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Abstract 

The purpose of this study was to determine i f maximum oxygen consumption ( V 0 2 m a x ) 

could be achieved during exercise at all intensities above critical power (CP). Following 

determination of V O , m a x , 10 well-trained, competitive male cyclists ( V 0 2 m a x 63.3 ± 5.7 

ml-kg" -min") completed 5 performance rides to exhaustion on an electrically braked 

cycle ergometer. These constant load rides were designed to elicit exhaustion in 

approximately 8, 12, 15, 18, and 21 minutes and were, therefore, referred to as CL8, 

CL12, CL15, CL18 and CL21 respectively. Peak oxygen consumption ( V O , p e ak) was 

significantly lower than V O , m a x during CL15, CL18 and CL21 (pO.001), and V0 2 peak 

decreased in a stepwise pattern across these 3 rides. Similarly, peak blood lactate 

concentration (B[La~]peak) decreased during these 3 performance rides. However, there 

were no differences in peak blood ammonia concentration (B[NH3]peak) across rides. 

Therefore, in this group of well-trained cyclists, V 0 2 m a x was not achieved at all 

intensities above CP. The values of V 0 2 p e a k and B[La1 p e ak were not adequate indicators 

of exhaustion across performance rides, but B[NH 3] measurement appeared to be a 

promising tool for monitoring the fatigue process of well-trained athletes. 

i n 
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CHAPTER 1: INTRODUCTION 

Background 

Sports scientists have been creating models of athletic performance for decades. 

Generally, models are developed as predictive or explanatory tools, which simplify a 

complex set of inter-related events (Olds, 2001). Some models of athletic performance, 

such as the critical power (CP) concept, have been developed to predict performance 

directly from the overall relationship between exercise intensity and time to exhaustion 

(Monod and Scherrer, 1965; Moritani et al., 1981). Others have attempted to describe the 

physiological components that influence the onset of exhaustion, thereby enabling a 

greater awareness of the factors that contribute to performance (Coyle, 1995; Peronnet 

and Thibault, 1989). Both approaches have added to the current understanding of exercise 

sustainability during competition, and the information gained from these models has been 

applied in a very practical way to improve training techniques. 

Hil l (1925) originally described the curvilinear relationship between performance 

speed and event completion time, and noted that the model of speed versus time could be 

roughly expressed as a series of essentially linear compartments with systematically 

declining slopes. A prominent decrease in slope was observed for events lasting longer 

than 10 minutes and Hil l (1925) suggested that such breaks in linearity represented 

changes in the primary determinants of fatigue during maximal exercise. Monod and 

Scherrer (1965) observed a similar relationship between power output and time to 

exhaustion during exercise involving small muscle mass. Without speculating on what 

caused the relationship, they reported that it was best described by a rectangular 
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hyperbola. A later investigation verified that this relationship also existed during 

whole body exercise (Moritani et al., 1981). The power asymptote of the hyperbolic 

relationship was termed critical power (CP) because it was thought to represent the 

largest constant load power output that could be maintained for "a very long time without 

fatigue" (Monod and Scherrer, 1965, p. 329). Since the original definition of CP. 

researchers have identified other mathematical models that can describe the power-time 

relationship (Gaesser et al., 1995) and several methodological factors that influence CP 

estimation have been identified, including the length and number of tests used in the 

chosen model (Bishop et al., 1998; Hil l , 1993). In the literature, the measured 

sustainability of CP has varied between 15 and 60 minutes (Hill, 1993), which highlights 

the importance of understanding the impact that methodological changes can have on CP 

estimates. Due to the many different methodologies that have been used to model CP, 

and the wide range of resultant CP estimates, some have questioned its value as a marker 

of sustainable exercise and suggested that measurement of a physiological variable would 

be a more consistent indicator of true exercise sustainability. The maximal lactate steady 

state (MLSS) concept was proposed as a means of monitoring exercise intensity using 

blood lactate concentration (B[La"]), and it stated that maximum sustainable constant load 

exercise was demarcated by an individual's ability to establish an equilibrium in B[La~] 

(Heck et al., 1985). However, a consistent operational definition of steady state B[La"] 

has not been established in the literature, nor has a standard method of determining 

MLSS. Research has demonstrated that, depending on the methodology and definition 

used to identify MLSS, the power output associated with this response can be maintained 



3 

for 45 to 60 minutes in healthy subjects (Aunola and Rusko, 1992; Kindermann 

et al., 1979; Scammell and Smith, 1998). As a result of the methodological 

inconsistencies described above, comparisons of CP and MLSS have produced 

conflicting reports regarding the similarity of these two variables (Housh et al., 1989; 

McLellan and Cheung, 1992; Pepper et al., 1992; Poole et al., 1988; Rowell et al., 1996). 

In some investigations CP overestimated MLSS by 12-19% (McLellan & Cheung, 1992; 

Housh et al., 1989), while others reported that CP, calculated using a wider range of test 

lengths, was the power output that elicited MLSS (Poole et al., 1990; Tegtbur et al., 

1993). Therefore, while some methodologies may result in a CP estimate that 

approximates the power output associated with MLSS, formal classification of exercise 

intensity has been based on the changes in physiological variables that are commonly 

observed as constant load exercise becomes more challenging. 

Different oxygen consumption ( V O 2 ) and blood lactate concentration (B[La"]) 

response profiles have been used to define categories of exercise intensity (Barstow, 

1994; Gaesser and Poole, 1996; Whipp, 1994). The highest range of intensities elicits a 

continuous increase in V O 2 and B[La"] throughout performance (Gaesser and Poole, 

1996) and this domain of exercise intensity has been named severe exercise because of 

the extreme metabolic consequences associated with a continuous accumulation of blood 

lactate (Gaesser and Poole, 1996). Due to the continuous increase in B[La"], all severe 

endurance exercise occurs at intensities above MLSS and can be maintained for 

approximately 2.5 to 60 minutes (Katz and Katz, 1994; Aunola and Rusko, 1992). It has 

also been suggested that the V O 2 response during all constant load exercise above MLSS 
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will inevitably result in the achievement of maximum oxygen consumption 

( V O 2 m a x ) at exhaustion (Gaesser and Poole, 1996; Whipp, 1994). In contrast, constant 

load intensities below MLSS are expected to elicit a delayed steady state in V O 2 and 

B[La"]. That is, neither variable is expected to reach steady state within the first 3 

minutes of exercise, as is observed during exercise at lower intensities (Whipp and 

Wasserman, 1972). Since there is significant metabolic disturbance during the transition 

to this delayed steady state, exercise within this zone of intensity has been termed 'heavy' 

(Gaesser and Poole, 1996). The ability to establish an equilibrium suggests that the 

energy demands of heavy intensities can be sustained for an extended period of time 

(Heck et al., 1985). 

Although some investigators believe that the CP model can be accurately applied 

to the full range of severe exercise intensities, Ettema (1966) suggested that the 

hyperbolic model of power versus time could not be applied to all performances within 

the domain of severe intensity. His data demonstrated that the CP model did not 

accurately describe world record swimming and skating times for events lasting less than 

4 minutes or greater than 30 minutes. Similarly, Jacobson (1998) reported that an 

individual's speed-time relationship during cycling time trials lasting 4 to 35 minutes 

could be divided into 2 distinct segments to obtain more accurate predictions of time trial 

completion. Based on statistical analysis of the performance characteristics that best 

described each segment, Jacobson (1998) concluded that the physiological conditions 

determining exhaustion within this time frame might change. In combination, these 

results suggest that the predictive accuracy of the hyperbolic CP model may be 
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compromised by applying it to the wide range of intensities included in the 

severe endurance exercise domain (i.e. 2.5 to 60 minutes). 

There is evidence that the patterns of VCh and B[La~] response to exercise 

intensities above CP may not be matched at all times. Studies in which well-trained or 

elite athletes were observed, have reported the occurrence of a delayed steady state V O 2 

during exhaustive treadmill running at intensities above critical speed (Billat et al., 

1998a; Billat et al., 1998b). Despite the fact that VCh did not rise throughout exercise, 

exhaustion occurred in 10-20 minutes, suggesting that the achievement of V O 2 steady 

state was not an indicator of sustainable exercise in these runners and that the method 

used to estimate critical speed may have resulted in an over-estimate of MLSS. Although 

B[La"] was not measured throughout exercise, values observed at exhaustion (6.5±2.1 and 

7.2±1.9 ramol-r1) were higher than those typically reported during exercise at MLSS 

(Heck et al., 1985, Tegtbur et al., 1993) but significantly lower than the maximum B[La"] 

observed during incremental exercise. Another investigation observed steady state V O 2 

during 24 minutes of cycling at CP, but steady state B[La"] was observed only during the 

final 5 minutes of exercise (Poole et al., 1988). However, an equilibrium in B[La"] has 

typically been identified following at least 15 to 20 minutes of observed steady state, 

which was defined as a change of less than 1 mmolT 1 in B[La"] (Heck et al., 1985). 

Although other definitions of steady state B[La"] have been suggested, this remains the 

minimum acceptable standard for identifying MLSS. Therefore, the observations of 

Poole et al. (1988) suggest that, during exercise at or slightly above CP, the attainment of 

steady state V O 2 may not always be accompanied by an equilibrium in B[La"] and 



neither variable necessarily reaches its maximum value at exhaustion. As a 

result, the limits of the CP model may not correspond to the limits of severe exercise and 

neither peak V O 2 nor peak B[La~] may be accurate indicators of exhaustion at all 

intensities above CP. 

In other instances where peak B[La"] has not been an accurate predictor of fatigue 

(i.e. glycogen depletion or prolonged exercise), blood ammonia concentration (BrNFL]) 

has been proposed as a possible indicator of exercise intensity (Graham and MacLean, 

1992; Czarnowski et al., 1994; Greenhaff et al., 1991). While several studies have 

described the BfNFU.] response to constant load exercise during sprint performances and 

sub-maximal heavy exercise (Schlicht, 1990; Urhausen and Kindermann, 1992; Ogino et 

al., 2000), measures of BrNFL] during repeated bouts of high intensity endurance 

exercise have not been reported. Therefore, characterization of the B[NFL] response to 

exhaustive constant load exercise at intensities greater than CP may help to determine if 

B[NH3] is also an adequate indicator of exercise intensity for this range of power outputs. 

Statement of Problem 

Evidence within the current literature fails to adequately support the hypothesis 

that all severe endurance exercise results in similar V O 2 and B[La"] response patterns 

(Billat et al., 1998a; Poole et al., 1988). There is also a lack of empirical evidence to 

support the claim that all individuals will achieve V O : m a x during severe exercise, defined 

as any power output above that associated with MLSS (Gaesser & Poole, 1996). The 

appropriateness of applying the hyperbolic CP model to all exercise intensities above 
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MLSS has also been questioned (Ettema, 1966; Jacobson, 1988). A direct 

investigation of VCh and B[La~] responses to exercise intensities above CP is required to 

determine if there are severe intensities for which VCh m a x cannot be achieved, and to 

determine whether previously observed changes in the power-time relationship coincide 

with significant physiological changes in the response to constant load exercise. In 

addition, the BfNTL] response to these exercise bouts should be measured to determine i f 

this variable is superior to B[La"] in predicting exhaustion at these intensities. 

Research Questions 

The primary purpose of this investigation is to determine whether or not 

exhaustive constant load exercise at intensities greater than CP is consistently 

characterized by the achievement of VCh m a x in well-trained cyclists. In addition, the 

study is designed to determine if there are significant changes in the VCh , B[La"] or 

B[NH 3 ] responses to these exercise intensities. The following research questions were 

developed with these purposes in mind. 

1. Is V O 

2 max achieved during all exhaustive cycling within the range of 

intensities currently defined as severe exercise? 

2. As exercise intensity is varied to elicit exhaustion within the range of 

approximately 8 to 21 minutes, do any significant changes occur in peak 

oxygen consumption, peak blood lactate concentration, or peak blood 

ammonia concentration? 
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Statement of Hypotheses 

Based on coincidental reports in the current literature (Billat et al., 1998a; 1998b) 

and results observed during pilot testing, the primary hypothesis was that VCh m a x would 

not be achieved at exhaustion when cycling bouts were greater than 12 to 15 minutes in 

length. Therefore, the definition of severe exercise proposed by Gaesser and Poole 

(1996) would require modification. In addition, overall results were expected to indicate 

that the intensity at which VCh m a x could no longer be achieved would correspond with 

previously observed changes in the relationship between performance speed and exercise 

time (Jacobson, 1998). These results may support Hill 's original hypothesis (1925) that 

the physiological determinants of fatigue are frequently changing as the duration of 

exercise increases. 

Regarding the measurement of blood variables, pilot data suggested that, despite a 

continuous increase in B[La~] throughout each performance ride, peak B[La"] would 

decrease in proportion to reductions in exercise intensity, resulting in a correlated 

relationship between peak V O 2 and peak B[La"]. In contrast, based pilot testing changes 

in B[NH3J were not expected to be significantly different between ride 



CHAPTER 2: LITERATURE REVIEW 

Defining Maximum Oxygen Consumption 

Hill and colleagues originated the concept that the body has a finite capacity to 

consume oxygen for the purposes of energy production (Hill and Lupton, 1923). Since 

then, scientists have employed several different approaches to testing this hypothesis, 

which have resulted in various theoretical and practical definitions for the term 

'maximum oxygen consumption'. 

Theoretical Definitions 

Maximum oxygen consumption (VO2 m a x ) has traditionally been defined as the 

maximum rate at which oxygen can be taken up and used by the body during exercise, 

is considered the 'gold standard' indicator of the maximum rate of aerobic energy 

turnover, as well as the most precise marker of the combined functional capabilities of 

the lungs, cardiovascular system and muscle mitochondria (Saltin and Strange, 1992). 

The complete process of oxygen delivery in the blood and utilization by the working 

muscle has been mathematically represented in two different equations. The Fick 

equation (Equation 1) describes the process in relation to measurement of the 

cardiovascular system, where Qmax is maximal cardiac output in L-min" and (a-v)02d 

is the difference in oxygen content between arterial and venous blood. 

V 0 2 m a x = Q m a x x ( a - v ) 0 2 d i f f (1) 

Alternatively, the ventilation equation (Equation 2) expresses oxygen 

consumption from a respiratory, rather than a cardiovascular perspective. In this case, 
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VCh (L-min"1) is expressed as a function of the differences in volume and 

composition between inspired and expired air, where V, STPD represents the total 

volume of air inspired during the sampling period, EO, is the fraction of oxygen 

contained in that air, and V E STPD and F E O , respectively account for the volume and 

fraction of expired air during the same time period. 

VCh = (V, STPD x F , 0 2 ) - ( V E STPD x F E 0 2 ) (2) 

Practical Definitions 

Regardless of the measurement paradigm, during incremental exercise testing, 

V O 

- max c a n be identified by a plateau in V O 2 , despite an increased exercise intensity 

(Hill and Lupton, 1923). Periodically, this practical definition has been challenged 

(Noakes, 1997) but a V O 2 plateau is still considered the criterion indicator of the 

achievement of V O 2 m a x (Bassett and Howley, 1997). The term 'plateau' has been used 

with varying degrees of rigour in different research projects. Some researchers have 

required an absolute plateau or decrease in V O 2 , while others have considered a change 

of less than 150 ml-min"1 (Taylor et al., 1995) an adequate indicator of the inability to 

increase aerobic energy production. Generally, the required accuracy of the V O 2 m a x 

estimate determines the measurement technique and the operational definition of 

maximum oxygen consumption. In elite athletic performance prediction, the 

measurement of all energy production must be extremely sensitive and reproducible 

because very small differences in performance capabilities tend to distinguish the most 
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successful competitors from the rest of the field. Therefore, a standardized and 

rigourous protocol is required for determining VCh m a x in these individuals. 

Clearly, not all individuals who perform a graded exercise test are capable of 

achieving the criterion plateau in VCh . In fact, 30-95% of subjects performing an 

incremental exercise test achieve true VCh m a x values (Bassett and Howley, 1997). The 

percentage varies with the protocol used, the age and fitness of the participants, and 

whether absolute plateaus or cut off criteria (i.e. < 54, 80 or 150 ml-min"1 change in VCh 

with increased work rate) were used to determine VCh m a x (Astrand, 1960; Mitchell et al., 

1958; Taylor et al., 1955). For the purposes of testing well-trained individuals, the 

British Association of Sport and Exercise Sciences (BASES) has defined a plateau as an 

increase in VCh less than 2 ml-kg"1-min"1 or 5% in response to an increase in exercise 

intensity. In cases where a subject does not achieve VCh plateau, other practical 

methods of estimating VCh m a x have been established (BASES, 1988). 

1. Heart rate (HR) within 10 bmuT 1 of age-predicted maximum 

2. Respiratory exchange ratio (RER) greater than 1.15 

3. Peak blood lactate concentration greater than 8.0 mmolT 1 

4. Physical or verbal manifestations of severe fatigue and/or the athlete reaches 

volitional fatigue 

Alternatively, VCh can be confirmed as maximal using additional testing, such as 

supra-maximal constant load exercise. If VCh p e ak during this type of test does not exceed 
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incremental V O 2 p e ak by more than 150 ml-min"1 then it can be called 'maximal' 

(Stachenfeld etal., 1992). 

