oxygen cost of high-
intensity cycling. The study will also investigate the relationship between muscle fibre recruitment 
pattern and the blood lactate threshold during incremental cycling performed with and without prior 
muscle glycogen reduction. The study will provide answers to questions regarding what is causing the 
early onset of fatigue during high-intensity exercise.  

 
Your involvement 
 
This study involves a major time commitment on your part. Ideally you would be involved in five testing 

sessions over a period of 2-3 weeks. Of course you can stop the study at any time you choose.  
 
Session One:  Determination of maximal oxygen uptake for cycling. 
Session Two:  Eight minutes of high-intensity exercise (~80% V

•
O2max) performed at a constant workrate. 

Session Three:  Glycogen-reduction protocol. 
Session Four:  Repeat of the high-intensity protocol but with the subject now in the glycogen-reduced 

state. 
Session Five:  Repeat of the maximal oxygen uptake test but with the subject now in the glycogen-

reduced state. 
 
Prior to Testing 
 
First you would come to information and familiarisation sessions to find out about the study. A registered 

medical practitioner will perform a medical examination to make sure you are healthy and able to 
participate in the study. You will also be required to undergo a number of lung function tests. 

 
Session One 
 
If you wish to continue as a potential subject, you would then do a cycle ergometer test to determine your 

fitness. This involves wearing electrodes on your chest to monitor heart rate, a mouthpiece to collect 
your expired air and a small catheter inserted into a vein in the front of your arm to measure lactate 
levels. Electrodes will also be worn on the thigh to measure muscle electrical activity. 

 
Your fitness tells us your maximum capacity and at what point during exercise your body systems start to 

become strained. A medical practitioner will be nearby throughout these tests to monitor your safety. 
 
Constant Work Rate Tests 
 
You would return on another day to undergo 8 minutes of relatively high-intensity exercise performed at a 

constant work rate. This work rate will be at a level less than that achieved during the test of maximal 
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aerobic fitness. On entry into the laboratory following an overnight fast, you would have a catheter 
inserted into one of the prominent forearm veins. The skin on the right thigh would be shaved and 
prepared for the attachment of EMG electrodes. You will begin cycling for 3 minutes at a very light 
work rate. You will then cycle for 8 minutes at a work rate just below the power output achieved in 
your test of maximal aerobic fitness. Heart rate and rhythm will be monitored continually throughout 
the test.   

 
You would return on another day to undergo the glycogen reduction protocol where you would cycle at a 

moderate work rate until exhaustion (~ 2 h). You would then be driven home and brought into the 
laboratory the following morning to undergo the same constant work rate test now in the glycogen-
reduced condition, as you will not be able to eat during this period. Two hours following the 
completion of the constant work rate test, you would be required to repeat the graded exercise test of 
Session One while still in the glycogen-reduced condition. 

 
ii Risks   
 
There is a small risk involved with maximum cycle ergometer exercise, however, a medical practitioner 

will be nearby to either prevent a problem or deal with anything that arises. These risks include 
abnormal blood pressure, nausea, dizziness, confusion, lightheadedness, abnormal heart rhythms and 
tachycardia. 

 
There is even less risk associated with the submaximal exercise tests – you will be monitored at all times 

for abnormal heart rhythm. 
 
Taking of venous blood from a vein at the front of the elbow is a very safe procedure and the person who 

performs this will be certificated to do so. Blood will be collected using sterile single-use disposable 
products (syringes and blood storage containers) to further minimize any risk of infection. 
 

iii Benefits 
 
To You 
 
From this study you will find out your exercise capacity on a cycle ergometer, your maximal aerobic 

capacity and anaerobic threshold measures. From this you will receive a list of training 
recommendations and feedback regarding cycling heart rate training zones. 

 
iv Confidentiality 
 
Your records with your name on them will be kept in a locked filing cabinet. The key will be kept with Dr 

Don Schneider. No-one other than the chief investigators will see your name and results together. 
 
Your results will be coded with a number and this will be the form that they will be collated and analysed. 
 
