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AAbbssttrraacctt  

This thesis consists of six experimental studies from three separate data collection 

periods. The first two studies dealt respectively with the reliability and validity of the 

portable V&O2 measuring system (Cosmed K4b2) and validity of the exercise protocol, 

both of which were utilised during the subsequent studies.  Three of the final four 

studies dealt with quantifying the relative energy system contribution to track running 

events between 100-m and 3000-m using measures recorded during actual track 

running events. The final study examined the on-transient V&O2 response to middle-

distance 800-m, 1500-m and 3000-m track running events. 

 

Study 1 reported on the validity and reliability of a Cosmed K4b2 portable gas analysis 

system. Comparison of Cosmed K4b2 and Metabolic cart measurements revealed 

significantly (p<0.05) increased Cosmed system values of V&O2, V&CO2, FECO2 (except 

FECO2 at 10min) and lower values of FEO2 for each run duration (1, 3 and 10 min). 

Linear regression equations to predict metabolic cart results from Cosmed values were, 

respectively; cart V&O2 = 0.926 ⋅ Cosmed V&O2 – 0.227 (r2 = 0.84) and cart V&CO2 = 

1.057 ⋅ Cosmed V&CO2 – 0.606 (r2 = 0.92). Bland –Altman plots and comparison of the 

test-retest Cosmed measurements revealed that the K4b2 system showed good 

repeatability of measurement for measures of V&E, V&O2 and V&CO2, particularly for 10 

and 3 min tests (ICC = 0.7 – 0.9, p<0.05). Thus, while the Cosmed K4b2 portable gas 

analysis system recorded consistently higher V&O2 and V&CO2 measurements in 

comparison to a metabolic cart, satisfactory test-retest reliability of the system was 

demonstrated. 
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Study 2 reported on the comparison between a conventional linear method and a 

proposed non-linear regression (NLR) method of determining the accumulated 

oxygen deficit (AOD). No significant difference (p>0.05) was noted for the 

calculation of AOD between the linear regression (sub maximal) and NLR (supra-

maximal) methodologies. However, a weak, (but significant) correlation (r = -0.40, 

p<0.05) was obtained and the observed intra-subject difference in the calculated AOD 

was large (30.8 – 80.6 ml.kg-1). As a result, it was concluded that the use of a NLR 

technique with supra maximal exercise to obtain a measure of AOD was not 

comparable to the conventional linear V&O2 – velocity technique. Hence, it was 

concluded that the conventional, linear measure remained the preferred option for the 

measurement of AOD.  

 

Results from Studies 3, 4, and 5 respectively determined the aerobic – anaerobic 

energy system contribution to track running events of 100-m through to 3000-m.  

Results from Study 3 indicated the aerobic – anaerobic energy system contribution to 

1500-m (for males and females) as 77% - 23% and 86% - 14%, and for 3000-m as 

86% - 14% and 94% - 6% respectively (AOD method). Study 4 determined the 

aerobic – anaerobic energy system contribution (AOD method) to track running 

events of 400-m (for males and females) as 41% - 59% and 45% - 55% and for 800-m 

events as 60% - 40% and 70 - 30% respectively. Study 5 determined the relative 

aerobic – anaerobic energy system contribution (AOD method) (for males and 

females) as 21% - 79% and 25% - 75% for 100-m track events and 28% - 72% and 

33% - 67% for 200-m events. 
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The data from these three studies concurs with recent laboratory research into the 

energetics of track events, while providing applied (in-race) data about both the role 

and interaction of the respective metabolic pathways throughout events of 100-m to 

3000-m.  Also, these studies highlight and confirm previous research outlining both 

the significance of and speed at which the aerobic energy system becomes involved in 

maximal exercise between 11 s and 10 min in duration. In addition, from all three 

studies, measured in-race physiological parameters that correlated with track 

performance were also identified. While one particular in-race measure was not 

uniformly associated with performance in all track events, a variety of individual 

measures did show relationships with performance in different events. Velocity at 

peak V&O2 (v-V&O2 peak) was correlated with male 3000-m performance (r= - 0.89), 

while peak V&O2 and peak race V&O2 were associated with male 1500-m performance 

(r= -0.68 and -0.69 respectively). Anaerobic energy contribution (La/PCr) was 

associated with male 800-m and female 400-m performance (r= -0.77 and -0.87 

respectively) while anaerobic energy contribution (AOD) was associated with female 

200-m performance (r = -0.96). 