Measuring Maximum Oxygen Consumption 

While there is still some debate surrounding the theory and terminology of 

maximum oxygen consumption, it has been overshadowed in recent years by the quest 

for a measurement technique that accurately and conveniently represents changes in 

oxygen consumption throughout exercise. Technological advances have created 

opportunities for ventilation and oxygen consumption to be measured in extremely short 

time intervals, which may not represent the overall response to a particular bout of 

exercise. Therefore, scientists must now consider many aspects of their measurement 

methodology when assessing the validity and reliability of their results, including the 

influence of measurement techniques, sampling intervals and exercise testing protocols. 

Influence of Physiological System Monitored 

Oxygen consumption can be determined directly, from cardiovascular 

measurements, or indirectly, from respiratory measurements. The direct method, based 

on Equation 1, requires sampling of arterial blood from the brachial artery and venous 

blood from the right atrium. The sampling lines required for this procedure must be 

surgically inserted. Q m a x is determined from venous blood flow in the right atrium, 

while arterial and venous blood samples are analyzed for oxygen content and the 

difference between the two is calculated to obtain (a- v) O2 diff (Davis, 1995). Respiratory 

methods measure F E 0 , and V E STPD during each sampling interval by collecting all 
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expired air through a specially designed mouthpiece, equipped with a two-way 

non-rebreathing valve. Differences between inspired and expired O2 content are 

calculated using Equation 2 (Davis, 1995). Respiratory methods, though indirect and 

slightly less precise, are far more common because they do not involve the invasive 

surgical procedures required by the direct method (Davis, 1995). 

Influence of Mechanical Systems for Indirect Measurement 

Open circuit spirometry, where room air is inspired and expired air is collected for 

analysis, is the most common method of measuring V O 2 during exercise testing. The 

first data collection systems only allowed measurement of average V O 2 during extended 

sampling times (usually 1 minute) because all breaths within the sampling interval were 

collected in large, airtight balloons (Davis, 1995). Following collection, this mixed 

expired air was processed in a volumetric gas analyzer to determine the total volume of 

expired air as well as its fractions of O2 and carbon dioxide ( C O 2 ) (Davis, 1995). A 

mixing chamber has now replaced the gas collection balloon, and electronic O2 and C O 2 

analyzers continuously sample and analyze the expired air in the mixing chamber (Jones, 

1984). In addition, the volumetric analyzer has been replaced by a pneumotachometer, 

which measures airflow during each expiration and calculates extrapolated minute 

ventilation (V E in L-min"1), rather than directly measuring the volume of air expired 

(Lamarra and Whipp, 1995). A computer microprocessor typically stores ventilation 

and gas fraction data so that time-aligned calculation of ventilation, O2 consumption, 

C O 2 production and other variables of interest can be automatically performed (Hansen 
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et al., 1988). These technological advances have made it possible to obtain 

average VCh values using on-line data collection, with samples collected, analyzed and 

calculated on a per breath basis. Single breath data can then be averaged over almost any 

time interval to obtain average VCh for the specified time period. The most common 

time intervals are 15 and 30 seconds but averaging can occur over as little as 5 seconds 

and as much as 2 minutes. The advantage of using shorter time intervals is that changes 

in the oxygen consumption response may be more visible (Myers et al., 1990). However, 

the variability of the data also increases as the averaging interval is decreased (Lamarra et 

al., 1987). This is due to the fact that smaller amounts of information are included in 

each averaging interval, making the influence of each piece of information proportionally 

greater in the final calculation. Therefore, measurement error can become inflated. 

Previous research found that VCh measures differed by as much as 20% due to changes 

in the sampling interval (Myers et al., 1990). Therefore, exercise scientists often select 

the largest possible averaging interval that will generate an acceptable representation of 

the VCh response. When shorter sampling intervals are required for precision, single 

breath data is often analyzed for statistical outliers, or unrealistic data points, so that those 

breaths can be eliminated from the averaging process (Bearden & Moffatt, 2001). 

The technological advances described above have allowed exercise scientists to 

achieve a high degree of measurement accuracy in estimating aerobic energy production. 

However, the ability to measure very small changes in VCh has created an even greater 

need to understand the influence of different protocols on test results. Several studies 
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have examined the influence of exercise mode, total test length and work 

loading patterns on estimates of V O 2 m a x . 

Influence of Exercise Mode 

The two most popular modes of exercise testing are cycle ergometry and running 

on a motor driven treadmill. In both cases, exercise intensity can be precisely quantified 

and manipulated. Maximal V O 2 values are typically 5-10% higher during treadmill 

running than during cycle ergometery, which could be due to differences in exercising 

muscle mass or the onset of local muscle fatigue during cycling (Buchfuhrer et al., 1983; 

Davis, 1995; Hermansen and Saltin, 1969). Although no definite explanation for this 

difference was determined, these observations lead investigators interested in measuring 

performance capabilities to match the mode of exercise used for testing to the activity 

most commonly performed by the subject (Davis, 1995). 

Influence of Loading Pattern 

The magnitude of the achieved V O 2 m a x score can also be influenced by the 

method of load application during an exercise test (Buchfuhrer et al., 1983; Fernandez et 

al., 1974; Takaishi et al., 1992). The selection of constant or progressive loading depends 

on the subject's fitness, training history and the typical intensity of his or her athletic 

performances. For example, V O 2 m a x can be estimated from a single bout of exercise at a 

high, constant workload such as the maximum power output achieved during incremental 

exercise (MIP). These tests are typically short (< 4 minutes) and may elicit a higher 

V O 2 than observed during the same workload at the end of an incremental test 
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(Fernandez et al., 1974). Researchers have hypothesized that constant load 

exercise requires a greater V O 2 per unit of work than incremental loading because the 

aerobic energy system is not capable of instantaneous adjustment to changes in energy 

demand (Fernandez et al., 1974; Hansen et al., 1988). Attainment of a higher V O 2 

during constant load exercise may be more likely in cases where participants were unable 

to achieve a V O 2 plateau during incremental exercise (Green and Patla, 1992). 

However, selecting an appropriate load for a subject who has never performed maximal 

exercise testing may be challenging. Consequently, exercise scientists often prefer to 

initially use a progressive loading technique, using subsequent constant load exercise at 

MIP to verify the achievement of V O 2 m a x if necessary. 

In cycle ergometry it is also possible to manipulate the load during an exercise 

test by altering the subject's pedal cadence (Hermansen and Saltin, 1969). This 

technique alters the force production required to maintain a particular power output, 

resulting in changes to the mechanical efficiency of the exercise. Research results 

indicate that the highest V O 2 m a x scores for individuals cycling at several different 

cadences are achieved when frequencies of 60-70 r-min"1 are maintained (Hermansen and 

Saltin, 1969). Interestingly, these conditions have not been demonstrated as the most 

economical means of competitive cycling and, therefore, are considered uncomfortable 

and ineffective among experienced athletes (Hermansen and Saltin, 1969). As a result, 

exercise scientists have often attempted to control for the influence of mechanical 
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efficiency on VCh by requiring athletes to complete all testing sessions using 

the same pedal cadence (Davis, 1995). 

Influence of Increment Rate and Magnitude During Progressive Loading 

Regardless of the exercise mode, the total length of an incremental exercise test 

can alter the magnitude of V O 2 m a x values achieved. In various research projects, test 

length was most influenced by the rate of workload increment, the magnitude of the 

increments (step protocols), and whether a continuous or discontinuous protocol was 

utilized (Buchfuhrer et al., 1983; Hansen et a l , 1988; Kenney, 1995). During treadmill 

running and cycle ergometry, Buchfuhrer and colleagues (1983) conducted a series of 

graded exercise tests, using step protocols with different rates of change in workload to 

manipulate test length (i.e. 25-35 watt increments; 1-3 minutes between steps). They 

found that the highest V O 2 m a x values were attained in tests where rates of change were 

large enough to induce exhaustion in 8 to 17 minutes (Buchfuhrer et al., 1983). 

Following statistical analysis, they recommended that work rate changes be selected to 

drive subjects to their limit of exercise tolerance in 10 ± 2 minutes of continuous work 

(Buchfuhrer et al., 1983). Similar results have been found in research projects where 

ramp increases in work were performed (i.e. continuous increase in power at a rate of lor 

2 watts per second) (Hansen et al., 1988; Takaishi et al., 1992). Comparison of results 

from tests with different ramp slope increments performed by the same individuals 

revealed that, although there was no difference between the V O 2 m a x scores of these tests, 

the power output corresponding to V O 2 m a x became significantly higher as the ramp slope 
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increased. Investigators concluded that the optimum ramp slope would elicit 

exhaustion in 8-10 minutes, thereby reducing the relative anaerobic energy contribution 

observed in tests with steeper slopes and shorter times to exhaustion (Hansen et al., 

1988). Despite the fact that V C h plateau is more common in discontinuous protocols 

(Kenney, 1995), continuous incremental exercise is still the most popular form of 

measuring VCh m a x . Continuous protocols are much more practical because they are less 

time consuming and they more accurately simulate the competitive circumstances of 

many athletes. Therefore, the estimates of maximal aerobic power obtained using 

continuous protocols are much more representative of an individual's competitive 

performance capabilities. 

Classifying Exercise Intensity During Constant Loading 

Patterns of physiological response to constant load exercise have been well 

established in the literature (Barstow, 1994; Poole et al., 1994). The VCh and B[La ] 

responses to constant load cycling at different intensities are illustrated in Figure 1 

(Gaesser and Poole, 1996). Exercise scientists have used the distinct differences in these 

response profiles as a means of defining three zones of exercise intensity, which have 

been labeled moderate, heavy and severe. 
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Figure 1: Typical responses of B[La"] (A) and VCh (B) to different exercise intensities. 
Continuous increases in VCh and B[La"] must be achieved for exercise 
intensity to be considered severe (Gaesser and Poole, 1996). 

Moderate Exercise: Oxygen Consumption Response 

The rapid achievement of steady state VCh that is characteristic of moderate 

exercise is illustrated in Figure IB. The rise in V O 2 is completed within the first 2-3 

minutes of exercise, at which point the steady state VCh is thought to indicate the 

aerobic system's ability to meet the oxygen requirement of the exercise (Whipp, 1972). 

Moderate Exercise: Blood Lactate Response 

Moderate exertion is also characterized by the maintenance of resting B[La] 

throughout exercise, as seen in Figure 1A. Exercise scientists believe that the aerobic 

system is able to adapt quickly enough to the energy demands of these intensities that 

transient increases in B[La"] at the onset of exercise are quickly eliminated through 

buffering or other forms of metabolism (Wasserman, 1967). 
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Heavy Exercise: Oxygen Consumption Response 

Heavy exercise results in the delayed achievement of steady state VCh (Figure IB). 

Once steady state is achieved, V O 2 values typically exceed those predicted from the 

V O 2 -work rate relationship established at moderate intensities. This portion of the V O 2 

response curve (see marked areas in Figure IB) has been termed the slow component of 

V O 2 because its gradual progression contrasts with the rapid increase in V O 2 that occurs 

at the onset of exercise. 

It has been suggested that the slow component accounts for any rise in V O 2 that 

occurs following the third minute of exercise (Whipp and Wasserman, 1972; Gaesser and 

Poole, 1996). However, mathematical modeling of the V O 2 response has demonstrated 

that this method underestimates the magnitude of the slow component because its onset 

occurs within a range of 60 to 180 seconds (Barstow and Mole, 1991; Bearden and 

Moffatt, 2001). Although the origin of this 'excess V O 2 ' has not yet been clearly 

identified, the most compelling evidence to date supports the theory that the slow 

component predominantly reflects changes in V O 2 at the level of the exercising muscles 

(Poole et al., 1991). Simultaneous recordings of pulmonary and muscular V O 2 , at the 

exercising leg, have revealed that the changes observed in leg V O 2 account for 86% of 

the rise in pulmonary V O 2 (Poole et al., 1991). In support of these conclusions, training 

studies have demonstrated that the magnitude of the slow component is reduced at the 

same absolute intensity following endurance training. Increased aerobic power and 

lactate capacity following training indicated that the 'extra' O2 requirements of the 
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exercising muscles were reduced at the same intensity (Womack et al., 1995). 

Other research demonstrated that the V O 2 slow component was larger in cycling than in 

running (Billat et al., 1998b). This provided additional indirect support for Poole's 

(1991) hypothesis because relative muscular O2 requirements were likely larger when a 

much smaller proportion of muscle mass was used to perform a task. However, more 

research is required to determine the exact relationship between muscle fatigue and V O 2 . 

Heavy Exercise: Blood Lactate Response 

The lower boundary of the heavy intensity zone corresponds to the upper limit of 

moderate exercise and represents the transition to increased B[La~] during exercise 

(Gaesser and Poole, 1996). Transient accumulation of lactate results from the large 

anaerobic contribution to energy demands at the onset of exercise. A new steady state 

B[La"] is achieved once the production of aerobic energy has risen to meet the oxidative 

demands of the exercising muscles (Astrand, 1960). A l l heavy exercise results in the 

achievement of new steady state B[La~] (Figure 1 A), although the process may be 

delayed as exercise intensity increases. Therefore, the upper limit of heavy exercise is 

represented by the highest intensity for which equilibrium between lactate production and 

removal can be achieved (Gaesser and Poole, 1996). This intensity is referred to as 

maximal lactate steady state (MLSS) (Heck et al., 1985). 

Heavy Exercise: Blood Ammonia Response 

A continuous increase in blood ammonia concentration (BPMH3]) appears to be 

characteristic of constant load exercise at heavy intensities (Graham et al., 1987; Ogino et 
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al., 2000; Yges et al., 1999). Banister and several of his associates observed 

that the first significant changes in B f N f y occurred at much lower exercise intensities 

than did changes in B[La"] (Banister et al., 1983), suggesting that BfNI-y may also 

increase during moderate exercise. 

Ammonia has been proposed as a potential contributor to exercise-induced fatigue 

because of its known effects on the central nervous system and muscle function (Banister 

et al., 1985; Mutch and Banister, 1983). Increases in ammonia concentration have been 

associated with decreased neurotransmitter synthesis and decreased adenosine 

triphosphate (ATP) availability in the brain (Banister and Cameron, 1990; Banister et al., 

1985). At the muscle level, ammonia accumulation appears to be related to decreased 

force production and firing rates in motor units, increased glycolysis, and decreased ATP 

production (Mutch and Banister, 1983; Triplett et al., 1991). 

There are two potential sources of ammonia production in the human body: i) the 

deamination of adenosine monophosphate (AMP), by the enzyme adenylate deaminase, 

to form inosine monophosphate (IMP), and ii) the oxidation of mobilized amino acids, 

including dietary protein and branched chain amino acids (BCAA) (Graham and 

MacLean, 1992). Both forms of production become most active when major energy 

generation pathways are overloaded, but the influences of exercise intensity and duration 

on the these sources of ammonia are still not well understood. 
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Severe Exercise: Oxygen Consumption Response 

Severe exercise includes the full range of intensities that elicit a continuous 

increase in VCh and B[La~] throughout performance, as shown in Figure 1 (Gaesser and 

Poole, 1996). The primary distinguishing factor of severe exercise is the failure of V O 2 

to stabilize during an exhaustive bout of work. Instead VCh values gradually increase, 

exceeding predicted Ch requirements by a growing margin, until exhaustion results. 

Therefore, VCh is said to increase as a function of both power and time (Gaesser and 

Poole, 1996). 
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Figure 2: VCh responses to 15 minutes of constant speed treadmill running at moderate, 
heavy and severe intensities. Data is presented for one representative subject. 
The horizontal line at the top of the plotted area indicates absolute VCh m a x 

and running speeds are displayed in km-h"1 (from Bernard et al., 2000). 

As shown in Figure 2, the time to achieve V O 2 m a x decreases as running speed 

increases. Obviously, if the speed is increased further, the runner will become exhausted 

in such a short time that V O 2 does not reach maximum values. However, such short 

performances (less than 2.5 minutes) are not classified as endurance exercise (Katz and 
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Katz, 1994). The pattern of response shown in Figure 2 has been clearly 

established during exhaustive exercise bouts lasting up to 10 minutes (Astrand and Saltin, 

1961; Billat et al., 1998b). As a result of these observations, the rate of increase in the 

VCh slow component has been described as a functional index of performance 

capabilities (Whipp, 1994). If VCh m a x is achieved at exhaustion, the slow component 

slope also functions as a useful predictor of fatigue. Considerably less research has been 

undertaken to examine the response during exercise challenges lasting longer than 10 

minutes; only 4 studies have directly investigated the VCh response to longer exhaustive 

efforts. Comparison of these studies reveals a number of inconsistent results, making it 

impossible to determine i f VCh m a x is routinely achieved during longer exercise bouts. 