No other person will have access to your data except yourself and the investigators. 
 
No conference presentation or journal article will identify you by name –group results or your coded data 

will be used. 
 
v You as a Volunteer 
 
It is important to us that you freely volunteer to be part of this study. This means that you should 

understand what will be required of you and the tests you will perform. If you want to know about any 
of the procedures then don’t hesitate to ask one of the chief investigators. 

If you wish to discontinue as a subject then you should feel free to do so. There will be no future penalty 
or consequences if you decide to withdraw – this is your right at any time. 



Appendix 5 

 161

 
vi Any Matter of Concern 
 
If any aspect of the study or your participation gives you concern then please don’t hesitate to contact one 

of the Chief investigators. Their names and telephone numbers appear on the front of this information 
package.   

 
vii Feedback  
 
You will receive written and verbal feedback on completion of all the testing requirements. There will be 

the opportunity to ask questions during exercise testing sessions. 
 
 
Signatures: ..................................................................................... 
  Chief Investigator(s) Date 
 
  ..................................................................................... 
  Participant  Date 
 
  ....................................................................................  

Witness   Date 
 
NB A copy of the signed form should be given to the Participant(s) 
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INFORMED CONSENT FORM – Study Two 

Chief Investigator(s): Contact number(s) 
 
Mark Osborne  07 3404 3224 
Dr Don Schneider  07 5594 8924 
 
Effect of Reduced Blood Lactate on the Slow Component of Oxygen Uptake Kinetics during 

Exercise 
 
i The Study 
 
Purpose of the Study 
 
This study aims to determine if reduced blood lactate concentration ([La-]) results in associated changes in 

the oxygen cost of high-intensity cycling. More specifically, the aim of the study is to determine if the 
reduction in blood [La-] caused by oral acetazolamide administration is associated with a corresponding 
fall in the oxygen cost of high-intensity cycling. The study will provide answers to questions regarding 
how hard you should be training and how hard you should be racing in order to delay the onset of 
fatigue.  

 
Your involvement 
 
This study involves a major time commitment on your part. Ideally you would be involved in three testing 

sessions over a period of 3 weeks. Sessions two and three will be performed in random order. Of course 
you can stop the study at any time you choose.  

 
Session One:  Determination of maximal oxygen uptake for cycling. 
Session Two:  Eight minutes of high-intensity exercise (~80% V

•
O2max) performed at a constant work rate. 

Session Three:  Repeat of the high-intensity protocol but with reduced blood [La-] caused by oral 
acetazolamide administration. 

 
Prior to Testing 
 
First you would come to information and familiarisation sessions to find out about the study. A registered 

medical practitioner will perform a medical examination to make sure you are healthy and able to 
participate in the study. You will also be required to undergo a number of lung function tests. 

 
Session One 
 
If you wish to continue as a potential subject, you would then perform a cycle ergometer test to determine 

your fitness. This involves wearing electrodes on your chest to monitor heart rate and a mouthpiece to 
collect expired air. 

 
Your fitness tells us your maximum aerobic capacity and at what point during exercise your body systems 

start to become strained. A medical practitioner will be nearby throughout these tests to monitor your 
safety. 

 
Constant Work Rate Tests 
 
You would return on another day to undergo 8 minutes of relatively high-intensity exercise performed at a 

constant work rate. This work rate will be at a level less than that achieved during the test of maximal 
aerobic fitness. On entry into the laboratory following an overnight fast, you would have a catheter 
inserted into one of the prominent forearm veins. The skin on the right thigh would be shaved and 
prepared for the attachment of EMG electrodes. After the insertion of the venous catheter, you will 
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begin cycling for 3 minutes at a very light work rate. You will then cycle for 8 minutes at a work rate 
just below the power output achieved in your test of maximal aerobic fitness. Heart rate and rhythm 
will be monitored continually throughout the test. 