 

Finally, study 6 revealed that during 800-m, 1500-m and 3000-m middle-distance 

track running events, faster initial running velocities were associated with faster on-

transient V&O2 responses (τ1) (r = -0.54 to –0.78, p<0.01, n = 26). Also, a trend was 

noted for faster τ values the shorter the event distance (14.0, 18.5 and 20.8 s for 800-

m, 1500-m and 3000-m events respectively). Furthermore, the relationship between τ1 

and initial race velocity suggested that those individuals with a faster start had both a 

faster τ1 and a better performance.  As such, performance in faster/shorter middle-
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distance events (especially the 1500-m event) was strongly correlated with a faster on-

transient V&O2 response (r = 0.71, p<0.05, n = 8).  
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Introduction: 

The attainment of peak performance in any athletic event is dependent upon the 

specificity of training (Rushall and Pyke 1990, Hawley and Burke 1998). In turn, the 

specificity of training relates to the replication of the energetics of the event in order 

to maximise the provision of ATP via the respective metabolic pathways involved. As 

with most athletic endeavours, track-running events require, to varying degrees, the 

utilisation of all three energy systems, dependent upon the intensity and duration of 

the effort. Jones and Whipp (2002), after analysis of the bioenergetic constraints of 

middle-distance running, describe how athletes who were better able to harness their 

metabolic resources, in combination with superior tactical decision making, produced 

better race performances.  Hence, an understanding of the contribution of the 

respective energy pathways and their interaction in an athletic event is important for 

the development of appropriate training programs. 

 

However, a brief review of popular coaching material will discover a range of 

opinions and outdated information on the energetics of track running events. A round 

table discussion of coaches and sports scientists regarding the relative energetic 

contribution of an 800-m track race revealed a wide range of opinions (NSA 

roundtable 1996). Anaerobic energy contributions between 35% and 70% were 

supported, indicating a large disparity in thought in regard to the energetics of an 800-

m event. Prendergast (2002), in a recent analysis of the 800-m event, outlines the 

primary importance of anaerobic glycolysis, reporting that oxidative metabolism is 

not the predominate energy pathway used, even though research has reported an 

aerobic energy system dominance in exercise efforts of 2 min duration (Medbø et al. 

1988). The difference between scientific knowledge and coaching application can 
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lead to a variety of impressions (as indicated by the NSA round table discussion). 

Accordingly, Karp (2003) and Pilone (2002) have both respectively reported on the 

large differences in training methods by which coaches can and have attempted to 

improve athletic performance in track running.  

  

An understanding of the energy system interaction in any event requires knowledge of 

the respective contribution from each metabolic pathway. Currently, a range of data 

exist in the sports science literature, detailing the respective energy system 

contribution to a variety of exercise events, durations and intensities. However, no 

data exists outlining the respective energy system contributions during actual track 

running. A small collection of studies have simulated track running events on 

treadmills, but much of the energy system contribution data have been collected using 

measurement techniques that are now considered flawed. As a consequence, much of 

the conceptual understanding of the interaction of the energy pathways is based on 

outdated information (Gastin 2001). While the direct measurement of ATP turnover 

from anaerobic sources still remains a problem in energy system interaction studies, 

recent technology and research advances have attempted to refine the methodology 

needed to accurately measure anaerobic energy supply. Furthermore, the 

measurement of in-race V&O2 with portable gas analysis equipment has allowed for the 

measurement of the specific V&O2 response to race conditions, which, combined with 

revised techniques for anaerobic energy supply analysis, can improve the accuracy of 

the measurement of track running energetics.     

 

Much research has also been devoted to the investigation of physiological correlates 

of running performance (Almarwaey et al. 2003). Most of these data have been 
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collected from laboratory measures, as few studies have examined the relationships 

between performance and actual in-race measured and calculated physiological data. 

The use of data acquired during actual track running better allows for the 

investigation of relationships between performance and measured physiological race 

parameters.      

 

Finally, while the study of the V&O2 kinetic response to exercise has grown over the 

last decade, most studies have focussed on constant velocity, sub-maximal exercise 

intensities. While some cycle ergometry studies have modelled the on-transient V&O2 

response to higher intensity exercise (Pringle et al. 2002), very little supra-maximal 

treadmill running research exists. As yet, no research has described the V&O2 response 

to supra-maximal exercise of variable intensity or, of more practical importance, the 

on-transient V&O2 response of middle-distance track running. Furthermore, the speed 

of involvement of the aerobic system is an important factor in reducing reliance on 

anaerobic glycolysis and the associated amelioration of metabolic waste accumulation 

(Barstow 1994, Özyener et al. 1996). As such, the speed of the V&O2 response during 

middle-distance track running events and the subsequent relationship with race 

performance is yet to be investigated. 

 

Statement of the Problem:

As a result of a lack of specific metabolic data directly measured from track running 

events (between 100-m and 3000-m) there is disagreement amongst coaches and 

sports scientists about the relative energy system contribution to track running. While 

the prediction of race performance based on physiological measures has been a 

popular research topic, these measures are often laboratory based. Little research 
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exists that describes the relationships between in-race physiological measures and 

subsequent race performance. In addition, no research exists describing the V&O2 

response of middle-distance track running events, where the exercise intensity is 

supra-maximal and variable. In addition, the relationship between the speed of the on-

transient V&O2 response and subsequent race performance is yet to be determined. 

 

 Aim: 

The primary aim of this research was to quantify the respective aerobic and anaerobic 

energy system contribution during actual track running events of 100-m to 3000-m, 

including 100-m, 200-m, 400-m, 800-m, 1500-m and 3000-m events. A secondary 

aim was to determine whether any relationships existed between in-race physiological 

measures and subsequent race performances over the range of events assessed. 