For example, one study demonstrated that severe exercise lasting about 17 minutes 

resulted in VCh values that were, on average, 97% of VCh m a x (110 mlmin" 1 below 

V O 

2 max) in untrained, healthy young males (Poole et al., 1990). However, following 

endurance training, the same group was reported to achieved approximately 94% of their 

new VCh m a x (240 mlmin" 1 below VCh m a x ) during exhaustive cycling at the same relative 

intensity (Poole et al., 1990). Similarly, following 17 minutes of running above their 

critical speed, a group of very fit tri-athletes were able to achieve about 93% V C h m a x 

(370 mkmin"1 below VCh m a x ) at exhaustion (Billat et al., 1998a). In a related study, a 

different group of triathletes attained 94% V C h m a x at exhaustion and the absolute VCh at 

exhaustion was 240 ml-min"' less than VCh m a x (Billat et al., 1999). Although the relative 
differences do not seem large, their physiological significance is substantial, considering 
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that an absolute difference of 150 ml-min"1 has long been accepted as a 

meaningful physiological change in oxygen consumption (Taylor et al., 1955). Reporting 

percentage values for trained individuals may have minimized absolute differences in 

VCh due to higher VCh m a x values in this population. Further investigation is required to 

determine if these observations adequately describe the VCh response to longer duration 

severe exercise in well-trained individuals. 

Severe Exercise: Blood Lactate Response 

The definition of severe exercise specifies that B[La"] also demonstrates a pattern 

of continuous increase throughout exercise, leading to maximal B[La"] at exhaustion 

(Gaesser and Poole, 1996). When this direct temporal relationship between VCh and 

B[La"] was first observed, it was hypothesized that the slow component of VCh was, in 

part, caused by the increased oxidation of accumulating blood lactate (Poole et al., 1991). 

However, several investigators have since demonstrated that the relationship between 

VCh and B[La~] is likely coincidental rather than causal. For example, large infusions of 

lactate into the contracting gastrocnemius muscle of dogs failed to increase VCh (Poole, 

1994). In humans, epinephrine infusion during constant load cycling resulted in an 

increased end-exercise B[La"] but VCh and the magnitude of its slow component were 

not affected when these values were compared to an identical bout of constant load 

exercise without epinephrine infusion (Womack et al., 1995). These observations 

suggest that, although the VCh slow component seems to originate in the exercising 

muscles (Poole et al., 1991), changes in B[La~] do not drive the VCh slow component. 
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A common mechanism could give rise to both responses, thereby 

explaining their temporal relationship (Barstow, 1994; Poole, 1994; Womack et al., 

1995). Several researchers have suggested that the involvement of fast twitch (FT) 

muscle fibre recruitment in constant load exercise could provide such an explanation. 

The hypothesis is that a proportionally greater number of FT fibres are recruited as 

constant load exercise progresses, to compensate for the increasing amounts of force 

production failure that slow twitch (ST) fibres experience during prolonged exercise 

(Poole et al., 1994). The increased oxygen requirement of FT fibres, as well as their 

tendency toward glycolytic energy production could explain the VCh slow component 

and the associated increase in blood lactate accumulation (Poole, 1994). In support of 

this hypothesis, the slow component has been related to electromyographical changes in 

exercising leg musculature (Shinohara and Moritani, 1992). These changes demonstrate 

the expected shift toward FT fibre recruitment during the end stages of exhaustive 

exercise. Therefore, the degree of FT fibre recruitment may help to determine VCh 

during severe exercise. 

Severe Exercise: Blood Ammonia Response 

There is no doubt that ammonia accumulates during severe exercise (Babij et al., 

1983; Bouckaert and Pannier, 1995; Eriksson et al., 1985). However, the predominant 

factors influencing the rate of accumulation have not yet been clearly identified. The rate 

of A M P deamination may increase as exhaustion approaches during high intensity sprint 

exercise. A nearly 1:1 stoichiometric relationship between IMP and BPMH3] has been 



consistently observed during short duration severe exercise (Graham and 

MacLean, 1992). In addition, FT muscle fibres have demonstrated greater adenylate 

deaminase activity and the capacity to generate more ammonia than ST muscle fibres 

(Dudley et al., 1983). Therefore, an increased FT fibre recruitment could also explain 

increases in B[NH 3] during severe exercise. 

However, during prolonged heavy exercise lasting 60 to 90 minutes, IMP does not 

accumulate (MacLean et al., 1991), suggesting that the purine nucleotide cycle is less 

active during lower intensity exercise. Mobilized amino acids circulating in the blood are 

taken up by exercising muscle during this type of exercise (Graham et al., 1987), an 

indication that they may be used as fuel source. Glycogen depletion and B C A A 

supplementation have both been shown to increase B[NH 3] during prolonged sub-

maximal exercise, suggesting that the oxidation of amino acids occurs when they are the 

most readily available fuel source (Czarnowski et al., 1995; Hall et al., 1995; MacLean et 

al., 1996). In addition, there is no association between muscle fibre activation and 

B[NH 3 ] during prolonged exercise, which indicates that ST muscle fibres can be a major 

source of ammonia (Graham et al., 1987). In combination, these reports suggest that, 

although the involvement of FT muscle fibres may well increase as exhaustion 

approaches, B[NH 3] may be predominantly determined by amino acid metabolism during 

prolonged constant load exercise. It is impossible to speculate on the roles of FT fibre 

recruitment and protein metabolism in determining B[NH 3] during higher intensity 

endurance exercise because B[NH 3 ] has not been examined during exhaustive exercise 

lasting 5 to 30 minutes. Comparison of B[La~] and B[NH 3] during exercise at these 
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intensities may provide insight into the factors determining ammonia 

accumulation in severe endurance exercise. 

The Critical Power Concept and Severe Exercise 

Hil l (1925) originally observed a curvilinear relationship between average 

running speed and event completion time by plotting world record data for competitive 

distances from 200 m to 160 km. It was noted that running speed fell rapidly in events 

lasting longer than 50 seconds, which was followed by a relative plateau in speed for 

events lasting more than 10 to 15 minutes. This plateau was maintained until events 

stretched beyond 60 minutes duration. At that point, speed began to continuously and 

gradually decrease. 
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Figure 3: Curvilinear relationship between average speed and event time for current 

world record running times. 

As computerized graphing technology became available, researchers were able to 

quantify the relationship originally described by Hil l and his colleagues. In their study of 
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the properties of dynamic muscular work, Monod and Scherrer (1965) reported 

that, during severe exercise involving small muscle masses, the relationship between 

power output and time to fatigue could be described by a rectangular hyperbola, with an 

equation as shown in Figure 4. W represented the degree of curvature of the hyperbola, t 

represented the time to exhaustion and W represented the power output performed. 

Monod and Scherrer (1965) described the power asymptote of this hyperbola (W a) as the 

maximum rate of force production that the muscle group could maintain "'for a very long 

time without fatigue" and termed W a the critical power (CP) to denote the transition from 

'infinitely' sustainable exercise (below W a) to higher intensity effort and continuously 

deteriorating metabolic conditions (above W a) (Monod and Scherrer, 1965). 
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Figure 4: The power versus time relationship identifying the power asymptote (W a) as 
the highest power output that can be sustained for 'a very long time without 
fatigue' (Gaesser and Poole, 1996). 

Based on this definition, others suggested that for practical purposes W a could 

represent the highest intensity at which V O 2 and B[La"] achieved steady state (Moritani 

et al., 1981; Poole et al., 1988), otherwise known as the power output associated with 
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MLSS (Heck et al., 1985). It was therefore suggested that, i f W a corresponded 

to the power output associated with MLSS, it could define the lower boundary of severe 

exercise, meaning that all intensities above CP would result in continuous VCh and 

B[La"] increases throughout constant load exercise (Gaesser and Poole, 1996; Poole et al., 

1988). However, the accuracy with which the CP model can be applied to the entire 

range of intensities defined as severe exercise depends heavily on the methods used to 

determine CP and MLSS. Primarily as a result of methodological differences, some 

investigators have observed that CP is greater than the intensity at which MLSS typically 

occurs (Housh et al., 1989; McLellan and Cheung, 1992; Pepper et al., 1992), while 

others have reported that CP does represent the power output associated with MLSS (Hill 

and Smith, 1999; Poole et al., 1988; Rowell et al., 1996). As a result of these observed 

differences, scientists have gained a better understanding of the factors that can most 

easily influence CP estimates. The duration and combination of tests used to plot the 

relationship between power and time appear to profoundly influence CP estimates 

(Bishop et al., 1998). For example, the hyperbolic model overestimated the power output 

that could be sustained for approximately 60 minutes by 15-19%, when tests shorter than 

10 minutes were used to predict CP (Housh et al., 1989). The model also overestimated 

the power output at anaerobic threshold when short duration tests were used (Moritani et 

al., 1981). Conversely, the inclusion of longer duration tests (up to 17 minutes long) 

resulted in significantly lower estimates of CP (Bishop et al., 1998; Poole et al., 1988). 

In addition to differences in CP methodology, few studies have actually measured B[La~] 

during exercise at CP to determine whether steady state B[La~] was achieved (McLellan 
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and Cheung, 1992; Poole et al., 1988; Tegtbur et al., 1993). Furthermore, a 

consistent operational definition of steady state B[La~] has not been adopted in these 

studies, resulting in conflicting reports regarding the B[La~] response to exercise at CP 

(McLellan and Cheung, 1992; Poole et al., 1988). 

Other investigators have suggested that the power-time relationship is not truly 

hyperbolic throughout the range of intensities currently defined as severe exercise, which 

includes intensities that can be maintained for 2.5 to 60 minutes (Katz and Katz, 1992; 

Aunola and Rusko, 1992). Ettema (1966) demonstrated this by comparing the actual 

athletic performances of world record holders to the hyperbolic CP model. Performances 

lasting less than 4 minutes or greater than 30 minutes did not fit the hyperbolic curve. 

Moritani and his colleagues (1981) later reported similar limitations of this model, when 

they applied it to whole body exhaustive exercise with over half the total muscle mass 

performing work. Similarly, Jacobson (1998) reported that the hyperbolic model was not 

the most accurate predictor of actual 40 km time trial performance, based on the 

relationship between speed and time for time trials lasting 4 to 35 minutes. Therefore, 

the predictive accuracy of the hyperbolic CP model may be compromised when it is 

constructed to describe performances that can be maintained for greater than 30 to 35 

minutes. 

Physiological Determinants of Critical Power 

The critical power model contains aerobic and anaerobic components, each of 

which are expressed in equations describing the relationship between power output and 
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time to exhaustion (Hill, 1993). The aerobic and anaerobic ventilatory 

thresholds have both been associated with the aerobic component of CP (Housh et al., 

1991; Moritani et al., 1981). In addition, MLSS has been reported to be equivalent to CP 

(Poole et al., 1988). However, the original criteria for defining MLSS, which required 

less than 1.0 mmolT 1 change in B[La"] over the final 20 minutes of exercise (Heck et al., 

1985), were not met in this study. Regardless, MLSS appears to be related in some way 

to CP (Jacobson, 1998). The anaerobic component of CP has proven more difficult to 

quantify. Published literature indicates that the anaerobic component of CP increases as 

test duration decreases (Housh et al., 1989; Bishop et al., 1998) but the physiological 

underpinnings of this response have not yet been identified. Relative changes in aerobic 

and anaerobic contribution to the CP model may explain some of its limitations. 

Ettema (1966) suggested that changes in the primary factors limiting performance 

could explain the inability of the critical power model to describe events outside the 4 to 

30 minute range. Davies and Thompson (1979) demonstrated this empirically in runners 

who ran a series of races ranging from 5 to 85 kilometres. VCh m a x became less 

associated with performance as running distance increased, while % VCh m a x achieved 

became more closely related to performance. Jacobson (1998) observed similar results in 

his study of cycling. During time trials lasting 4 to 35 minutes, two distinct segments of 

performance were reported and performance in each segment was best described by a 

different set of variables (Jacobson, 1998). These observations are illustrated in Figure 5. 
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Figure 5: Comparison of cycling performances from 4 to 35 minutes. Changes in the 
speed versus time relationship occur at approximately 15 minutes (data from 
Jacobson, 1998). 

Interestingly, the performances can be segmented within the range of intensities 

that Gaesser and Poole (1996) included in severe exercise (i.e. 4 to 45-60 minutes). Since 

performance for both segments could not be predicted using the same variables 

(Jacobson, 1998), these results suggest that the physiological conditions determining 

exhaustion may be time-dependent. Therefore, they provided direct support for the 

hypotheses of previous investigations (Ettema, 1966; Hil l , 1925). In addition, they 

indirectly contradicted the contention that there is a consistent relationship between 

V O 2 m a x and time to fatigue within the domain of severe exercise (Gaesser and Poole, 

1996). If the physiological conditions of fatigue do, in fact, change within the severe 

exercise zone, V O 2 m a x may not be achieved in all circumstances. Thus, direct 

investigation of this question is required. 
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CHAPTER 3: METHODOLOGY 

Participant Selection 

Ten competitive male cyclists volunteered to participate in this study. Each 

participant was between 18 and 36 years of age and was capable of a 20 km time trial 

performance of at least 33 minutes. Each participant achieved maximum oxygen 

consumption ( V O 2 m ax) between 55 and 65 ml-kg"'-min"1 during a continuous, incremental 

cycling test. A l l volunteers were training at least 3 times per week, and were willing to 

tailor their training regimen to the demands of the study. Each participant gave written 

informed consent, in accordance with the University of Calgary ethics procedures. 

A recruitment poster, describing the purpose of the study, its protocols, and the 

benefits of participation, was posted in various locations throughout the Physical 

Education building and Olympic Oval. A copy of this poster was also submitted to the 

Alberta Bicycle Association. A contact name, telephone number and e-mail address were 

provided so that interested volunteers could indicate their desire to participate in the 

study. 

Although the results obtained from convenience sample groups cannot be 

statistically generalized, no other sampling technique was feasible from an ethical 

perspective. In addition, the population of active competitive cyclists training in Calgary 

is relatively homogeneous with respect to the physiological variables that were measured 

in this study. The age, training and performance criteria specified above were created to 

promote homogeneity within the sample group. Since the sample group proved to be 
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homogenous with respect to measured variables, the results of this study may 

be considered indicative of the results expected from the population of male cyclists 

training in Calgary who have similar characteristics (e.g. VCh max, 20 km time trial, CP). 

Testing Environment 

A l l testing was performed in the Human Performance Laboratory at the 

University of Calgary (Alberta, Canada). Temperature and relative humidity were 

monitored during each testing session. Room temperature was held between 20 and 24 

°C. While collecting the required data, every effort was made to accurately simulate true 

cycling conditions. Participants attached their own clipless pedals to the ergometer crank 

arms, which allowed them to use cycling-specific shoes. In addition, saddle height and 

the height and angle of the handlebars were adjusted to replicate each cyclist's most 

comfortable cycling posture. A l l ergometer settings were recorded on the first day of 

testing and were duplicated in subsequent testing sessions. 

Experimental Protocol 

Testing procedures for this investigation required each subject to participate in 4 

to 5 weeks of data collection, which consisted of 3 components: critical power (CP) 

estimation, VCh m a x determination, and 5 constant load performance rides. Exhaustive 

incremental exercise tests were performed at the beginning and end of data collection to 

confirm that participation in the study had not induced an improvement in aerobic power. 

A timeline is illustrated in Appendix C and the procedures for each component of data 

collection are described below. 
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Pre-Study Incremental Exercise: Each subject performed an incremental ride 

to exhaustion (IL#1) on a modified electronically braked cycle ergometer (ergo-metrics 

model 800s; SensorMedics; Anaheim, USA). Each test began at a power output of 150 

watts, which was increased by 35 watts every 2 minutes until the second ventilatory 

threshold (VT2) occurred. VT2 was defined as a simultaneous, disproportionate increase 

in both ventilatory equivalents. After this event occurred, the power was increased by 15 

watts every minute until VCh demonstrated a plateau (less than 80 mlmin"' increase in 

VCh (Mitchell et al., 1958) in response to increased power output), or the subject could 

not maintain a pedal cadence within 15 revmin" of the cadence established at the 

beginning of the test. The highest power output achieved during this test was termed 

maximum incremental power (MIP) and the highest VCh measured during the test was 

referred to as peak oxygen consumption (VCh p e ak)- To measure VCh throughout the 

test, expired air was collected and analysed continuously; results were recorded on a per 

breath basis and averaged every 30 seconds using a TrueMax 2400 Metabolic 

Measurement System (MMS) (ParvoMedics; Salt Lake City, USA). 

CP Estimation: Participants performed 2 constant load familiarization rides to 

exhaustion, each at a different intensity. Rides were performed, in randomized order, at 

100% and 88% of MIP and elicited exhaustion in approximately 4 and 8 minutes 

respectively. At least forty-eight hours of recovery was given between each ride. For 

both performances, expired air was analyzed during the final 5 minutes of a 10 minute 

standardized warm-up (cycling at 20% MIP), and throughout constant load exercise, 
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using the TrueMax 2400 as described above. The highest VCh measured 

during each ride was termed VCh peak-

Throughout the study, CP was estimated by repeatedly assessing the agreement 

between 2 mathematically equivalent models as performance rides were added to the data 

set. The power vs inverse time and work vs time models were plotted using Microsoft 

Excel™ (v2000; Microsoft Corporation; Redmond, USA) spreadsheet software. The 

power vs inverse time model, which included 5 tests ranging from approximately 4 to 18 

minutes in length, was used to establish the final estimate of CP (Poole et al., 1988). 