 
You would return on another occasion to undergo the same constant work rate test, however, pre-test 

procedures will change. You will be asked to take four oral 250mg doses of the drug Diamox 
(acetazolamide) over the 18 hours preceeding the constant work rate test. 

 
ii Risks   
 
There is a small risk involved with maximum cycle ergometer exercise, however, a medical practitioner 

will be nearby to either prevent a problem or deal with anything that arises. These risks include 
abnormal blood pressure, nausea, dizziness, confusion, lightheadedness, abnormal heart rhythms and 
tachycardia. 

 
There is even less risk associated with the submaximal exercise tests – you will be monitored at all times 

for abnormal heart rhythm. 
 
Taking of venous blood from a vein at the front of the elbow is a very safe procedure and the person who 

performs this will be certificated to do so. Blood will be collected using sterile single-use disposable 
products (syringes and blood storage containers) to further minimize any risk of infection. 

 
The four oral 250 mg doses of acetazolamide (Diamox) can under certain circumstances produce side 

effects including paraesthesia (an abnormal sensation as in burning), appetite loss, polyuria and an 
acidotic state if subjects do not make an effort to maintain their hydration status. Diamox is regularly 
used in the treatment of glaucoma and acute mountain sickness (AMS).  

 
iii Benefits 
 
To You 
 
From this study you will find out your exercise capacity on a cycle ergometer, your maximal aerobic 

capacity and anaerobic threshold measures. From this you will receive a list of training 
recommendations and feedback regarding cycling heart rate training zones. 

  
iv Confidentiality 
 
Your records with your name on them will be kept in a locked filing cabinet. The key will be kept with Dr 

Don Schneider. No-one other than the chief investigators will see your name and results together. 
 
Your results will be coded with a number and this will be the form that they will be collated and analysed. 
 
No other person will have access to your data except yourself and the investigators. 
 
No conference presentation or journal article will identify you by name –group results or your coded data 

will be used. 
 
v You as a volunteer 
 
It is important to us that you freely volunteer to be part of this study. This means that you should 

understand what is required of you and the tests you will perform. If you want to know about any of the 
procedures then don’t hesitate to ask one of the chief investigators. 

 
If you wish to discontinue as a subject then you should feel free to do so. There will be no future penalty 

or consequences if you decide to withdraw – this is your right at any time. 
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vi Any Matter of Concern 
 
If any aspect of the study or your participation gives you concern then please don’t hesitate to contact one 

of the Chief investigators. Their names and telephone numbers appear on the front of this information 
package.   

 
vii Feedback  
 
You will receive written and verbal feedback on completion of all the testing requirements. There will be 

the opportunity to ask questions during exercise testing sessions. 
 
 
Signatures: ..................................................................................... 
  Chief Investigator(s) Date 
 
  ..................................................................................... 
  Participant  Date 
 
  ....................................................................................  

Witness   Date 
 
NB A copy of the signed form should be given to the Participant(s) 
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INFORMED CONSENT FORM – Study Three 
 
Chief Investigator(s): Contact number(s) 
 
Mark Osborne  07 3404 3224 
Dr Don Schneider  07 5594 8924 
 
Relationship between Muscle Fibre Recruitment Pattern and the Slow Component of Oxygen 

Uptake Kinetics during Heavy Exercise 
 
i The Study 
 
Purpose of the Study 
 
This study aims to determine if a change in the recruitment of fast twitch muscle fibres as a result of 

changing pedal cadence results in a corresponding change in the oxygen cost of high-intensity cycling. 
The study will also investigate the relationship between motor unit recruitment pattern and the blood 
lactate threshold during incremental cycling. The study will provide answers to questions regarding 
what is causing the early onset of fatigue during high-intensity exercise.  

 
Your involvement 
 
This study involves a major time commitment on your part. Ideally you would be involved in four testing 

sessions over a period of 2-3 weeks. Trials two, three and four will be performed in random order. Of 
course you can stop the study at any time you choose.  

 
Session One:  Determination of maximal oxygen uptake for cycling. 
Session Two:  Eight minutes of high-intensity exercise (~80% V

•
O2max) performed at 75 rev·min-1 at a 

constant work rate. 
Session Three:  Same as Session Two but at a cadence of 50 rev·min-1. 
Session Four:  Same as Session Two but at a cadence of 100 rev·min-1. 
 