Thirdly, the final aim was to characterise or describe the in-race, on-transient V&O2 

response to middle-distance track running events and to determine whether any 

relationship existed between the speed of the V&O2 response and subsequent race 

performance.      

 

Limitations: 

The limitations of this research include: 

• Measurement of the anaerobic energy supply: 

While multiple methods have been employed in the present study in an attempt to 

accurately quantify the anaerobic energy supply, it is accepted that the broader 

scientific community has not universally agreed upon a method for the 

measurement of whole body anaerobic energy supply.   
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• 

• 

• 

Muscle biopsies: 

As a result of technical difficulties during assay procedures, muscle biopsy 

analysis results are reported on only two subjects, however samples from a larger 

subject population were originally obtained. 

  

Field testing: 

As the present study is predominantly field-based research, it is accepted that 

fluctuations in environmental conditions may have some effect on the data 

collected. While attempts to minimise this influence were undertaken, it cannot be 

stated that environmental conditions had no influence on the results. 

 

• Female athlete analysis 

As a result of a small female sample size in certain events, statistical analysis was 

difficult. However, the data were included, as there is a lack of available data on 

the energy system interaction of female athletes. 

 

Athlete calibre: 

The final subject population, while all highly trained, consisted of predominantly 

sub-elite athletes, therefore the current data applies to sub-elite (State-level) rather 

than elite (National or International-level) track athletes.  
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Delimitations:

The delimitations of this research include: 

• 

• 

Subject population: 

Only trained male and female track athletes were used as subjects, with all athletes 

having prior familiarity with the event in which they acted as a subject. 

 

Testing conditions: 

Testing was ceased or postponed if environmental conditions were extreme (40oC 

< Temp < 15oC, wind > 4 m·s-1 or raining).   
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Introduction:
  
An appreciation of the metabolic demands involved in any exercise bout is important 

for the correct application of training programs designed to achieve optimal 

performance. An integral component of successful athletic performance is the adequate 

provision of metabolic energy supply, based on the intra-muscular hydrolysis of 

Adenosine Tri-phosphate (ATP) (Hermansen 1981, Vollestad and Sejersted 1988 and 

Hultman et al. 1990). Three intertwined, yet distinct metabolic pathways exist to 

supply ATP, allowing muscular contraction and the performance of mechanical work 

(Gastin 1994). The respective contribution of the three metabolic pathways to any 

exercise bout is a function of both the duration and intensity of the particular bout. 

Hence, as the duration and intensity of effort change, so too will the respective 

contribution and integration of the respective energy pathways. As athletic events vary 

with duration and exercise intensity, the reliance upon both the quantity and speed of 

metabolic supply of ATP, will also change accordingly.  Therefore, successful 

preparation for any athletic event requires optimal utilisation of the energy systems 

imperative to the particular event. It is therefore important that an athletic event be 

quantified in terms of the relative demands it places on the various metabolic pathways 

to allow an understanding of the energetic requirements of the exercise bout.  

However, the history of the measurement of metabolic energy supply in exercise has 

been largely confounded by disagreement and measurement error  (Green and Dawson 

1993, Gastin 1994). 

 

Modern measures of energy system expenditure are predominantly based upon the 

procedure of indirect calorimetry, utilising the measurement of oxygen consumption. 

As the metabolism of major fuel sources, such as glucose and triglycerides, requires 
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the presence of oxygen and produces metabolic waste products of carbon dioxide and 

water, determination of the caloric expenditure is possible via the exchange ratio of 

these gases (Costill and Fox 1969, Costill 1970, Wilmore and Costill 1994).  

Generally, measures of oxygen consumption (V&O2) and carbon dioxide production 

(V&CO2) are made for conversion into a measure of energy expenditure. However, the 

accuracy and integrity of this measurement is best when the exercise bout is 

predominantly aerobic in nature.  Further, at the commencement of exercise, due to an 

initial lag in V&O2 kinetics, anaerobic energy sources are required to provide the 

majority of the energy supply during the initial stages of any exercise bout (Barstow 

1994). However, as the anaerobic energy systems are not reliant on oxygen delivery, 

and (as yet) no direct measure of ATP turnover exists, the measurement of the 

anaerobic energy production remains problematic, as there is no uniformly accepted 

measure (Gastin 2001). Debate over an appropriate method to most accurately measure 

anaerobic energy supply clouds much of the past research conducted on the relative 

energy system contribution to different exercise intensities, durations and modalities.  

 

The following review of the research literature associated with the topic of energy 

system contribution to track running events will incorporate a review of the anaerobic 

energy systems and an outline of the history and measures involved in quantifying the 

relative energy system expenditure in exercise. Accordingly, the controversies 

associated with obtaining an accurate, quantifiable measure of anaerobic energy supply 

will be discussed. The energy system contribution to track running events and other 

examples of research involving the integration of the energy systems in exercise will 

then be reviewed. Finally, a brief review of both the physiological correlates of 
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running performance and the characterisation of the on-transient V&O2 response to 

exercise will be covered.      