Power (watts) was plotted on the y-axis and the inverse of time to exhaustion (seconds-1) 

was plotted on the x-axis. A CP estimate was obtained from the y intercept of the 

resultant regression line. 

VO 

- max Determination: The VCh p e a k achieved during the familiarization ride at 100% 

of MIP was used to confirm that the VCh p e a k from IL#1 could not be exceeded. The 

constant load test at MIP elicited exhaustion in approximately 4 minutes and was 

therefore referred to as CL4. After averaging the VCh p e a k values for each test across 

subjects, the mean VCh p e a k measured during CL4 was compared to the mean VCh p e a k 

achieved during IL#1. The largest value was considered the criterion measure of 

V C h m a x . 

Performance Rides: Subjects performed five constant load performance rides to 

exhaustion. In all cases, the first performance ride was designed to last approximately 15 

minutes. The relationship between power output and time to exhaustion for the 4, 8 and 
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15 minute rides was then used to estimate the power outputs required for the 

remaining 4 performance rides. The order of these rides was randomized, with each one 

designed to elicit exhaustion in approximately 8, 12, 18 and 21 minutes respectively. 

Since intensity was manipulated based on time to exhaustion, the 5 performance rides 

were referred to as CL8, CL12, CL15, CL18 and CL21. Expired air was collected and 

analyzed throughout each performance ride using the same protocol as in the 

familiarization rides. In addition, venous blood samples were obtained from an 

indwelling catheter prior to warm-up, during the last 30 seconds of warm-up, and at 

several times during exercise for each ride. Once each performance ride had begun, 

samples were taken at 1, 3, 5, and 10 minutes of exercise. A final exercise sample was 

collected immediately following exhaustion for each performance ride. Each time a 

sample was drawn, approximately 1 mL of venous blood was collected from an 

indwelling forearm catheter. Blood lactate and ammonia concentrations were measured 

immediately in every sample. To determine peak concentrations of lactate and ammonia, 

samples were also drawn at 1 minute and 3 minutes post-exercise. If necessary, 

additional samples were drawn every 2 minutes until the concentration of these 

metabolites began to decrease. 

Post-Study Incremental Exercise: To confirm that no improvement in V O 2 m a x 

occurred during the study, incremental exercise was repeated (IL#2) and the resultant 

measure of V O 2 p e a k was compared to the original value. Statistical analysis was 

conducted to determine if a significant change had occurred. 
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Measurements 

Expired Gas Analysis 

Expired air was collected using a mouthpiece and a 2-way, non-rebreathing valve 

to funnel each expiration into a collection tube connected to the TrueMax MMS' s mixing 

chamber. A pneumotachometer (model 3813; Hans Rudolph; Kansas City, USA), 

located at the junction between collection tube and mixing chamber, recorded airflow 

during each expiration. Electronic analyzers receiving a small air sample from the 

mixing chamber measured oxygen and carbon dioxide content of expired air. The results 

of these sampling processes were corrected for dead space in the collection apparatus and 

time-aligned by the TrueOne Windows Metabolic Measurement Software (v3.3r; 

Consentius Technologies; Salt Lake City, USA). Single breath data was stored for future 

averaging and analysis. 

A five-point flowmeter calibration was performed before each testing session, 

using a 3-litre syringe (Hans Rudolph; Kansas City, USA) to simulate flow rates that 

spanned the values expected during exercise. Gas calibration was performed 

immediately before and after each test, using gases that approximated the values expected 

during intense exercise. The accuracy of the TrueMax 2400 M M S was previously 

validated (Bassett et al., 2001). 

To obtain final values for all calculated variables, single breath data from each 

performance ride were smoothed by eliminating all breaths greater than ± 4 standard 

deviations from the mean of the surrounding 6 breaths (3 before and 3 after) (Bearden 

and Moffatt, 2001). Following comparison of several averaging procedures (described 



below), the best method of identifying V O 2 p e ak was selected. V O 2 p e ak values 

were individually selected as the highest 30 second V O 2 achieved during the final 4 

minutes of each performance ride. These values were then averaged across subjects to 

yield a mean V O 2 p e ak for each performance ride. 

V O 2 at specific time points during each performance ride (3, 6, 10, 15 minutes 

and end-exercise) were also calculated for each performance ride. End-exercise values 

were the average VCh response over the final 2 minutes of exercise and all other values 

were calculated using a 30 second average, centred on the time point of interest (Bernard 

et al., 2000). For example, all breaths measured between 2:45 and 3:15 were averaged to 

obtain an estimate of V O 2 at 3 minutes of exercise. 

Oxygen Consumption Sampling Interval 

V O 2 responses to each performance ride were averaged over several different 

time intervals (5, 15, 30, 60 and 120 seconds). These procedures were performed to 

determine which averaging method provided an accurate representation of changes in 

V O 2 over time, while minimizing random variability due to measurement error. Mean 

V O 2 values during the final 2 minutes of exercise were compared across averaging 

intervals using standard error (see Appendix G). Variability in the V O 2 response to the 

entire exercise bout was assessed on an individual basis using visual inspection (see 

Appendix F). These analysis techniques revealed that 5 second averaging resulted in a 

more variable V O 2 signal, where estimates of V O 2 p e ak appeared inflated. Although the 

120 second averaging did not result in significantly lower estimates of V O 2 p e ak, it was 
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determined that shorter averaging intervals provided a more precise 

representation of the V O 2 response throughout exercise. These results are consistent 

with previously published literature (Myers et al., 1990). For the purposes of selecting 

V O 2 peak and examining the V O 2 response to constant load exercise, 30 second averaging 

was selected as the most appropriate method of representing the data. To facilitate 

comparison between tests, 30 second averaging was also applied to the results from 

incremental exercise. 

Heart Rate Monitoring 

Heart rate was monitored throughout every testing session using a Polar™ 

portable heart rate monitor (model Vantage X L ; Polar Electro Oy; Oulu, Finland), which 

was interfaced with the TrueOne Metabolic Measurement Software to provide continuous 

heart rate feedback. Resting heart rate was recorded prior to each test to ensure that the 

subject was within the limits of safe exercise testing conditions. Also, maximum or peak 

heart rate was recorded during or immediately following every test. 

Venous Blood Sampling 

A l l blood samples were obtained from an indwelling forearm catheter, inserted in 

a superficial vein on the dorsal aspect of the forearm. The catheter used a 20-gauge 

needle and was infused, at an average rate of 6 ml-min" , with an intravenous drip of 0.9% 

sodium chloride solution. The intravenous drip helped to prevent blood clotting in the 

catheter between samples. To collect each sample a 3cc syringe, attached to a 3-way 

stopcock, was used to clear the sample line of sodium chloride solution. A new syringe 
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was then attached to the stopcock and 1 mL of blood was drawn at the 

appropriate time. If necessary, the stopcock was flushed with 0.9% sodium chloride 

solution to prevent clotting. 

In order to ensure adequate blood flow to the superficial forearm veins during 

such intense lower body exercise, a heating pad was placed around the subject's arm 

proximal to the sampling site. The heat required to maintain blood flow was 

individualized for each subject, and was consistent for all performance rides. 

Blood Lactate Concentration 

Blood lactate concentration (B[La"J) was measured 6 or 7 times during each of the 

five constant load performance rides (refer to Performance Rides in Experimental 

Protocol). Analysis was performed using a portable Blood Lactate Analyzer (Lactate Pro 

model; Arkray K D K ; Kyoto, Japan), which required approximately 20 pi of whole blood. 

The sample was placed directly onto an analysis strip, where it incubated for 60 seconds. 

Electrical analysis was performed automatically following the incubation period. This 

system of assaying lactate in whole blood has been validated (Shimojo et a l , 1993). 

Blood Ammonia Concentration 

Immediately following each blood sample collection, 30 pi of whole blood was 

transferred to an Ammonia Checker analysis strip (Arkray K D K ; Kyoto, Japan). 

Following a 3 minute incubation period, the indicator layer was separated from the 

analysis strip and placed in the Ammonia Checker Instrument (model II; Arkray K D K ; 

Kyoto, Japan), where a colorimetric analysis of the indicator was performed and the 
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blood ammonia concentration (BfNFF;]) was displayed. The validity of this 

technique was assessed via method comparison, where results from a spectrophotometric 

method were considered the gold standard (unpublished results). 

Daily Energy Balance 

Throughout data collection, subjects were required to record their daily physical 

activity, as well as a subjective description of their physical well-being. In addition, each 

subject completed a dietary record for all food consumed on the day prior to each of the 

five performance rides. These logs helped to minimize day-to-day variation in 

performance. They were also used to ensure that subjects were experiencing adequate 

recovery and regeneration between testing sessions. Based on the nutritional logs, daily 

energy intake was estimated using Nutritionist Five (vl .6; First DataBank; San Bruno, 

USA) nutritional analysis computer software. Individual analysis was performed on each 

subject's daily total caloric intake and carbohydrate intake, to ensure that any differences 

in glycogen stores between the performance rides were not significant enough to 

influence performance capabilities (see Appendix I). Training logs were not empirically 

analyzed. 

Rusko Heart Rate Test 

Throughout their participation in the study, subjects performed a daily resting 

heart rate test. The test was designed to monitor heart rate changes in response to the 

gravitational stress of standing for the first time in the morning. A copy of the 

instructions for performing the test and a summary of each participant's results are 
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included in Appendix J. Each day's test was examined prior to a performance 

ride. If additional recovery time was indicated, the ride was postponed for 48 hours and 

the subject was instructed to refrain from training for at least 24 hours. 

Statistical Analysis 

Descriptive Statistics 

To summarize the physical and performance characteristics of this group, all 

results were expressed as mean ± standard deviation and ranges of observed values were 

reported. The intensity of each performance ride was also described in this manner. 

Each of the variables scheduled for inferential analysis ( V O : p e a k , B[La"]peak and 

B[NH3]p e a|<) was plotted as mean ± 95% confidence interval (CI) to provide a visual 

representation of the true differences between means across performance rides. In 

addition, mean V O : values at specific time points during exercise (3, 6, 10, 15 minutes 

and end-exercise), as well as changes in V O : (A V O : ) and B[La"] (AB[La"]) over time, 

were reported as mean ± 95% CI. 

Inferential Statistics 

The V O 2 p e a k values obtained from IL#1 and CL4 were compared using the sign 

test, which is a non-parametric method similar to the student's t-test with paired 

comparisons. The same procedure was repeated to compare the V O : p e a k values from 

IL#1 and IL#2. Non-parametric analysis was required because the results of the 

incremental tests were not normally distributed. 
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Differences between mean VCh m a x and mean VCh p e a k , as well as 

differences in mean VCh p c a k between performance rides were assessed using repeated 

measures A N O V A with planned pairwise comparisons on a students' t distribution. 

Within the same data set, frequency distributions were both positively and negatively 

skewed, which made it impossible to transform the data to a normal distribution. 

A N O V A procedures were still used because they are resistant to the effects of skewed 

data when small sample sizes with equal variance are being compared (Bland, 1996). 

Four pairwise comparisons were planned between mean V O 2 p e a k values: CL4/CL12, 

CL4/CL15, CL8/CL15, and CL15/CL18. 

Differences in peak blood lactate concentration (B[La"]p e ak) and peak blood 

ammonia concentration (B[NH3] p e ak) were assessed using similar statistical analysis. 

Repeated measures A N O V A were performed on each variable but pairwise comparisons 

were planned for B[La"]p e ak only. The three comparisons were: CL8/CL15, CL15/CL18 

and CL18/CL21. Statistical significance for all pairwise comparisons was set a priori 

(a=0.05) and p values were adjusted using the Bonferroni method when multiple 

comparisons were performed. 
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CHAPTER 4: RESULTS 

Selection of Participants 

In an attempt to minimize the heterogeneity of the study group, several 

performance characteristics were assessed at the beginning of the study. Performance 

characteristics, expressed as ranges as well as mean ± SD are presented in Table 1. 

Individual performance characteristics are contained in Appendix D. 

Table 1: Performance characteristics (range and mean ± SD) of well-trained male 
cyclists. Second ventilatory threshold (VT2) was determined during IL#1 as 
previously described. The corresponding power output (P.O.) and V O : were 
recorded. Critical power (CP) was assessed throughout the study. 

V O : m a x V O : m a x 
VT2 VT2 P.O. MIP CP 

(L-min ') (ml'kg" *min~) (%VO: m a x ) (watts) (watts) (watts) 

Range 4.04-4.93 54.1-73.7 70-82 220-305 335-400 248-303 

x±SD 4.50±0.26 63.3±5.7 76±5 275±23 376±22 274±18 

Determination of Maximum Oxygen Consumption 

V O : m a x was selected by comparing the V O : p e a k from IL#1 and CL4, as described 

in the methodology. During incremental exercise, 7 of 10 subjects experienced a plateau 

in V O : (< 80 ml-min"1 A V O : in response to increased power requirement) (Mitchell et 

al., 1958). In the 3 subjects who fatigued prior to V O : plateau, V O : p e a k during CL4 did 

not differ from the incremental results by more than 150 ml-min"1. Therefore, no 

differences in mean V O : p e a k were anticipated between IL#1 and CL4. Likewise, similar 

values of V O : p e a k were expected for IL#1 and IL#2 because the testing schedule and all 

other training during the study period were controlled to minimize any training stimulus 
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to VCh max- No statistical differences were detected between these estimates of 

VCh max (Figure 6). Error bars indicate 9 5 % CI for each mean value. 
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Figure 6: VCh p e ak (with 9 5 % CI) during incremental and constant load exercise using 
30 second averaging intervals (Mean ± SD, n=10). Constant load ride (CL4) 
was performed at MIP and exhaustion occurred in approximately 4 minutes. 
Pre- (IL#1) and post- (IL#2) incremental tests were compared to assess the 
effects of repeated exhaustive efforts on VCh p e ak. 

VCh p c a k during CL4 (4.51±0.12 L-min"1) was selected as the criterion measure of 

VCh m a x because the protocol mimicked the loading conditions under which the 

performance rides were conducted and VCh during incremental exercise was no 

different. 

Critical Power Estimates 

Each performance ride occurred at a power output greater than the estimated 

critical power (CP). The mean percentage of CP (±SD) at which each performance ride 

was conducted is presented in Table 2, which also provides information on the length and 

absolute power output of each ride. Individual results are included in Appendix E. 
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Table 2: Intensity indicators for performance rides (mean ± SD) 

Performance 
Ride 

Power 
(watts) 

Power 
(% MIP) 

Power 
(% CP) 

Length 
(minutes) 

CL8 336 ± 16 90.2 ± 2.7 122.7 ±5.9 8.35 ± 1.25 

CL12 319 ± 19 85.6 ±3.2 116.4 ±4.9 11.99 ± 1.49 

CL15 303 ± 19 81.7 ± 3.1 110.5 ± 3.1 14.76 ± 0.99 

CL18 294 ± 18 78.9 ±3 .4 107.2 ±2.2 17.60 ±2.06 

CL21 285 ± 2 0 76.3 ±4.3 103.7 ±2.9 22.45 ±2.57 

Estimates of critical power were determined using the power vs inverse time 

model and 5 tests ranging from 4-18 minutes long, as described by Poole and colleagues 

(1988). An example of this process is shown in Figure 7, using data from a 

representative subject. 
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Figure 7: Calculation of CP for an individual subject using the work vs inverse time 
model with 5 exhaustive efforts, ranging in duration from approximately 4.5 
to 17.6 minutes. Predicted CP was equal to the y intercept of the regression 
line. 
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Oxygen Consumption During Performance Rides 

Mean V O 2 p e a k (with 95% CI) during each of the constant load performance rides 

is presented in Figure 8 and these values are compared to the criterion V O 2 max. In all 

cases, V O : peak occurred during the final 4 minutes of exercise. V O 2 p e a k was calculated 

as the highest 30 second V O 2 that was achieved within that time frame. It was 

significantly lower than V O 2 m a x during CL15, CL18 and CL21 (pO.001). 
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Figure 8: Mean V O 2 p e a k (with 95% CI) during exhaustive constant load exercise at 6 
different intensities. The mean length of each ride (with 95% CI) is shown on 
the x-axis. The 95 t h percentile lower limit of mean V O 2 m a x is indicated ( ). 
V O 

2 peak values that were significantly less than V O 2 m a x are also indicated (*). 

In addition to being less than V O 2 m a x , the V O 2 p e a k values from CL15 through CL21 were 

also significantly lower than the CL8 V O 2 p e a k (adjusted p<0.03). These differences are 

demarcated in Figure 8 using (+) to illustrate the progressive decrease in mean V O 2 p e ak 

that occurred following CL12. 
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Sub-maximal VCh p e a k values suggested that the intensities of the three 

longest performance rides were insufficient to drive VCh to its maximum. As a result, 

mean V O : values at various time points during exercise were compared to determine if a 

steady state VCh (VCh Ss) was achieved at some point in CL15, CL18 or CL21. Mean 

VCh at specific time points throughout each performance ride are shown in Table 3. 