Prior to Testing 
 
First you would come to information and familiarisation sessions to find out about the study. A registered 

medical practitioner will perform a medical examination to make sure you are healthy and able to 
participate in the study. You will also be required to undergo a number of lung function tests. 

 
Session One 
 
If you wish to continue as a potential subject, you would then do a cycle ergometer test to determine your 

fitness. This involves wearing electrodes on your chest to monitor heart rate, a mouthpiece to collect 
your expired air and a small catheter inserted into a vein in the front of your arm to measure lactate 
levels. Electrodes will also be worn on the thigh to measure muscle electrical activity. 

 
Your fitness tells us your maximum capacity and at what point during exercise your body systems start to 

become strained. A medical practitioner will be nearby throughout these tests to monitor your safety. 
 
Constant Work Rate Tests 
 
You would return on another day to undergo 8 minutes of relatively high-intensity exercise performed at a 

constant work rate. This work rate will be at a level less than that achieved during the test of maximal 
aerobic fitness. On entry into the laboratory following an overnight fast, you would have a catheter 
inserted into one of the prominent forearm veins. The skin on the right thigh would be shaved and 
prepared for the attachment of EMG electrodes. You will begin cycling for 3 minutes at a very light 
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work rate. You will then cycle for 8 minutes at a work rate just below the power output achieved in 
your test of maximal aerobic fitness. Heart rate and rhythm will be monitored continually throughout 
the test. This test will be performed under three different conditions; at 50 rev·min-1, 75 rev·min-1 and at 
100 rev·min-1. 

 
ii Risks   
 
There is a small risk involved with maximum cycle ergometer exercise, however, a medical practitioner 

will be nearby to either prevent a problem or deal with anything that arises. These risks include 
abnormal blood pressure, nausea, dizziness, confusion, lightheadedness, abnormal heart rhythms and 
tachycardia. 

 
There is even less risk associated with the submaximal exercise tests – you will be monitored at all times 

for abnormal heart rhythm. 
 
Taking of venous blood from a vein at the front of the elbow is a very safe procedure and the person who 

performs this will be certificated to do so. Blood will be collected using sterile single-use disposable 
products (syringes and blood storage containers) to further minimize any risk of infection. 
 

iii Benefits 
 
To You 
 
From this study you will find out your exercise capacity on a cycle ergometer, your maximal aerobic 

capacity and anaerobic threshold measures. From this you will receive a list of training 
recommendations and feedback regarding cycling heart rate training zones. 

 
iv Confidentiality 
 
Your records with your name on them will be kept in a locked filing cabinet. The key will be kept with Dr 

Don Schneider. No-one other than the chief investigators will see your name and results together. 
 
Your results will be coded with a number and this will be the form that they will be collated and analysed. 
 
No other person will have access to your data except yourself and the investigators. 
 
No conference presentation or journal article will identify you by name –group results or your coded data 

will be used. 
 

v You as a Volunteer 
 
It is important to us that you freely volunteer to be part of this study. This means that you should 

understand what will be required of you and the tests you will perform. If you want to know about any 
of the procedures then don’t hesitate to ask one of the chief investigators. 

If you wish to discontinue as a subject then you should feel free to do so. There will be no future penalty 
or consequences if you decide to withdraw – this is your right at any time. 

 
vi Any Matter of Concern 
 
If any aspect of the study or your participation gives you concern then please don’t hesitate to contact one 

of the Chief investigators. Their names and telephone numbers appear on the front of this information 
package.   

 
vii Feedback  
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You will receive written and verbal feedback on completion of all the testing requirements. There will be 
the opportunity to ask questions during exercise testing sessions. 

 
Signatures: ..................................................................................... 
  Chief Investigator(s) Date 
 
  ..................................................................................... 
  Participant  Date 
 
  ....................................................................................  

Witness   Date 
 
NB A copy of the signed form should be given to the Participant(s) 
 

 