Definition of the Anaerobic Energy System: 

The term anaerobic can be defined as living in the absence of oxygen (Waker 1988) 

and as such, within the reference frame of metabolic activity, anaerobic metabolism 

refers to the resynthesis of ATP stores without the use of oxygen. Conceptually, the 

anaerobic energy system is composed of two different metabolic pathways, including 

an alactic and lactic pathway (Margaria et al. 1963, 1964). However, both pathways act 

in a closely integrated manner to provide energy when delivery via the aerobic energy 

system is insufficient to meet the metabolic demands of the imposed work rate.   

 

Adenosine tri-phosphate stores in the human body are limited (5 mMol.kg-1 wet wt.), 

allowing no more than 3 - 6 seconds (s) work (Spriet 1992). Any sudden change in the 

homeostatic internal environment as a result of external influences, especially an 

engagement in high intensity exercise, will cause a decrease in ATP stores and 

therefore a requirement to replenish ATP levels (Spriet 1992). While the primary 

mechanism for metabolic energy supply in the human body is from oxidative 

processes, the anaerobic energy systems also have important functions in the 

adaptation to any changes in cellular metabolic requirements. During the initial 

metabolic response to any increases in exercise intensity, both from a resting state and 

also from a steady-state level, the anaerobic energy systems are required to meet the 

deficit created as a result of the delay in intra-muscular oxygen delivery. This delay 

occurs due to the time required to adapt and therefore increase pulmonary respiration 

and cardiac output in response to changes in exercise intensity (Whipp and Ward 1990, 

Barstow 1994). Particularly at the commencement of high intensity exercise and during 
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increases in workloads above the intensity at which aerobic metabolism can adequately 

meet the energetic demands, anaerobic energy sources are required to meet the 

increased energy requirements.  

 

Of the two anaerobic energy pathways, the faster responding, yet capacity limited 

pathway involves an alactic process of PCr hydrolysis (Margaria et al. 1964, di 

Prampero and Margaria 1969). The formation of a high energy phosphate bond 

between the protein Creatine and a single phosphate molecule (Pi) (as a result of the 

enzymatic activity of Creatine Phosphorylase), results in a small but highly mobile 

store of energy with which to replete stores of ATP. Muscle PCr stores (∼20 mmol.kg-1 

wet wt) are generally unaffected by training, however have been shown to be increased 

by nutritional increases in free creatine (Febbraio et al. 1995, Preen et al. 2001). 

Phosphocreatine hydrolysis acts to buffer any dramatic changes in ATP and ADP 

caused by sudden changes in activity status. Particularly in high intensity exercise, via 

immediate Creatine Kinase (CK) enzymatic activity, PCr hydrolysis acts to provide an 

available source of Pi with which to resynthesise rapidly depleting stores of ATP. 

While total ATP degradation is impossible (Jacobs et al. 1982, Spriet 1992), total PCr 

stores can be quickly exhausted, (Jacobs et al. 1982, Vollestad and Sejersted 1988, 

Gaitanos et al. 1993). While total depletion of PCr stores may decrease the turnover 

rate of ATP, and hence cause a decrease in metabolic supply, limiting the ability of a 

muscle to generate maximal force (Balsom et al. 1995), PCr depletion has not been 

implicated as a direct cause of fatigue in exhaustive exercise (Hermansen 1969, 

Saugen et al. 1997, Vollestad and Sejersted 1998).  
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While both muscle ATP and PCr stores are limited, the hydrolysis of muscle glycogen 

via glycogenolysis to glucose and the further hydrolysis of glucose to pyruvate and 

ultimately to lactate (La-) via anaerobic glycolysis acts to replenish ATP stores 

(Margaria et al. 1933 and 1964). Under the enzymatic control of Phosphorylase 

(PHOS) and Phosphofructokinase (PFK) respectively, muscle glycogen stores and free 

glucose can be converted to pyruvate before being converted by the action of Lactate 

Dehydrogenase (LDH) into lactate (Grote 1983). During this conversion of glucose to 

lactate, both by a direct phosphorylation of ATP and to a lesser extent involvement of 

NAD to transport H+ ions and the associated electrons to the mitochondrial Electron 

Transport Chain (ETC), replenishment of ATP stores can occur (Spence and Mason 

1984). While the rate and capacity for ATP replenishment via glycolysis is still 

limited, the duration and quantity of ATP produced in comparison to PCr stores is 

much greater. While the specific cause of fatigue as a result of glycolysis is still 

unclear, the associated metabolic acidosis, due to the accumulation of H+, does restrict 

the capability of glycolysis to continue to replenish ATP (Sahlin 1986, Hultman and 

Greenhaff 1991, Sahlin 1992). Particularly during high intensity exercise, excessive 

utilisation of glycolysis leads to premature fatigue, reduction in mechanical work and 

reduced athletic performance (Sahlin 1992, Green 1997). The increased H+ 

concentration and associated decrease in muscle pH may act to inhibit glycolysis and 

glycogenolysis via inhibition of PFK and PHOS, preventing the continued turnover of 