VCh ss was defined as a change between measurements of less than 3% of mean VCh end-, 

which was equal to the reported magnitude of error in VCh for the TrueMax 2400 (P. 

Yeh, personal communication, November 10, 2001). 

Table 3: VCh responses to exhaustive constant load efforts (mean ± 95% CI) using a 30 
second average centred on the time point of interest (i.e. 2:45-3:15 for 3'). 
Values that did not change between consecutive time points are marked (*). 
Values that did not change between time points but had less than 1 minute of 
data between them are marked (+). Change over time was defined as an 
increase in any measurement that was larger than 3% of VCh . 

Oxygen Consumption (L-min ') at Specific Time Points 

Performance 
Ride 

3' 

(2:45-3:15) 

6' 

(5:45-6:15) 

10' 

(9:45-10:15) 

15' 

(14:45-15:15) 
Final 2' 

CL8 3.99±0.12 4.3±0.12 + - - 4.35±0.12 + 

CL12 3.84±0.12 4.18±0.12 4.36±0.24 + - 4.31±0.12 + 

CL15 3.73±0.12 4.01±0.12 4.15±0.12 * - 4.17±0.12 * 

CL18 3.62±0.12 3.83±0.12 3.98±0.12 * 3.96±0.13 * 4.02±0.12 * 

CL21 3.58±0.08 3.77±0.08 3.84±0.12 * 3.91±0.09 * 3.94±0.12 * 

During CL15, CL18 and CL21, mean V O : values differed by less than 3% over the final 

5-10 minutes of exercise. Additional analysis of individual data was conducted to assess 



the appropriateness of assuming a steady state VCh response ( VCh ss) based 

on a comparison of VCh point estimates. Typical response patterns to all 5 performance 

rides are illustrated in Figure 9, which contains data from one representative subject. 

While some variability remained in the VCh signals using 30 second averaging, the 

overall trend in the responses was consistent. Individual responses to all performance 

rides are illustrated in Appendix F. 

5.00 T T r 

4.50 | | 4.50 

4.00 -

(L
-m

in
" 3.50 

3.00 

! _ Ml 1 
1 Vtf \ i 

r 
i 
i 

r 
i 

1 

(L
-m

in
" 3.50 

3.00 1 • 1 i t i 

5 > 2.50 

2.00 -

-i J | i _ a 

i/J i 1 

L X 

1.50 

1.00 

-CL8(345W) 
-CL12(330W) 
-CL15(320W) 
-CL18(305 W) 
CL21 (285 W) 

— I 1 1 1 I 1 1 1 1 

-3 0 3 6 9 12 15 18 21 24 27 

Time (minutes) 

Figure 9: VCh responses of one representative subject to exhaustive constant load 
cycling at 5 different intensities above CP. VCh was plotted using 30 second 
averaging of single breath data. 

In addition, mean VCh peak during each performance ride was compared to VCh during 

the final 2 minutes of exercise (see Table 4) using the same definition of change over 

time that was described above. LXiring each performance ride, absolute differences 

between mean VCh peak and mean VCh end ranged from 0.05 - 0.10 L-min"1, which was 

less than 3% of VCh end and indicated that the differences between these measures were 

within the error of the TrueMax 2400. 



Table 4: MeanVO: p e ak, V O 2 e n d and A V O : (± 95% CI) during 5 constant load 
performance rides to exhaustion. A V O : was calculated by subtracting V O : at 
3 minutes from V O : e n d for each subject. Similar values of V O : p e ak and V O 2 e n d 
were observed during each ride. 

Performance 
Ride 

VO: peak 

(L-min1) 

V O : e n d 

(L-min1) 

VO: e„d 

(%VO:m a x) 

A VO: (End-3') 

(ml-min1) 

CL8 4.40 ±0.08 4.35 ± 0.12 96.6 ±2 .7 360 ± 80 

CL12 4.41 ±0.08 4.31 ±0.12 95.6 ±3 .4 460±130 

CL15 4.25 ±0.08 4.17 ± 0.12 92.7 ± 3.2 450 ±70 

CL18 4.12 ±0.08 4.02 ±0.12 89.2 ±2.5 390 ±90 

CL21 4.04 ± 0.08 3.94 ±0.12 87.6 ±3.8 360 ±90 

Mean changes in V O : (±95% CI) from 3 minutes to the end of exercise 

(A V O : (End-3')) are also presented in Table 4. This estimate of the V O : slow component 

illustrated the large inter-individual variability in the rate of increase in V O : during 

constant load exercise. A decreasing trend in the magnitude of the slow component was 

observed as the performance ride power output decreased. 

Blood Lactate Concentration During Performance Rides 

Only CL8 elicited a post-exercise B[La~]pcak, which occurred following 1 minute 

of recovery. During all other performance rides, B[La"]peak occurred at exhaustion. Mean 

B[La"]peak during CL15 was not significantly lower than during CL8 (adjusted p=0.23). 

However, CL18 and CL21 elicited B[La"]peak values that were significantly lower than 



CL8 (adjusted p<0.05) and CL15 (adjusted p<0.05). These significant 

differences are highlighted in Figure 10 by (*) and (+), respectively. 
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Figure 10: Mean (± 95% CI) B[La"]p e ak responses to exhaustive performance rides at 5 
different power outputs. Mean values that differed from CL8 are indicated by 
*. Mean values that differed from CL15 are indicated by + . 

The step decreases in B[La~] p e ak following CL12 were similar to those observed in 

V O : Peak responses. Despite these similarities, the changes in V O : and B[La~] during 

each performance ride were not correlated between rides (r= 0.422). Although B[La"] p e a k 

decreased as power output was reduced, B[La"] did rise continually throughout each 

performance ride. An example of the B[La"] response during each performance ride is 

illustrated in Figure 11. 
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Figure 11: A typical subject's B[La"] responses to exhaustive constant load cycling at 5 
different intensities above CP. B[La~] samples were obtained at each 
marked time point. 

The rate of change in B[La~] during exercise (AB [Lai-ruin"1), and the magnitude 

of the values observed at exhaustion (B[La"]end) are shown in Table 5. An accumulation 

greater than 0.07 mmolT^rnin1 was considered a continuous increase in B[La"] (Heck et 

al., 1985). These results confirmed that each performance ride occurred at an intensity 

that exceeded MLSS, although differences in B[La"]end were observed across performance 

rides. 
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Table 5: Mean rate of lactate accumulation (AB[La"]-min"') in mmolT'-min"1 

during the final minutes of each performance ride. Change in B[La"] was 
calculated based on the difference between measures taken following 5 minutes 
of exercise and at exhaustion. Values are reported as mean±95% CI. 

Performance Ride AB[La~pmin~ (mmolT -min") B[La ]e„d (mmol-r1) 

CL8 1.60 ±0.41 12.4±1.2 

CL12 0.91 ±0.16 13.5±0.8 

CL15 0.62 ±0.14 12.7±1.0 

CL18 0.44 ± 0.07 11.8±1.0 

CL21 0.29 ± 0.05 10.7±0.6 

Blood Ammonia Concentration During Performance Rides 

Mean B[NH 3]pe ak across all performance rides are plotted in Figure 12. Consistent 

B[NH3]Peak values were achieved during all performance rides and the differences 

between these means were well within the measurement error of the analyzer. 
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Figure 12: Mean (± 95% CI) B[NH3] p eak responses to exhaustive performance rides at 5 
different power outputs. 
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Following CL8, B[NHa] peaked following 1 minute of recovery. 

B[NH3]peak was achieved at exhaustion during all other performance rides. Therefore, 

B[NH3]peak occurred at the same time as B[La"]peak in all cases. The pattern of B[NH3] 

response to the performance rides is shown in Figure 13. As in the B[La~] response, a 

continuous rise in B[NHa] was observed throughout each performance ride. However, 

unlike B[La"]peak, B[NH3]peak values were similar across performance rides. 

-8-CL8 (345 W) 
-d-CL12(330W) 
-*-CL15(320W) 
-A-CL18(305W) 
-B-CL21 (285W) 

5 10 15 20 

Time (minutes) 

25 30 

Figure 13: BfNHs] responses of one representative subject to exhaustive constant load 
cycling at 5 different intensities above CP. B[NH3] samples were obtained at 
each marked time point. 



CHAPTER 5: DISCUSSION 

Selection of Participants 

In previous investigations of severe constant load exercise, vastly different 

responses have been observed in untrained subjects (Poole et al., 1988; Roston et al., 

1987) and highly trained athletes (Lucia et al., 2000; Billat et al., 1998a). In an attempt to 

minimize the influence of training status on the physiological responses observed in this 

study, a well-trained and relatively homogeneous group of cyclists was selected. The 

ability of each individual to achieve consistent V O 2 m a x measurements, regardless of 

whether the exercise protocol was incremental or constant load, was characteristic of 

well-trained individuals who are accustomed to high intensity, maximal efforts. The 

group selected for this study demonstrated a higher fitness level than has been observed 

in previous studies, with smaller ranges and standard deviations of performance 

characteristics. V O 2 m a x was 63.3±5.7 ml-kg"'-min"' (range 54.1-73.7 ml-kg^'-min"1) and 

MIP was 376±22 watts (range 335-400 watts). In comparison, Poole and colleagues 

(1988) examined V O 2 and B[La"] during constant load exercise using 8 subjects with 

mean (±S.D.) V O 2 m a x of 50.6±4.7 ml-kg'-min"1 (range 40.9-56.3 ml-kg" '-min'1) and MIP 

at 288±38 watts (range 250-325 watts). Similarly, in a study conducted by Roston et al. 

(1987), 6 subjects with a mean V O 2 m a x of 54.6±5.7 ml-kg"'min"1 (range 43.8-63.2 ml-kg" 

'•min"1) performed constant load cycling at a wide range of intensities. Therefore, 

differences between studies in the observed exercise responses may be attributable to 

differences in fitness between study groups. 
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Critical Power Estimates 

A comparison of results from this study with those of Poole and colleagues (1988) 

revealed that, based on time to exhaustion, the method used to estimate CP yielded 

similar relative exercise intensities in both studies. On average, cycling at 108.1 %CP 

resulted in exhaustion after 17.7 minutes in untrained individuals (Poole et al., 1988). 

Similarly, cyclists selected for this study exhausted in a mean time of 17.6 minutes during 

cycling at 107.2 %CP. These results appear to indicate that training status does not 

influence the relationship between CP and time to exhaustion when a consistent 

methodology, based on test length, is used to establish the power-time relationship. 

Oxygen Consumption During Performance Rides 

Previous research (Poole et al., 1988; 1990; Gaesser & Poole, 1996; Whipp, 1994) 

has suggested that, during all constant load exercise at intensities greater than CP, V O 2 

should rise "inexorably" to its maximum rate. In this study, the criterion V O 2 m a x was not 

achieved during all performance rides, despite the fact that each ride occurred at an 

intensity above CP. Power outputs that could be maintained for approximately 15 

minutes or longer elicited V O 2 peak that was lower than V O 2 m a x (pO.OOl). No 

significant difference from V O 2 m a x was observed during performance rides lasting 

approximately 12 minutes or less (p=0.27). Therefore, in these well-trained cyclists, the 

intensity of constant load exercise became insufficient to elicit V O 2 m a x somewhere 

between CL12 and CL15. This change in the VOz response to constant load exercise 
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occurred within the same time frame as previously observed changes in the 

relationship between performance speed and exercise time (Jacobson, 1998). 

The delayed onset of VCh ss observed during CL15, CL18 and CL21 is 

characteristic of heavy exercise, as defined by Gaesser and Poole (1996). This response 

indicated that the Ch requirement of these performance rides was less than VCh m a x . 

That is, the step decreases in VCh peak that were observed for each of these rides were 

consistent with sub-maximal Ch requirements. In addition, decreases in excess VCh (as 

represented by the VCh slow component) may have contributed to the reductions in 

VCh peak seen across the performance rides. 

In contrast to Poole et al. (1990), where untrained subjects demonstrated an 

inability to achieve VCh s s at intensities above CP, subjects in this study were able to 

maintain up to 93±5 % VCh m a x during the final few minutes of exercise at 111% CP 

(CL15). The ability to continue working at such a high % VCh m a x has also been observed 

in highly trained runners, who maintained 93±7 % VCh m a x for up to 15 minutes prior to 

exhaustion, while running above critical speed (Billat et al., 1998a). An explanation for 

these different responses is not readily apparent. However, a comparison of results from 

subjects who were tested pre- and post-training (Poole et al., 1990) with the results from 

this study, highlights the influence that chronic adaptation to training exerts on the 

relationship between CP and VCh m a x . For untrained subjects, the minimum power output 

that elicited VCh m a x was 108 %CP, but following 7 weeks of endurance training, 111 

%CP was required to elicit VCh max (Poole et al., 1990). The subjects in this study 
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cycled at 116 %CP to achieve VCh m a x , which indicates that a greater %CP is 

required to elicit VCh m a x as fitness increases. The influence of training status on the 

relationship between CP and VCh m a x is further clarified by comparing the physiological 

responses to constant load exercise at similar relative exercise intensities. Results from 

the 3 different groups described above (Poole, 1990 (untrained), Poole, 1990 (trained) 

and Hawley, 2001 (well-trained)) are shown in Table 6 (mean±SD). While constant load 

cycling at similar %CP resulted in exhaustion within the same time frame for all 3 

groups, the physiological circumstances underlying the onset of fatigue were dependent 

on training status. Increased fitness resulted in the use of a lower % VCh m a x and a 

reduction in the VCh slow component while performing at the same relative exercise 

intensity. Well-trained cyclists may use a lower % VCh m a x due to any combination of the 

metabolic adaptations that are known to occur in response to chronic endurance training. 

Some of the adaptations that could help to explain this phenomenon include increased 

ability to remove metabolic waste products during exercise, increased muscle mass, 

increased blood flow to the muscle and improved VCh kinetics (Brooks, 1985; Donovan 

& Brooks, 1983; Lucia et al., 2000). Each of these adaptations could contribute to a 

lower relative load on the overall physiological system. 
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Table 6: Physiological responses to constant load exercise demonstrate the 
effects of endurance training on the relationship between CP and VCh m a x . A l l 
values are expressed as group mean ± SD. A VCh estimated from graphs of 
mean VCh response in Poole, 1990. * indicates attainment of VCh ss-

Group 
Time to 

Exhaustion 
(minutes) 

Power 
(%CP) 

VCh end 

(%VChm a x) 
AV02 (End-3') 
(ml-min" ) 

Poole, 1990 
(untrained) 17.7 ±3.4 108 97.1 ± 16.7 -830 

Poole, 1990 
(trained) 17.1 ±3.7 110 94.5 ± 14.1 = 670 

Hawley, 2001 
(well-trained) 17.6 ± 2.1 107 89.2 ±2.5 * 390 ± 90 

Reduction in the VCh slow component in response to endurance training has been 

observed in previous research (Casaburi et al., 1987; Womack et al., 1995), and the 

response has been associated with increased aerobic efficiency, decreased fast twitch 

(FT) muscle fibre recruitment and decreased B[La"] (Hagberg et al., 1980, Lucia et al., 

2000; Womack et al., 1995). A greater degree of FT fibre recruitment in untrained 

individuals, resulting in a greater Ch cost of exercise, would partially explain the 

differences in % VCh m a x observed in Table 6. However, these response differences 

highlight the difficulty in isolating the physiological components of performance-based 

models, such as the CP model (Olds, 2001). 

Further explanation of the onset of fatigue in well-trained cyclists may have been 

possible if the cardiovascular responses to each performance ride had been examined. A 

general trend toward the achievement of maximum heart rate at exhaustion was evident 
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for all performance rides and oxygen extraction, as calculated using expired gas 

measures (FEC>2), tended to decrease as exhaustion approached. Depending on the time 

course of the changes in these variables, these results could be indicative of the peripheral 

failure of muscle contraction. Based on these trends, the results from this study warrant 

further investigation. 

Blood Lactate Concentration During Performance Rides 

B[La"]peak values were different across performance rides (p<0.001). Therefore, 

similar to VCh p e at, the absolute value of B[La"]peak was a poor indicator of fatigue during 

constant load cycling above CP. The observed changes in mean B[La"]peak across the 

performance rides also demonstrated that fatigue could occur despite decreased lactate 

accumulation. These observations are consistent with previous reports that the 

determinants of fatigue change as exercise intensity decreases and support the contention 

that a direct causal relationship does not exist between metabolic acidosis and the muscle 

contraction process (Sahlin, 1992). Therefore, the results of this study suggested that 

some combination of metabolic and/or neural mechanism(s) could have contributed to the 

loss of force production during performance rides, independent of local acidosis. 

However, measurement of the hydrogen ion flux through metabolic pathways would be a 

more valid method of investigating the influence of acidosis on fatigue. 