ATP. Alternatively, the increased acidity may act to inhibit neuromuscular recruitment 

patterns or prevent Calcium (Ca++) release from the sarcoplasmic reticulum. By either 

or a combination of these mechanisms the ability of glycolysis to replenish ATP stores 

after approximately 100 – 120 s is very limited (Medbø et al. 1988, Gastin 2001).  
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 Historically, while anaerobic muscular metabolism was the subject of early 20th 

century research (Hill 1913, 1925, Hill and Lupton 1923), it was not until the 1960’s 

that attempts to define the relative interaction and contribution from the respective 

energy pathways to exercise first emerged (Fox et al. 1969, Howald et al. 1978). By 

the 1970’s characterisation of exercise activities based on the relative interaction of 

anaerobic and aerobic metabolic energy supply were appearing in the research 

literature (Åstrand and Rodahl 1970, Mathews and Fox 1971, Fox 1979). Mathews and 

Fox (1971) proposed the concept of an energy continuum, along which the 

contribution of the respective energy systems changed as the duration of the event 

increased.  However, controversy soon arose from this conceptualisation of energy 

system involvement in exercise.  

 

Firstly, early textbooks presented the respective energy systems as being distinctly 

separate and working independently within different time frames (Åstrand and Rodahl 

1970), a concept that is still reported in recent exercise physiology textbooks (Foss and 

Keteyian 1998). Secondly, more detailed analysis of the metabolic involvement of the 

anaerobic energy systems led to further research on the methodologies involved and 

the evolution to the current methods used today (Gastin 1994 and 2001).  Hence, much 

of the older data quantifying the respective energy system contribution to various 

exercise modes of different durations and intensities is based on dated methods that 

have since been proven to be inaccurate (Gastin 2001).  

        

Measurement of the Anaerobic Energy Contribution: 

Oxygen Debt:
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The measurement of anaerobic energy expenditure during exercise was originally 

reliant on the measurement of post-exercise V&O2. Termed the oxygen (O2) debt, it 

pertains to the prolonged period following the completion of an exercise bout during 

which V&O2 remains above the resting baseline level. This is demonstrated in Figure 

2.1, where the O2 debt is the shaded area under the V&O2 curve following the 

completion of the exercise bout. First proposed by Hill and Lupton (1923), the O2 debt 

hypothesis stated that the continuation of an elevated V&O2 after the completion of an  

exhaustive exercise bout was needed for the replenishment of energy stores depleted 

via anaerobic energy pathways. Essentially, the use of O2 debt as a measure of 

anaerobic metabolism related to the concept that during exercise, particularly of an 

intense nature, a metabolic debt was incurred in the delay before sufficient energy 

supply via oxidative mechanisms became available. This debt was then duly repaid 

during recovery following the cessation of the exercise bout, as seen by the continued 

elevation of V&O2 post-exercise. A key notion of the O2 debt theory was the link 

between the post-exercise elevation of V&O2 and the metabolism of blood lactate [La-]b, 

as the time delay for V&O2 to return to baseline values was initially thought to be linked 

to the duration for the oxidative metabolism of La- (Margaria et al. 1933).  

 

The classic theory of O2 debt as developed by Hill and Lupton (1923), was further 

developed by the work of Margaria et al. (1933), who proposed that the kinetics of the 

V&O2 recovery curve could be separated into two different phases. These two phases 

were thought to represent the replenishment of energy stores utilised by the different 

anaerobic energy pathways. Two different phases of recovery kinetics have been 

shown to exist; an initial quick recovery, which then progresses into a slower, gradual 

secondary phase of V&O2 returning to normal resting levels (Billat et al. 2002). 
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Margaria et al. (1933) proposed that the initial quick recovery of VMargaria et al. (1933) proposed that the initial quick recovery of V&O2 to baseline 

levels  
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Figure 2.1: Graphical representation of the O2 debt: The O2 debt is define

shaded area underneath the V&O2 recovery curve. 
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represented the replenishment of intra-muscular PCr stores and that the delayed 

secondary component of the recovery phase was associated with the oxidation of La-, 

primarily for glycogen replenishment. In order to estimate an anaerobic energy 

yield based on the accumulation of [La-]b. Hence, through the measurement of post-

exercise V&O2, researchers believed that a quantified measure of anaerobic energy yield 

was obtainable.   

 

The resynthesis of PCr stores has been shown to be dependent on the rate and 

availability of both O2 (Harris et al. 1976) and aerobic enzymes (Jansson et al. 1990).  

It is this link that has underpinned the relationship between the fast component of the 

O2 debt and the alactic anaerobic metabolic pathway. Research with both canine 

gastrocnemius (Piiper and Spiller 1970) and human quadriceps muscle (Hultman et al. 

1967) has shown a temporal alignment between the time course of the resynthesis of 

PCr and the fast component of the V&O2 recovery curve. Also, links between PCr 

replenishment, aerobic exercise training and excess post-exercise V&O2 (EPOC) have 

been established (Tomlin and Wenger 2001). As such, studies have shown that the fast 

component of the O2 debt is a reliable measure of alactic anaerobic capacity (Roberts 

and Morton 1978, Sawka 1980) and has been utilised as a method to measure the 

energy yield from PCr degradation (di Prampero et al. 1973).    However, while it has 

been shown that an association between the resynthesis of alactic energy sources and 

post exercise V&O2 exists, other factors such as the replenishment of haemoglobin and 

myoglobin stores are still involved in the immediate post-exercise V&O2 (Hermansen et 

al. 1984).   Therefore, the use of the O2 debt for the measurement of the alactic energy 

system contribution remains controversial. 
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The early theories proposed by Hill et al. (1923 and 1924) were based on observations 

of the contraction and recovery of frog sartorius muscle to explain why La-, formed 

after the stimulated contraction of muscle, disappeared when in the presence of 

oxygen. Following classification into separate recovery phases by Margaria et al. 

(1933), the assumption that the O2 debt method was a measure of anaerobic metabolic 

yield continued, as a result of the temporal association between the decline in [La-]b 

and the slow phase of the return of post-exercise V&O2 to a resting baseline level. 

While, as previously discussed, experimental evidence was provided for the link 

between PCr replenishment and V&O2, the association between La- and V&O2 during 

recovery was still based on the works of Meyerhof (1920) and Hill and associates 

(1924).  However, assumptions made about the post-exercise metabolism of La- were 

later challenged (Hermansen and Vaage 1977) and have cast doubt on the utility of the 

O2 debt method. Nevertheless, O2 debt measurement was the primary methodology 

used for the measurement of anaerobic energy system involvement in early research 

(Margaria et al. 1963, Hermansen 1969, Katch and Henry 1972). Based on data 

collected in the late 1960’s and early 1970’s using O2 debt methodology, many 

textbooks of this time reported the relative energy system interaction and contribution 

to varying exercise durations, much of which has continued to be reported by more 

recent versions of these texts (Fox et al. 1993).  

 

However, with further research and a greater understanding of the metabolic pathways 

involved, further doubts about the use of O2 debt as a measure of anaerobic capacity 

were raised (Hermansen et al. 1984). Comparison of the O2 debt values to the oxygen 

(O2) deficit for the same exercise bout has revealed a consistent overestimation by the 
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O2 debt method (Powers et al. 1987, Rose et al. 1988, Bangsbo et al. 1990). The O2 

deficit or accumulated oxygen deficit (AOD) is defined as the initial lag in V&O2 and 

represents the contribution of anaerobic metabolism at the commencement of exercise 

(Krogh and Lindhard 1920). This overestimation of the AOD was linked to post 

exercise influences such as elevated catecholamine levels (Hermansen et al. 1984, 

Nevill et al. 1989), increased tissue temperatures (Gaesser and Brooks 1984, Chad and 

Wenger 1988), mitochondrial respiration (Gaesser and Brooks 1984), the type of 

substrate used and the resynthesis of glycogen from La- (Hermansen and Vaage 1977, 

Åstrand et al. 1986). Hagberg et al. (1990) also demonstrated serious flaws with the O2 

debt method, as they reported no association between the production of La- during an 

exercise bout and the corresponding slow phase of the oxygen uptake recovery for 

sufferers of McArdle’s disease and control subjects. Thus, as a result of a wide range of 

influences affecting the post-exercise V&O2, the measurement of O2 debt for the 

attainment of a measure of anaerobic energy contribution is no longer considered valid 

(Gastin 2001). 

 

Blood Lactate:

The measurement of [La-]b accumulation has become a popular method for gaining an 

insight into the monitoring of training program effectiveness and the role of the 

anaerobic energy system (Jacobs 1986). However, the use of [La-]b as a measure of 

anaerobic energy contribution has never been universally supported (Saltin 1990). 

While in theory [La-]b may represent an easily obtainable, accurate measure of 

anaerobic energy contribution (representing measurement of the by-product of the 

original energy source, as seen in Figure 2.2) in reality it has been shown to lack the 

validity to be a quantifiable measure of anaerobic capacity. Margaria et al. (1963) first  
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Figure 2.2 Schematic outline of the process of glycolysis (Huskey 1997). 
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postulated that the peak [La-]b in the minutes following the completion of exhaustive 

exercise was a quantifiable measure of the level of La- produced via glycolysis. 

Similarly, this concept was also the basis of the use of the O2 debt method. Previously, 

Margaria and Edwards (1934) have shown that lactate freely and rapidly diffused 

uniformly through all water masses in the body, hence by measuring [La-]b it was  

possible to calculate the quantity of lactate produced. Therefore, this measure was 

thought to be a quantitative measure of the glycolytic energy pathway and to provide 

an avenue by which to measure the anaerobic energy contribution to an exercise bout. 

 

Following the popularisation of the use of [La-]b for this purpose (Margaria et al. 1963 

and 1964),  di Prampero (1981) later proposed that a measure of the anaerobic energy 

yield could be calculated from the net accumulation of [La-]b. Based on assumptions 

concerning the space and kinetics of the distribution of [La-]b, which previous research 

by Margaria et al. (1963) had supported, di Prampero (1981) also postulated, as had 

Margaria et al. (1963), a caloric equivalent of 3 ml O2 equivalents (eq) . mMol-1 rise in 

[La-]b above pre-exercise concentrations. He reported a range of values for the energy 

equivalent of [La-]b accumulation being from 2.7 – 3.3 ml.kg-1.mMol-1 (Margaria et al. 