Although continuous increases in B[La] occurred throughout each performance 

ride, the observed decreases in B[La"]peak during CL15, CL18 and CL21 were not 

consistent with the definition of severe exercise proposed by Gasser and Poole (1996). 
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The B[La"] responses observed during these performance rides also failed to 

satisfy the definition of heavy exercise, which requires achievement of B[La"]ss- It is 

unclear why the V O 2 ss that occurred during CL15, CL18 and CL21 were not 

accompanied by equilibrium in B[La"]. The responses themselves indicate that while the 

oxidative requirements of these exercise bouts were met, the required rate of lactate 

production exceeded the maximum rate of removal. This uncoupling of the traditionally 

supported association between V O 2 and B[La~] responses has been observed elsewhere in 

the literature, but only under experimental conditions designed to determine if increased 

B[La"] contributed to the V O : slow component (Womack et al., 1995; Poole, 1994). 

Therefore, the results in this study appear to be the first naturally occurring demonstration 

that the association between V O 2 and B[La"] responses is unlikely to have a direct 

causality. 

The similar changes in V O 2 p e ak and B[La"]peak between rides suggest that a 

common mechanism, such as changes in motor unit recruitment, could influence both 

V O 2 and B[La"] responses during constant load exercise. However, i f increased fast 

twitch (FT) muscle fibre involvement occurred as exercise progressed, to compensate for 

increasing amounts of force production failure in slow twitch (ST) fibres, this process 

would have resulted in a steadily increasing VCh , due to the increased oxygen cost of FT 

fibre contraction (Barstow, 1994; Poole, 1994; Womack et al., 1995). In this study, the 

absolute aerobic contribution appeared statistically unchanged during the final minutes 

preceding exhaustion in the CL15, CL18 and CL21 rides. In addition, the correlation 
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between A VCh (End-3) and AB[La~](End-3') was weaker than others have reported 

(mean r = 0.47 in this study versus 0.73 in Poole et al. (1988)), suggesting that the two 

responses are not necessarily related. It is important to note, though, that the correlation 

co-efficient across performance rides could have been reduced by the homogeneity of the 

study group or the similarity of the exercise intensities at which performance rides were 

conducted. The reduced A VCh (End-3') that is typical of well-trained individuals may also 

have confounded the correlation. In addition, a negative correlation existed between 

VCh and B[La"] within each performance ride that likely reduced the magnitude of the 

positive correlation across the performance rides. This inverse relationship is typically 

more pronounced in well-trained individuals, who tend to possess higher VCh and lower 

B[La~] values than untrained individuals at the same relative exercise intensity. 

Therefore, a plausible explanation for the uncoupling of VCh and B[La"] responses 

during CL15, CL18 and CL21 remains to be determined. 

Blood Ammonia Concentration During Severe Exercise 

There was no significant difference in B[NH 3]pe ak across all performance rides 

(p=0.9) and, therefore, B[NH 3 ]p e a k provided the only reliable indicator of fatigue during 

exercise at intensities greater than CP. However, it would be inappropriate to suggest 

that exercise-induced hyperammonemia caused fatigue during these performance rides. 

Prior studies have demonstrated that B[NH 3 ] measurements provide an incomplete 

representation of ammonia concentration at the primary sites of possible fatigue, the 

muscle and the brain. Although changes in B[NH 3 ] appear to reflect ammonia release 



65 

from muscle during steady state conditions in heavy exercise (Graham et al., 

1987), the relationship between the two varies due to changes in pH and glutamine 

formation at higher exercise intensities (Katz et al., 1986), and due to the activity of 

blood ammonia clearance mechanisms at lower exercise intensities (Graham et al., 1995). 

Similarly, exercise to exhaustion at the same absolute intensity following endurance 

training, resulted in unchanged BfNPL] but brain [NH3] increased in response to the 

increased time to exhaustion (Guezennec et al., 1998). Therefore, similar B[NH3]p eak 

values across performance rides cannot be considered indicative of consistent metabolic 

conditions within the contractile apparatus of the muscle or in the CNS. Despite the fact 

that there is insufficient evidence to conclude that BfNFb] limits performance at 

intensities above CP, B[NH 3 ] p e ak did provide an accurate and consistent reference point 

for fatigue during these performance rides. This phenomenon could perhaps be explained 

by the fact that ammonia, unlike lactate, is extremely difficult to metabolize during 

exercise. Therefore, it could represent the true accumulation of waste products during 

exercise. 

Available literature also suggests that B[NH3] p e ak does not change with training 

(Guezennec et al., 1998; Graham et al., 1992), or as a result of dietary manipulation 

(Czarnowski et al., 1995; MacLean et al., 1996; Snow et al., 2000). Therefore, the 

results from this study suggest that, if an individual B [NH 3 ] p e a k is determined, the rate of 

ammonia accumulation could be used as a predictor of time to exhaustion during constant 

load exercise at intensities above CP. BfNI-y measurement during key workouts or 

periodic performance tests also appears promising for monitoring training tolerance and 
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recovery, as changes in the rate of B[NH3] accumulation may suggest 

improvement or deterioration in the ability to tolerate the same absolute intensity. 

It has been suggested that the purine nucleotide cycle (PNC) is the primary source 

of ammonia during short term, high intensity exercise (Dudley et al., 1983). Although it 

is impossible to determine the source of B[NHs] from the measures obtained in this 

study, the results were consistent with the hypothesis of Dudley and colleagues (1983). 

As the initially recruited muscle fibres became fatigued, an energy imbalance could have 

occurred, prompting the activation of the PNC (Sahlin & Katz, 1989). However, other 

research has demonstrated that amino acid metabolism could be a major source of 

B[NH3] during prolonged exercise (Graham and MacLean, 1992; Graham et al., 1995). 

The involvement of these metabolic pathways in high intensity, sub-maximal exercise has 

not yet been examined and, therefore, cannot be eliminated from consideration as a 

potential source of B[NH3]. 

Conclusions 

Classifying Exercise Intensity 

The decreases in V O 2 p e ak and B[La"]peak at intensities above CP, as observed in 

this study, are not consistent with the definition of severe exercise proposed by Gaesser 

and Poole (1996). The V O 2 and B[La"] responses discussed in the previous sections 

have indicated that the range of intensities currently defined as severe exercise can 

actually be divided into two separate patterns of response in well-trained cyclists. These 

responses are illustrated in Figure 14. One response pattern results in the attainment of 
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V O : m a x and the other does not, but both result in continuous accumulation of 

B[La~] throughout exercise. Therefore, it is recommended that an additional zone of 

exercise intensity be added to the current system of classification. 
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Figure 14: V O : ( 

Time (minutes) 

) and B[La"] ( ) response patterns for severe and 'harsh' exercise 



The highest intensity zone remains severe exercise, and it should 

continue to include all intensities that elicit a continuous increase in B[La"] and VCh 

throughout exercise, culminating in the attainment of VCh m a x and a consistent B[La~]peak 

(Gaesser and Poole, 1996). Exercise within the next, and newest zone could be referred 

to as harsh exercise or something similar. This zone could be limited at its lowest 

intensity by the power output corresponding to MLSS and could include all higher 

intensities for which sub-maximal VCh ss is achieved. B[La"] increases throughout 

exercise in this new intensity zone, but B[La"]p e ak is lower than values observed during 

severe exercise. The definitions of heavy and moderate exercise remain unchanged 

(Gaesser and Poole, 1996). 

Although BfNFL] is potentially useful as a predictor of fatigue during severe and 

'harsh' exercise, its response to constant load exercise would not be particularly useful 

for determining transitions from 'harsh' to severe intensities. Furthermore, published 

literature indicates that BpMFL] also rises continuously during all heavy exercise. To 

date, there is inadequate published research to predict the behaviour of BfNFL] during 

constant load exercise at lower intensities and there is little indication of how BpSfFL] 

would respond to exhaustive heavy exercise. Therefore, further research into the 

practical applications of applying B[NH 3 ] to the description of exercise sustainability is 

required. 
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Applications of the Critical Power Model 

The CP model was developed as a global description of the relationship between 

work capabilities and time to exhaustion, without reference to the energy input required 

or the mechanisms causing exhaustion (Monod & Scherer, 1965; Olds, 2001). 

Subsequent research has shown that the accuracy of this description, represented by a 

rectangular hyperbola, varies with several factors that were previously described (see 

Chapter 2). Potential explanations for observed changes in the power-time relationship 

have often implicated physiological changes in the factors determining exhaustion (Hill, 

1925; Davies and Thompson, 1979; Ettema, 1966; Jacobson, 1998). Due to the 

descriptive nature of the model, only limited physiological meaning can be assigned to its 

components, which account for overall aerobic and anaerobic energy contributions to 

each performance based on the assumptions that aerobic energy supply is instantaneous 

and limitless and that exhaustion results from the depletion of anaerobic energy stores 

(Jenkins and Quigley, 1990; Monod and Scherer, 1965). Therefore, the power asymptote 

of the hyperbolic power-time relationship has been identified as the aerobic component 

and setting the aerobic contribution to zero identifies the anaerobic component. 

Mathematically, this model is therefore limited by the approach of either variable to zero. 

The results of this study demonstrated the limitations that are placed on the 

hyperbolic model's predictive capabilities by the assumptions described above. That is, 

the physiological integrity of the hyperbolic model may have been compromised because 

it contained exercise intensities for which the relative anaerobic contribution was reduced 

(i.e. CL18), as indicated by a significant decrease in B[La"]p e ak and by previous research 
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describing the relative energy system contributions to events lasting 10-30 

minutes (Foster et a l , 1978). 

In addition, the results observed in this study highlighted the influence of training 

status on the relationship between CP and VCh m a x . Since the relative intensity of CP is 

determined by the time to exhaustion, with no reference to the underlying physiological 

circumstances that result in the loss force production, changes in the CP- V O : m a x 

relationship influenced the physiological outcomes of exercise at CP. There is also a 

significant body of literature demonstrating the multi-factorial nature of exhaustion and, 

by extension, the inappropriateness of attempting to associate physiological variables 

with the CP model (Jacobson, 1998; Sahlin, 1992; Green, 1997). 

In general, the hyperbolic CP model is best applied as an individualized tool for 

monitoring changes in the power-time relationship, rather than as a true indicator of 

exercise sustainability. However, it is important to acknowledge the role that inconsistent 

methodologies and definitions have played in obscuring the relationship between CP and 

other measures of sustainability, such as MLSS, thus creating confusion in the practical 

application of CP theory. Therefore, a consistent methodology for estimating CP is 

essential and the tests selected for application to the model should include exercise 

intensities for which the relative aerobic and anaerobic contributions are fairly balanced. 

The predictive accuracy of the hyperbolic model appears to be best between 1 and 30 

minutes (Hill, 1993; Billat et al., 1999), so the tests used to create the model should be 

between 2 and 15 minutes in length. For endurance athletes who compete in events 
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lasting longer than 30-35 minutes, it may be inappropriate to apply the 

hyperbolic CP model as a predictor of competitive performance. 

Limitations 

Participants in this study were asked to consistently perform several maximum 

efforts over an extended period of time. Although every effort was made to reduce 

variation in the physiological conditions under which data collection occurred, it was 

impossible to completely control day-to-day variation in each rider's recovery. Changes 

in motivation, sleep, diet and physical or mental stress could have influenced the 

participant's ability to give a truly maximal effort on any given day. 

Accumulated fatigue may have masked a training effect that could have been 

induced by the several weeks of repeated high intensity cycling required in this study. 

For example, although V O 2 m a x was not higher in IL#2, it may have increased following 2 

weeks of recovery. 

The measurement of metabolite concentrations in the venous blood did not 

provide a complete representation of the metabolic processes occurring within the 

muscle. Although these measures were adequate for initial characterization of metabolite 

responses to this type of exercise, a full understanding of their metabolism cannot be 

obtained without measurement of flux through the system and direct measurement of 

associated enzyme levels within the muscle. 
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Recommendations for Future Research 

The lack of explanation for the uncoupling of VCh and B[La~] responses to 

'harsh' exercise suggests that the physiological mechanisms underlying this response 

should be investigated. An investigation of the lactate flux from the muscle, in 

conjunction with measurement of removal rates, may provide valuable insight into factors 

determining the continuous increase in B[La~] during these intensities. 

Further research is required to clearly identify the role of motor unit recruitment 

strategies, and their accompanying metabolic consequences, in the onset of muscle 

fatigue. E M G and VCh data could be collected during exhaustive constant load exercise 

at several different intensities within the severe and harsh intensity domains. 

Additional investigations should also be conducted to determine the role of ST 

muscle fibres and protein metabolism in determining BfNFy during constant load 

exercise to exhaustion. More invasive techniques may be required to identify the primary 

metabolites involved in energy production as exhaustion approaches. 
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Appendix A: Informed Consent Form 

Research Project Title: Characterizing Oxygen Consumption During Severe 

Exhaustive Cycling 

Investigator(s): Jodi Hawley and David J. Smith, Ph.D. (supervisor) 

Sponsor: Sport Science Association of Alberta 
This consent form, a copy of which has been given to you, is only part of the process of 
informed consent. It should give you the basic idea of what the research is about and 
what your participation will involve. If you would like more detail about something 
mentioned here, or information not included here, you should feel free to ask. Please take 
the time to read this carefully and to understand any accompanying information. 

The purposes of this investigation are to determine: i) i f maximal aerobic power can be 
attained at all cycling intensities above critical power, and ii) which metabolic end-
products (i.e. lactate, ammonia) reach maximal accumulation at the time of fatigue 

As a participant in this project you will be required to perform the following: 1) two 
incremental tests to exhaustion to determine maximal aerobic power (V02 m a x); 2 ) three 
constant load cycle tests to exhaustion, at 3 different intensities, to determine critical 
power (CP), peak oxygen consumption (V02 p eak) and ventilatory response to exercise; 3 ) 
Four constant load cycle tests to exhaustion, at 4 different intensities, to determine 
changes in oxygen consumption and metabolic end-products from rest to exhaustion. 
These tests are explained in detail below. 

V 0 2 max will be determined via an incremental test performed on a cycle ergometer 
starting at 150 watts and increasing by 3 5 watts every two minutes until anaerobic 
threshold is observed by the technician. Thereafter the increase will be 15 watts every 
minute until exhaustion. Throughout the test, your expired air will be collected and 
analysed for oxygen and carbon dioxide content. This procedure requires that you 
breathe room air through a mouthpiece, which is connected to a hose that collects your 
expired air. 

The critical power tests will be performed on 7 separate days. On each day you will be 
required to cycle at a constant power output for as long as you can. These rides are 
designed to last 4 , 8, 12 , 15 , 18 and 21 minutes respectively and the power outputs are 
determined from the V 0 2 m a x test and the first set of 3 rides. The final 4 rides will be 
approximately 8, 12 , 18 and 21 minutes in length. The order in which they are performed 
will be randomized and you will not be informed which ride you are expected to perform 
on any given day. You will have at least 4 8 hours of rest between each ride. Expired air 
will be collected and analysed as described above for each of the constant load rides. For 
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the final 5 rides, gas collection will also be performed during a 5 minute warm-up and a 
10 minute post-exercise recovery period. In addition, blood samples will be obtained at 
designated times before, during and after each of these rides. These samples will be 
collected from an intravenous catheter, placed in your forearm and connected to a saline 
solution drip. Blood will be collected before you begin warming up, in the last 30 
seconds of your warm-up, and at several times during exercise and recovery. Once 
you've begun each constant load test, samples will be taken at 1, 3, 5, and 10 minutes of 
exercise. A final exercise sample will be collected during the last 30 seconds of each 
performance ride. Once you have stopped cycling, blood samples will be obtained at 1,3, 
5, 7, and 10 minutes of recovery. Each time a sample is drawn, approximately 1 mL of 
blood will be collected from your forearm. Blood samples will be analysed immediately 
for lactate and ammonia concentrations. 

Therefore, your participation in this study requires that you have an indwelling catheter 
placed in the forearm on five separate days. On each day, you will provide 11 or 12 
blood samples but no more than 15 mL of blood will be collected. These 5 rides will 
occur over a 3 week time period. It is possible that there may be some tenderness or light 
bruising surrounding the area where the catheter will be placed. However, any 
discolouration should clear within a few days of completing the study and subsequent 
catheters will not be placed in areas where light bruising has occurred. 

As with all maximal effort testing you may experience some degree of short duration / 
transient nausea, dizziness, muscle soreness or discomfort. However this study should 
not leave you with any long term adverse effects. Qualified technicians will be present 
for all testing sessions to reduce any discomfort and monitor your condition. 

Your time commitment to this study will result in a maximum of 12 hours in the 
laboratory, over a 4.5 week period (9 visits ranging from 30 to 75 minutes in duration). 
In addition, you will be asked to keep a detailed training log throughout the study. 
Nutritional analysis will also be performed on 3 days prior to the performance rides. 
Monitoring your nutritional status and activity levels will ensure that you are adequately 
prepared to perform to the best of your abilities during each performance ride. Your 
recovery between performance rides will also be monitored using the Rusko Heart Rate 
Test. This resting heart rate test will require you to record you heart rate while lying 
down and standing up, immediately after waking each morning. You will be provided 
with a memory capable heart rate monitor for this purpose. Therefore, your total time 
commitment to this study will be approximately 16 hours. 