1963, Cerretelli et al. 1964 and di Prampero et al. 1978) from both homogenous and 

heterogenous groups of subjects based on V&O2 max at a given supra-maximal intensity.  

Using this data, di Prampero (1981) concluded that anaerobic energy expenditure can 

be calculated by assuming, for every 1 mMol rise in [La-]b from pre-exercise to peak 

post-exercise concentrations, that 3 ml O2 eq.kg-1 are used to oxidise La- for the 

replenishment of glycogen. With this conversion, it was possible then to quantify the 

energy supply from both aerobic and anaerobic metabolism to an exercise bout. 
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However, other research exposed flaws in the presumptions that were made concerning 

the processes involved with the production and accumulation of La- (Hermansen and 

Vaage 1977).  It has since been shown that while [La-]b may show the extent to which 

glycolysis has been involved, it is not necessarily a quantitative measure (Gastin 

1994). Firstly, the use of [La-]b as a quantified measure of anaerobic energy 

involvement gives no indication of energy derived from the stored phosphate sources 

of PCr and ATP. As the basis for calculation of anaerobic yield is based on the by-

product of glycolysis, no account is made for the energy provision from the hydrolysis 

of ATP or PCr stores at the commencement of exercise. Secondly, [La-]b measures 

have been shown to be significantly lower than muscle lactate concentrations ([La-]m) 

(Jacobs et al. 1982, Tesch et al. 1982). Furthermore, a peak [La-]b may not obtained 

until between 3 to 7 min following the completion of an exercise bout indicating a 

delay before [La-]b and [La-]m equilibrium is reached (Hermansen and Vaage 1977, 

Jacobs 1986, Berthoin et al. 2002). When the difference in [La-]b and    [La-]m is 

combined with the time delay before the obtainment of a peak [La-]b, several questions 

concerning the actual fate of post-exercise La- and the validity of this method have 

been raised. Hence, the fate of the La- produced undermines the use of blood lactate as 

a direct measure of the anaerobic capacity. Research has shown that during the delay, 

prior to obtaining peak [La-]b, a large proportion of the La- produced has already been 

metabolised (Saltin 1987). 

 

Furthermore, while Margaria et al. (1963) had reported a uniform spread of La- 

throughout the fluid compartments of the body following glycolysis, Rieu et al. (1988) 

demonstrated that this did hold true for all exercise patterns or intensities. They 

demonstrated a longer delay before [La-]b and [La-]m equilibrium following intermittent 
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high-intensity exercise and warned against the unquestioned use of the 3 ml O2 eq.kg-

1.mMol La- when converting  [La-]b into O2 eq for the calculation of an energy yield. 

Hence, where it was once postulated that the [La-]b was a direct indicator of the 

hydrolysis of glycogen, there is now general consensus that due to the metabolism of 

La-, rather than resynthesis of glycogen, [La-]b does not give a quantitative measure of 

anaerobic energy supply (Saltin 1990). As outlined, [La-]b measures are not a 

quantitative measure of anaerobic energy supply and as such [La-]b will not be used as 

the criterion measure of anaerobic metabolism in the current research. However, other 

factors warrant the inclusion of [La-]b measures for the calculation of anaerobic energy 

contribution. Firstly, while only employed in the current research as a secondary 

measure, previous research has reported energy system contribution in track running 

using [La-]b measures (Lacour et al. 1990a, Hill 1999). Secondly, energy system 

contribution calculation using [La-]b measures are direct, ‘in race’ measures and 

despite limitations, allow for some idea of the magnitude of anaerobic energy system 

involvement in the respective track races. Finally, Green and Dawson (1995) have 

reported that [La-]b measures may have a higher validity as a quantitative measure of 

anaerobic metabolism for exercise of less than 1 min duration and hence may be useful 

in calculating anaerobic energy contribution to the shorter sprint events.  

 

In addition to the diffusion kinetics and actual fate of post-exercise La-, there are other 

factors that will influence the metabolism of La-, particularly during the delay to reach 

muscle-blood equilibrium. Firstly, the training status, including both the fitness and 

state of training (or detraining) of the individual athlete will influence La- clearance 

rates. Donovan and Brooks (1983) and Mazzeo et al. (1986), in rats and humans 

respectively, reported that La- turnover is directly related to V&O2 during exercise, with 
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trained individuals showing greater clearance rates of La- at any given sub-maximal 

exercise intensity. MacRae et al. (1992), Bergman et al. (1999) and Fukuba et al. 

(1999) have also reported an increased La- clearance following endurance training in 

humans.  Secondly, Lindermann et al. (1990), El-Sayed et al. (1993) and Dassonville et 

al. (1998) have all reported differences in [La-]b  following incremental and steady 

state exercise between different  sampling sites. Due to clearance by inactive muscle 

and proximity of sampling site to active musculature or type of exercise, different 

sampling sites resulted in differences in [La-]b measures.  Thirdly, the type of post-

exercise recovery engaged in will influence the clearance of [La-]b. Hermansen and 

Stensvold (1972), Francaux et al. (1995) and Mondero and Donne (2000) have all 

reported faster La- clearance rates during active as opposed to passive recovery 

following maximal exercise. Finally, changes in blood volume will affect the 

concentration of any blood-borne substance, particularly following exercise of a 

prolonged duration and/or in warm/hot conditions. Haemoconcentration can result in 

increased [La-]b (Harrison 1986), and as such the changes in blood (plasma) volume 

should be considered when measuring the change or peak [La-]b (Berthoin et al. 2002). 