Upon completion of the investigation you will receive a detailed analysis of your 
personal results, which will identify your current fitness level, as well as your 
physiological strengths and weaknesses. A qualified technician will explain how these 
characteristics impact your performance and, i f necessary, a training outline will be 
provided to assist you in structuring your training to improve your competitive results. 
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A l l information gathered during this investigation will be kept in strict confidence and 
your name will be replaced with an identifying code on all project documents. Any 
publications resulting from this research will report results as group mean values. 
Therefore, your individual results will not be highlighted. Participation in this project is 
voluntary and you reserve the right to withdraw at any time without prejudice. Data will 
be kept in locked storage for a period of 5 years and then destroyed. During storage only 
the investigators and laboratory staff will have access to data. 

In the event that you suffer injury as a result of participating in this research the Sport 
Science Association of Alberta, the University of Calgary, and the researchers involved 
in this study will provide no compensation for your treatment. You will be responsible 
for paying for any treatment your doctor recommends that is not covered by health care 
insurance. You still have all your legal rights. Nothing said here about treatment or 
compensation in any way alters your right to recover damages. 

Your signature on this form indicates that you have understood to your satisfaction the 
information regarding participation in the research project and agree to participate as a 
subject. In no way does this waive your legal rights nor release the investigators, 
sponsors, or involved institutions from their legal and professional responsibilities. You 
are free to withdraw from the study at any time without jeopardizing your health care. 
Your continued participation should be as informed as your initial consent, so you should 
feel free to ask for clarification or new information throughout your participation. If you 
have further questions concerning matters related to this research, please contact: Jodi 
Hawley (220-2802) or David J. Smith, Ph.D. (220-3440) 

If you have any questions concerning your rights as a possible participant in this research, 
please contact the Office of Medical Bioethics, Faculty of Medicine, University of 
Calgary, at 220-7990. 

Participant's Signature Date 

Investigator and/or Delegate's Signature Date 

Witness' Signature Date 

A copy of this consent form has been given to you to keep for your records and reference. 
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Appendix B: Subject Information Sheet 

Research Project Title: Characterizing Oxygen Consumption During Severe 

Exhaustive Cycling 

Investigator(s): Jodi Hawley and David J. Smith, Ph.D. (supervisor) 

Sponsor: Sport Science Association of Alberta 

SUBJECT INFORMATION SHEET 

Purpose of Research 
1. Determine if maximal aerobic power can be attained at all cycling intensities above 

critical power. 
2. Determine which metabolic end-products (i.e. lactate, ammonia) reach maximal 

accumulation at the time of fatigue 

Criteria for Inclusion 

• Competitive male cyclist, training at least 3 times per week 
• 18-35 years old 
• Capable of 20 km time trial in 33 minutes or less 
• Maximal oxygen consumption between 55 and 65 ml-kg"'-min"1 

• Second ventilatory threshold occurs at greater than or equal to 78% of the highest 
power output achieved during the incremental oxygen consumption test 

Exercise Requirements 

1. Maximum Oxygen Consumption Determination 
An incremental cycling test to exhaustion where your expired air is collected by 
breathing through a 2-way valve, attached to a rubber mouthpiece 

2. Critical Power Estimation 
Three constant load rides to exhaustion, designed to last about 4, 8, and 15 
minutes each. Expired air will be collected during all 3 rides and blood will be 
sampled during the longest ride. 

3. Performance Rides 
Four constant load rides to exhaustion, designed to last about 8, 12, 18, and 21 
minutes each. Expired air will be collected during your 5-minute warm-up, 
during the performance ride itself, and during a 10-minute post-exercise recovery 
period. Blood samples will also be collected before, during and after exercise. 
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4. Repeat Maximum Oxygen Consumption Protocol 

Incremental protocol will be repeated exactly as originally performed to 
determine whether a training effect occurred as a result of your participation in 
the study. 

Summary: 9 maximal exercise tests within a 4-5 week time period 

Other Requirements 

• Daily resting heart rate measurements, performed immediately after waking, using a 
heart rate monitor with memory capabilities. This data will be delivered to the lab on 
a daily basis for the duration of the study. 

• Maintenance of a daily Training and Activity Log that specifies the duration, intensity 
and type of exercise that you perform outside the study requirements. 

• Completion of a 3 day Dietary Record at 2 or more times during the course of the 
study. 

• Refrain from racing during the study 
• Agree to avoid all high intensity exercise, other than that required by the study, for 

the duration of the investigation 

Benefits 

• Detailed analysis of your current fitness level 
• Interpretation of your test results with respect to your performance capabilities 
• Training tips and an outline of the most appropriate training techniques required to 

improve your weaknesses as a competitive cyclist, while maintaining your strengths. 



Appendix C: Project Time Line 

Data collection occurred from September, 2000 to May, 2001. Each subject 

visited the laboratory on 9 different days over a 4 week period. If additional rest was 

required between tests, the subject completed the study over 5 weeks. No more than 1 

test was performed per day. 

RANDOMIZED 

IL #1 C L 1 [2 CL 8 CL 18 CL 21 

CI A CI .8 CI .15 IL #2 

Weekl Week 2 Week 3 Week 4 
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Table 7: Individual physical characteristics 

Subject Age 
(years) 

Height 
(cm) 

Weight 
(kg) 

H R m a x 

(b-min1) 

1 32 175 73.0 188 

2 32 170 71.2 192 

3 37 179 66.5 196 

4 33 178 66.9 193 

5 18 174 71.9 210 

6 24 174 74.0 199 

7 25 185 74.0 183 

8 24 185 83.9 190 

9 34 182 69.7 182 

10 29 178 63.5 198 

Table 8: Individual performance characteristics 

Subject V C h m a x V C h m a x MIP AnT VCh AnT P.O. 
(L-min"1) (ml-kg'-min1) (watts) (L-min1) (watts) 

1 4.76 65.2 400 3.25 280 

2 4.67 65.6 345 3.41 220 

3 4.51 66.3 400 3.65 305 

4 4.59 68.6 395 3.45 280 

5 4.63 64.4 370 3.81 290 

6 4.19 56.6 365 3.31 280 

7 4.73 63.9 385 3.33 280 

8 4.17 49.7 385 3.26 280 

9 4.73 62.1 380 3.41 280 

10 4.61 72.6 335 3.20 255 
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Appendix E: Critical Power Estimates 

Table 9: Individual estimates of critical power, using power vs time"1 model, for a group 
of short tests (CL4, CL8, CL12) and with longer tests added (CL4, CL8, CL12, 
CL15, CL18) 

Long Estimate Short Estimate 
(CL4, CL8, CL12, CL18, CL21) (CL4, CL8, CL12) 

Subject CP AWC R 2 CP AWC R 2 

(watts) (joules) (watts) (joules) 

1 284 28037 0.9739 291 26046 0.9925 

2 248 24761 0.9146 263 20346 0.9054 

3 272 29842 0.9419 280 26910 0.9659 

4 264 34767 0.9575 266 34082 0.9215 

5 257 32618 0.8637 296 20231 0.9962 

6 261 30159 0.9530 274 25642 0.9908 

7 286 28476 0.9114 308 21417 0.9960 

8 297 29061 0.9470 312 23513 0.9980 

9 303 21791 0.9776 310 19391 0.9868 

10 271 14200 0.9292 280 12016 0.8796 

Where: 
y = mx + b 

y is Power (watts) 

m is A W C (joules) 

x is Time"1 (seconds"1) 

b is Critical Power (watts) 
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Appendix G: Influence of Averaging Interval on Signal Variability 



Sampling 
Interval 
(seconds) 

Mean VO: During Second Last Minute 
(±SD) 

(L-min'1) 
SEM 

120 4.35 
(0.20) 0.06 

60 4.34 
(0.22) 0.06 

30 4.32 
(0.23) 

4.35 
(0.23) 0.07 

15 4.32 
(0.21) 

4.33 
(0.25) 

4.35 
(0.23) 

4.34 
(0.24) 0.07 

5 4.40 
(0.25) 

4.27 
(0.20) 

4.30 
(0.30) 

4.27 
(0.26) 

4.31 
(0.29) 

4.39 
(0.29) 

4.29 
(0.28) 

4.35 
(0.27) 

4.39 
(0.41) 

4.33 
(0.25) 

4.31 
(0.37) 

4.39 
(0.15) 0.09 

Sampling 
Interval 
(seconds) 

Mean VO: During Last Minute 
(±SD) 

(L-min ') 
SEM 

60 4.36 
(0.19) 0.06 

30 4.35 
(0.18) 

4.37 
(0.21) 0.07 

15 4.35 
(0.17) 

4.34 
(0.20) 

4.35 
(0.20) 

4.40 
(0.21) 0.07 

5 4.35 
(0.22) 

4.36 
(0.21) 

4.34 
(0.26) 

4.29 
(0.30) 

4.40 
(0.19) 

4.33 
(0.33) 

4.34 
(0.31) 

4.32 
(0.24) 

4.35 
(0.34) 

4.49 
(0.37) 

4.39 
(0.19) 

4.34 
(0.21) 0.09 

Table 10: The influence of sampling interval on the variability of the V O : signal during the final 2 minutes of CL8. 
Values are displayed as Mean (±SD) unless otherwise noted. 



Sampling 
Interval 
(seconds) 

Mean VCh During Second Last Minute 
(±SD) 

(L-min1) 
SEM 

120 4.31 
(0.21) 0.07 

60 4.31 
(0.19) 0.07 

30 4.: 
(0. 

30 
9) 

4.31 
(0.19) 0.07 

15 4.33 
(0.18) 

4.28 
(0.21) 

4.31 
(0.18) 

4.31 
(0.21) 0.07 

5 4.34 
(0.27) 

4.29 
(0.16) 

4.36 
(0.20) 

4.27 
(0.30) 

4.32 
(0.17) 

4.26 
(0.26) 

4.31 
(0.17) 

4.31 
(0.23) 

4.32 
(0.18) 

4.29 
(0.29) 

4.31 
(0-17) 

4.32 
(0.21) 0.07 

Sampling 
Interval 
(seconds) 

Mean VCh During Last Minute 
(±SD) 

(L-min1) 
SEM 

60 4.30 
(0.22) 0.07 

30 4.: 
(0. 

31 
9) 

4.31 
(0.23) 0.07 

15 4.33 
(0.23) 

4.30 
(0.23) 

4.31 
(0.24) 

4.28 
(0.22) 0.07 

5 4.33 
(0.25) 

4.36 
(0.25) 

4.29 
(0.24) 

4.28 
(0.25) 

4.26 
(0.29) 

4.36 
(0.20) 

4.30 
(0.24) 

4.27 
(0.22) 

4.35 
(0.30) 

4.24 
(0.17) 

4.22 
(0.23) 

4.38 
(0.39) 0.08 

Table 11: The influence of sampling interval on the variability of the VCh signal during the final 2 minutes of CL12. 
Values are displayed as Mean (±SD) unless otherwise noted. 



Sampling 
Interval 
(seconds) 

Mean VO: During Second Last Minute 
(±SD) 

(L-min1) 
SEM 

120 4.17 
(0.18) 0.06 

60 
4.17 

(0.18) 0.06 

30 4.18 
(0.19) 

4.15 
(0.16) 0.06 

1 5 4.16 
(0.16) 

4.19 
(0.23) 

4.13 
(0.18) 

4.18 
(0.16) 0.06 

5 4.17 
(0.17) 

4.08 
(0.26) 

4.23 
(0.16) 

4.17 
(0.30) 

4.17 
(0-25) 

4.24 
(0.27) 

4.12 
(0.22) 

4.14 
(0.19) 

4.11 
(0.24) 

4.25 
(0.25) 

4.07 
(0.25) 

4.21 
(0.17) 0.07 

Sampling 
Interval 
(seconds) 

Mean VO: During Last Minute 
(±SD) 

(L-min1) 
SEM 

60 4.18 
(0.19) 0.06 

30 4. 
(0. 

17 
18) 

4.20 
(0.20) 0.06 

15 4.16 
(0.21) 

4.18 
(0.16) 

4.15 
(0.20) 

4.24 
(0.20) 0.06 

5 4.10 
(0.18) 

4.17 
(0.29) 

4.19 
(0.22) 

4.14 
(0.11) 

4.18 
(0.19) 

4.21 
(0.29) 

4.20 
(0.24) 

4.12 
(0.24) 

4.12 
(0.30) 

4.27 
(0.32) 

4.18 
(0.23) 

4.22 
(0.34) 0.08 

Table 12: The influence of sampling interval on the variability of the V O : signal during the final 2 minutes of CL15. 
Values are displayed as Mean (±SD) unless otherwise noted. 



Sampling 
Interval 
(seconds) 

Mean VCh During Second Last Minute 
(±SD) 

(L-min1) 
SEM 

120 
4.02 

(0.13) 
0.04 

60 
4.04 

(0.13) 
0.04 

30 4.1 
(0. 

)5 
14) 

4.03 
(0.13) 0.05 

15 4.04 
(0.15) 

4.07 
(0.16) 

4.09 
(0.15) 

3.97 
(0.15) 0.05 

5 4.04 
(0.14) 

3.97 
(0.19) 

4.08 
(0.23) 

3.96 
(0.25) 

4.14 
(0.24) 

4.09 
(0.24) 

4.04 
(0.23) 

4.08 
(0.24) 

4.12 
(0.18) 

3.96 
(0.19) 

3.96 
(0.18) 

3.95 
(0.32) 0.07 

Sampling 
Interval 
(seconds) 

Mean VO2 During Last Minute 
(±SD) 

(L-min1) 
SEM 

60 
3.99 

(0.14) 
0.04 

30 4.1 
(0. 

)3 
3) 

3.95 
(0.18) 0.05 

15 4.02 
(0.16) 

4.05 
(0.13) 

3.96 
(0.20) 

3.94 
(0.23) 0.05 

5 4.05 
(0.12) 

4.02 
(0.20) 

3.98 
(0.34) 

4.04 
(0.20) 

4.07 
(0.18) 

4.03 
(0.14) 

3.98 
(0.22) 

4.04 
(0.23) 

3.80 
(0.44) 

3.98 
(0.33) 

3.97 
(0.24) 

3.89 
(0.22) 0.08 

Table 13: The influence of sampling interval on the variability of the V O 2 signal during the final 2 minutes of CL18. 
Values are displayed as Mean (±SD) unless otherwise noted. 



Sampling 
Interval 
(seconds) 

Mean VO: During Second Last Minute 
(±SD) 

(L-min1) 
SEM 

120 3.94 
(0.15) 0.05 

60 3.96 
(0.15) 0.05 

30 3.( 

(0. 
)8 
19) 

3.94 
(0.14) 0.05 

15 3.97 
(0.19) 

4.00 
(0.19) 

3.92 
(0.17) 

3.95 
(0.14) 0.06 

5 3.93 
(0.19) 

3.98 
(0.22) 

4.02 
(0.28) 

4.01 
(0.31) 

3.98 
(0.23) 

4.00 
(0.26) 

3.86 
(0.25) 

3.98 
(0.21) 

3.91 
(0.21) 

3.95 
(0.21) 

3.90 
(0.22) 

3.99 
(0.20) 0.07 

Sampling 
Interval 
(seconds) 

Mean VO: During Last Minute 
(±SD) 

(L-min1) 
SEM 

60 3.92 
(0.15) 0.05 

30 3.( 

(0. 
H 
4) 

3.< 
(0. 

-)\ 
7) 

0.05 

15 3.92 
(0.17) 

3.95 
(0.13) 

3.91 
(0.17) 

3.91 
(0.22) 0.06 

5 4.00 
(0.23) 

3.90 
(0.17) 

3.86 
(0.41) 

4.07 
(0.22) 

3.83 
(0.21) 

3.95 
(0.21) 

3.93 
(0.18) 

3.88 
(0.28) 

3.91 
(0.20) 

3.89 
(0.16) 

3.91 
(0.27) 

3.94 
(0.40) 0.08 

Table 14: The influence of sampling interval on the variability of the V O : signal during the final 2 minutes of CL21. 
Values are displayed as Mean (±SD) unless otherwise noted. 
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Appendix H: Individual Blood Responses to Performance Rides 
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Appendix I: Dietary Analysis of Average Daily Energy Intake 

Table 15: Average daily energy intake and composition of diet based on a 5 day dietary 
record. Food consumption during the day prior to each performance ride was 
recorded. Alcohol composes the remainder of the diet for those subjects whose 
dietary composition does not add up to 100%. 

Subject Mean Energy Intake 
(kilocalories) Mean % CHO Mean % PRO Mean % FAT 

1 2255 59 15 26 

2 3355 53 13 31 

3 2433 50 15 32 

4 2825 58 12 30 

5 2180 55 20 25 

6 2250 45 31 25 

7 4324 48 17 35 

8 3745 59 15 24 

9 2993 51 18 31 

1(1 3379 65 14 21 
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Appendix J: Rusko Test Instructions and Individual Summaries 

Rusko Test Instructions 

This resting heart rate test is designed to help quantify your recovery from training and 
other forms of stress. During the test you will need to record your heart rate using the 
Polar Vantage XL™ heart rate monitor that has been supplied to you. 

Performance of the entire test requires 10 minutes. 

It must be performed first thing in the morning, before you do any activity. 

When you wake up, please attach the heart rate monitor and ensure that the monitor 
watch is receiving the transmitter signal. 

Follow the attached instructions to set the memory function on the monitor watch. 

Once you are ready to begin recording, lay supine (flat on your back) and wait briefly for 
your heart rate to stabilize. 

Throughout the recording period, please ensure that the monitor continues to receive your 
heart rate signal. 

To begin recording, press the START/STOP button on the monitor watch and ensure that 
the stopwatch timer has started. 

Remain supine, lying quietly, until the stopwatch has recorded 8 minutes of data. 

At the 8-minute mark, stand up straight and continue to let the stopwatch run. 

Remain standing quietly for 2 minutes. 

At the 10-minute mark, you may press the START/STOP button on the monitor watch to 
end the recording. 

Follow the attached instructions to recall the heart rates that you have just collected. This 
will ensure that you have successfully recorded the Rusko Test. 

Please leave each test in memory until it has been downloaded from the watch to a 
computer at the Human Performance Laboratory. 

You can record up to 8 tests on the watch before it will need to be downloaded so there is 
no worry of running out of memory. 
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Table 16: Individual summary of Rusko test results for l a h O l . Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min ~l) 

15 sec. HR 

(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min1) 

Fatigue 
Index 

18-Sep-00 56 99 68 26.43 
19-Sep-00 51 99 62 23.38 
20-Sep-00 53 105 85 30.77 
21-Sep-00 50 100 72 26.94 
22-Sep-00 46 90 68 24.97 
23-Sep-00 52 95 84 30.74 
24-Sep-00 50 95 80 29.05 
25-Sep-00 51 91 84 30.36 
26-Sep-00 55 86 75 27.15 
27-Sep-00 52 85 78 28.14 
28-Sep-00 53 89 74 28.02 
29-Sep-00 49 85 74 27.29 
30-Sep-00 52 107 82 30.59 
l-Oct-00 57 91 65 24.85 
2-Oct-00 48 0 72 26.60 
3-Oct-00 51 93 72 26.70 
4-Oct-00 50 100 79 28.90 
5-Oct-00 52 89 65 24.40 
7-Oct-00 53 95 80 28.93 
8-Oct-OO 58 98 76 27.69 
9-Oct-00 46 99 68 25.30 
10-Oct-OO 46 92 66 24.58 
ll-Oct-00 55 98 73 27.41 
12-Oct-00 48 100 72 26.52 
15-Oct-00 47 104 73 27.20 
16-Oct-00 47 97 68 25.05 
17-Oct-00 53 104 78 28.08 
18-Oct-00 47 103 80 28.85 
19-Oct-00 47 97 81 28.41 
20-Oct-00 46 90 69 25.41 
21-Oct-00 47 97 81 28.41 
22-Oct-00 46 90 69 25.41 
23-Oct-00 45 96 68 25.05 
24-Oct-00 49 90 68 25.17 
25-Oct-00 55 104 80 30.07 
3-Nov-OO 48 104 75 27.23 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 17: Individual summary of Rusko test results for lcc_02. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min"1) 

15 sec. HR 
(bmin ') 

Avg. Standing HR (90-
120 sec.) 
(b-min" ) 

Fatigue 
Index 

19-Sep-00 52 83 82 29.65 
20-Sep-00 53 89 90 32.34 
21-Sep-00 52 88 82 29.69 
22-Sep-00 53 78 79 29.09 
23-Sep-00 53 89 88 31.84 
24-Sep-00 50 86 96 33.84 
25-Sep-00 50 0 91 32.26 
26-Sep-00 49 92 63 23.65 
27-Sep-00 53 92 94 33.47 
28-Sep-OO 54 95 84 30.41 
29-Sep-00 46 84 74 26.76 
30-Sep-00 53 91 87 31.37 
l-Oct-00 59 101 90 33.00 
2-Oct-00 52 102 97 34.37 
3-Oct-00 52 103 80 29.37 
4-Oct-00 51 97 91 32.39 
5-Oct-00 48 103 92 32.42 
6-Oct-00 50 97 86 30.69 
7-Oct-00 53 97 94 33.62 
8-Oct-00 56 103 86 31.30 
9-Oct-00 56 105 91 32.88 

10-Oct-OO 51 101 88 31.45 
12-Oct-00 48 96 78 28.30 
13-Oct-OO 50 100 82 29.55 
14-Oct-OO 52 99 91 32.46 
15-Oct-00 48 99 86 30.66 
16-Oct-00 51 90 81 29.32 
17-Oct-00 53 95 77 28.26 
18-Oct-OO 51 87 82 29.72 
19-Oct-00 54 93 95 33.88 
20-Oct-00 51 97 90 32.03 
22-Oct-00 53 92 79 28.88 
23-Oct-00 54 95 86 31.20 
24-Oct-00 54 109 99 35.24 
25-Oct-00 51 101 84 30.42 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 18: Individual summary of Rusko test results for 2ah_03. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min ') 

15 sec. HR 
(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min") 

Fatigue 
Index 

2-Nov-00 54 87 71 26.82 
3-Nov-OO 57 90 77 28.64 
5-Nov-OO 69 93 89 33.67 
6-Nov-00 69 92 89 33.50 
7-Nov-00 54 85 82 29.98 
8-Nov-00 63 90 78 29.66 
9-Nov-00 65 87 87 32.64 
10-Nov-OO 63 89 89 32.88 
12-Nov-OO 57 92 74 27.97 
14-Nov-OO 70 94 85 32.37 
15-Nov-OO 59 87 75 28.49 
16-Nov-00 68 92 93 34.68 
22-Nov-OO 53 90 71 26.51 
27-Nov-OO 62 94 78 29.52 
28-Nov-OO 61 89 86 31.92 
29-Nov-OO 59 97 85 31.36 
30-Nov-00 54 56 79 28.98 
l-Dec-00 62 95 83 31.19 
3-Dec-00 66 86 77 29.53 
4-Dec-00 46 78 65 23.98 
5-Dec-00 59 95 82 30.54 
6-Dec-00 57 97 86 31.51 
7-Dec-00 56 90 78 29.09 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 19: Individual summary of Rusko test results for 2mb_04. Bold rows indicate a 
day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min1) 

15 sec. HR 
(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min1) 

Fatigue 
Index 

4-Nov-00 60 90 75 28.50 
5-Nov-OO 59 84 71 27.16 
6-Nov-OO 62 99 83 31.05 
7-Nov-OO 63 104 89 33.09 
8-Nov-OO 64 92 81 30.58 
9-Nov-OO 63 94 89 33.07 
10-Nov-OO 63 114 92 33.90 
13-Nov-OO 57 92 69 26.51 
14-Nov-OO 59 96 77 29.12 
15-Nov-00 57 99 79 29.50 
16-Nov-00 64 95 89 33.09 
17-Nov-OO 58 88 90 32.70 
18-Nov-OO 57 90 90 32.80 
20-Nov-00 60 95 79 29.70 
21-Nov-OO 65 98 86 32.26 
24-Nov-00 63 101 74 28.61 
25-Nov-00 54 84 67 25.62 
26-Nov-00 57 95 78 29.08 
27-Nov-OO 54 84 81 29.68 
28-Nov-00 56 90 75 27.96 
29-Nov-OO 54 84 81 29.68 
30-Nov-00 59 93 88 32.34 
l-Dec-00 59 92 77 28.96 
2-Dec-00 62 95 80 30.10 
3-Dec-00 68 97 88 33.09 
4-Dec-00 75 101 94 35.58 
5-Dec-00 66 104 87 32.55 
6-Dec-00 52 99 90 32.06 
7-Dec-00 61 106 81 30.43 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 20: Individual summary of Rusko test results for 3mp_05. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min"1) 

15 sec. HR 
(b-min"1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min"!) 

Fatigue 
Index 

14-Jan-01 54 83 82 32.15 
15-Jan-01 51 80 81 30.57 
16-Jan-01 60 92 85 31.27 
17-Jan-01 63 83 79 29.20 
18-Jan-01 67 85 88 32.30 
19-Jan-01 54 84 73 27.40 
22-Jan-01 55 75 79 29.26 
25-Jan-01 51 87 89 33.68 
29-Jan-01 54 109 89 32.25 
l-Feb-01 53 82 82 31.40 
4-Feb-01 59 90 79 31.00 
5-Feb-01 53 81 85 31.41 

12-Feb-01 58 85 81 33.68 

Fatigue Index : = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 

Table 21: Indi vidual summary of Rusko test results for 3tw 06. Bold rows indicate a 
day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min ') 

15 sec. HR 
(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min1) 

Fatigue 
Index 

17-Jan-01 56 83 75 27.16 
18-Jan-01 63 82 78 30.03 
19-Jan-01 51 78 70 24.65 
20-Jan-01 51 73 64 24.63 
21-Jan-01 57 81 64 24.45 
22-Jan-01 49 73 72 26.73 
23-Jan-01 44 66 67 22.93 
24-Jan-01 47 61 74 25.95 
25-Jan-01 50 76 81 29.72 
29-Jan-01 48 75 72 25.49 
30-Jan-01 43 70 80 28.53 
2-Feb-01 50 49 72 24.30 
6-Feb-01 49 74 68 24.18 
13-Feb-01 57 87 79 28.98 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 22: Individual summary of Rusko test results for 3ds_07. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b'min1) 

15 sec. HR 
(bmin ') 

Avg. Standing HR 
(90-120 sec.) 

(b*min~ ) 

Fatigue 
Index 

17-Jan-01 48 74 72 25.72 
18-Jan-01 42 79 63 25.67 
19-Jan-01 41 76 71 26.39 
20-Jan-01 46 74 67 25.07 
21-Jan-01 46 84 67 27.90 
22-Jan-01 47 71 59 23.82 
24-Jan-01 49 66 55 22.15 
25-Jan-01 51 84 62 24.48 
26-Jan-01 45 80 51 21.81 
27-Jan-01 50 63 72 27.53 
29-Jan-01 50 76 52 22.07 
30-Jan-01 43 133 69 23.29 
l-Feb-01 50 66 60 23.33 
2-Feb-01 50 69 59 24.29 
3-Feb-01 49 81 54 23.33 
4-Feb-01 50 82 55 23.75 
5-Feb-01 52 68 61 23.38 
6-Feb-01 46 62 56 23.40 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 23: Individual summary of Rusko test results for 4gs_08. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min1) 

15 sec. HR 
(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min") 

Fatigue 
Index 

2l-Feb-01 62 97 66 28.33 
22-Feb-01 55 82 78 30.27 
23-Feb-01 60 103 86 33.30 
24-Feb-01 51 94 74 26.77 
25-Feb-01 59 99 87 31.36 
27-Feb-01 50 96 83 30.17 
l-Mar-01 57 86 81 29.16 
6-Mar-01 64 93 94 35.18 
7-Mar-01 64 100 93 34.10 
8-Mar-01 56 103 97 34.48 
9-Mar-01 58 101 74 28.12 

12-Mar-01 51 87 81 30.52 
15-Mar-01 54 89 92 32.50 
19-Mar-01 50 83 83 28.98 
22-Mar-01 51 97 82 30.28 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 24: Individual summary of Rusko test results for 4ds_09. Bold rows indicate a 
day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min"1) 

15 sec. HR 
(b-min"1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min"1) 

Fatigue 
Index 

10-Mar-01 51 68 56 21.70 
ll-Mar-01 45 78 58 22.14 
12-Mar-01 47 74 66 23.23 
13-Mar-01 50 73 65 24.05 
14-Mar-01 49 74 60 22.89 
15-Mar-OT 49 73 62 23.13 
16-Mar-01 54 74 70 25.76 
17-Mar-01 53 78 62 24.12 
19-Mar-01 46 80 66 23.93 
20-Mar-01 44 69 62 22.89 
21-Mar-01 49 71 62 23.63 
22-Mar-01 52 70 73 26.57 
23-Mar-01 54 72 68 25.52 
24-Mar-01 58 83 76 28.74 
25-Mar-01 53 75 62 24.41 
26-Mar-01 50 69 69 25.66 
27-Mar-01 53 78 68 26.02 
28-Mar-01 51 85 70 27.10 
29-Mar-01 49 69 60 22.39 
30-Mar-01 43 79 70 23.54 
3-Apr-01 47 81 62 23.30 

Fatigue Index = (0.1 * Avg. Resting HR) + (0.3 * Avg. Standing HR) 
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Table 25: Individual summary of Rusko test results for 4cg_10. Bold rows indicate a 

day on which a performance ride occurred. 

Date 
Avg. Resting HR 

(last 2 min.) 
(b-min") 

15 sec. HR 
(b-min1) 

Avg. Standing HR 
(90-120 sec.) 

(b-min1) 

Fatigue 
Index 

3-Mar-01 51 91 64 26.13 
4-Mar-01 51 76 69 27.30 
5-Mar-01 50 92 73 25.92 
6-Mar-01 51 87 71 25.67 
7-Mar-01 48 87 57 21.85 
8-Mar-01 52 81 67 27.56 
9-Mar-01 49 89 70 24.98 
10-Mar-01 49 83 61 24.15 
ll-Mar-01 52 75 60 24.39 
12-Mar-01 48 79 68 24.46 
13-Mar-01 49 85 69 25.44 
14-Mar-01 48 98 69 25.37 
15-Mar-01 47 74 64 24.47 
16-Mar-01 46 91 68 25.53 
17-Mar-01 47 80 58 22.13 
18-Mar-01 50 76 70 25.26 
19-Mar-01 46 71 67 23.79 
21-Mar-01 43 74 73 25.08 
22-Mar-01 45 79 74 26.41 
25-Mar-01 48 79 70 25.35 
26-Mar-01 47 66 69 23.77 
27-Mar-01 49 92 70 26.10 
28-Mar-01 50 78 69 25.57 
29-Mar-OT 52 50 70 26.33 
2-Apr-01 49 68 59 21.48 

Fatigue Index = (0.1 * Avg. Resting ; HR) + (0.3 * Avg. Standing HR) 
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Appendix K: Statistical Analysis 

Maximum Oxygen Consumption 

Sign test: CL4 and IL#1 
Two-sided test: 
Ho: median of CL4 = IL1 vs. Ha: median of CL4 ^ IL1 

Propositive >= 5 or #negative >= 5) 
= min(l, 2*Binomial(n = 10, x >= 5, p = 0.5)) = 1.0000 

Sign test: IL#1 and IL#2 
Two-sided test: 
Ho: median of IL1 = IL2 vs. Ha: median of IL1 ^ IL2 

Pr(#positive >= 5 or #negative >= 5) 
= min(l, 2*Binomial(n = 10, x >= 5, p = 0.5)) = 1.0000 

Peak Oxygen Consumption 

Analysis of variance with repeated measures 

Source Partial SS df MS F P 

Model 3.031 14 0.217 14.82 0.0000 

Subject 1.33 9 0.148 10.12 0.0000 

Intensity 1.701 5 0.340 23.29 0.0000 

Residual 0.657 45 0.015 

Total 3.689 59 0.063 

Pairwise comparisons 

CL4 vs CL15 
t(45) = 4.7903 

Pr(|T| >= 4.7903) = 0.0000 

CL8 vsCL15 
t(45) = 2.7743 

Pr(|T| >= 2.7743) = 0.0080 
Adjusted p = 0.032 

CL4 vs CL12 
t(45)= 1.868 

Pr(|T| >= 1.868) = 0.0683 
Adjusted p = 0.2732 

CL15 vs CL18 
t(45) = 2.4969 

Pr(|T| >= 2.4969) = 0.0163 
Adjusted p = 0.0652 



Peak Blood Lactate Concentration 

Analysis of variance with repeated measures 

Source Partial SS df MS F P 

Model 181.399 13 13.954 15.31 0.0000 

Subject 116.166 9 12.907 14.16 0.0000 

Intensity 65.233 4 16.308 17.89 0.0000 

Residual 32.811 36 0.911 

Total 214.21 49 4.372 

Pairwise comparisons 

CL8 vs CL15 
t(36)= 1.8269 

Pr(|T| >= 1.8269) = 0.0760 
Adjusted p = 0.228 

CL15 vs CL18 
t(36) = 2.5295 

Pr(|T| >= 2.5295) = 0.0159 
Adjusted p = 0.0477 

CL18 vs CL21 
t(36) = 2.2953 

Pr(|T| >= 2.2953) = 0.0276 
Adjusted p =0.0828 
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Peak Ammonia Concentration 

Analysis of variance with repeated measures 

Source Partial SS df MS F P 

Model 27897.26 13 2145.94 13.30 0.0000 

Subject 27724.58 9 3080.51 19.09 0.0000 

Intensity 172.68 4 43.17 0.27 0.8969 

Residual 5810.52 36 161.40 

Total 33707.78 49 687.91 