As these underlying factors change the clearance rate of La- and hence affect peak [La-

]b between athletes and testing sessions, it becomes difficult to quantify anaerobic 

energy system contribution from measures of net accumulated [La-]b.  

 

Despite these findings, [La-]b measurements are still a popular and often used 

measurement procedure in many studies dealing with both aerobic and anaerobic 

components of exercise or exercise testing (Thompson and Garvie 1981, Housh et al. 

1992, Antonutto and di Prampero 1995, Pinnington and Dawson 2001). Although peak 

[La-]b measures may contribute to the understanding of the extent to which anaerobic 
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glycolysis was involved in an exercise bout, because of doubts regarding the accuracy 

of this measure, [La-]b is often not considered to be a good measure of anaerobic 

energy system contribution. However, Green and Dawson (1995) state that [La-]b may 

be a more accurate indicator of lactic capacity  for exercise of a brief duration (<1 

min). 

 

Accumulated Oxygen Deficit (AOD):

Initially postulated in the 1920’s by Krogh and Lindhard (1920), the potential of the O2 

deficit, or AOD, as an accurate measure of anaerobic energy supply was not refined 

until the 1970’s by the work of Karlsson and Saltin (1970 and 1971). While O2 debt 

measures were concerned with post-exercise V&O2, AOD measurement involved the 

initial lag in V&O2 during the early stages of exercise. V&O2 tends to reach a steady state 

plateau after approximately 3 min of sub-maximal exercise (Barstow 1994) and this 

steady state V&O2 is assumed to represent the energy demand of the exercise bout.  The 

AOD measure represents the difference between an expected or predicted V&O2 of an 

exercise bout and the actual measured V&O2. This difference is postulated to be the 

deficit between the total energy demand of the exercise and the energy supply provided 

by the aerobic system or, therefore, the supply of energy derived from anaerobic 

sources (Hermansen 1969, Medbø et al. 1988). It is therefore assumed to represent the 

energy supply from PCr hydrolysis and glycolysis, as well as the minor but negligible 

use of haemoglobin and myoglobin stores (Åstrand et al. 1986). This concept is 

displayed in Figure 2.3, where the shaded area represents the AOD. The validity of the 

AOD measure to accurately quantify the anaerobic energy supply is determined by the 

accuracy of predicting or estimating the total energy supply of an exercise bout. 
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Methods by which this is accomplished can be separated into two categories, using 

either an assumed or individually measured mechanical efficiency. 

Methods by which this is accomplished can be separated into two categories, using 

either an assumed or individually measured mechanical efficiency. 
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Assumed Mechanical Efficiency:  

As the calculation of AOD relies on the accurate prediction of V&O2 for supra-maximal 

exercise, an important factor is to determine the energy cost of the particular workload. 

Early studies attempted to use an assumed constant mechanical efficiency, dependent 

upon locomotion, to estimate the energy expenditure involved in any activity (Karlsson 

and Saltin 1970). Values of 22.5% (Karlsson and Saltin 1970, 1971), 25% (Linnarsson 

et al. 1974), 19.5% (Szogy and Cherebetiu 1974), 26% (Pahud et al. 1980) and 18.5% 

(Smith and Hill 1991) have been reported previously. Gastin (1994) summarises by 

stating that estimated mechanical efficiencies of between 16 – 25 % have been 

reported by various researchers to calculate the AOD of an exercise bout, but with little 

or no justification of their methods. Using an assumed efficiency of mechanical work 

requires no pre testing, therefore the validity of this method has been questioned. 

 

Firstly, regardless of the accuracy of the AOD method to calculate anaerobic energy 

system contribution, debate over the definition and therefore method of determining a 

single measure of efficiency has commonly been reported (Cavanagh and Kram 1985). 

Differences in the definitions (Gaesser and Brooks 1975) and hence calculation of 

human mechanical efficiency have provided a range of values that generally have 

overestimated O2 demand, AOD and therefore anaerobic energy contribution (Medbø 

et al. 1988). Secondly, even if a single definition and agreed measure of mechanical 

efficiency was determined, whether that value would be applicable to all individuals is 

debatable (Gastin 1994). Research has reported a wide variation in the efficiency of 

exercise between subject populations (Cavanagh and Kram 1985 and Daniels 1985) as 
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a result of a range of factors, including physiological, biomechanical and 

psychological. Hence, as large inter-subject differences in the mechanical efficiency of 

an exercise bout exist, the use of a single value to determine the efficiency of exercise 

and predict the energy cost of supra-maximal exercise is likely to be in error. As a 

result, the use of an assumed mechanical efficiency is no longer considered a valid 

measure for the calculation of AOD.  

 

Individual Mechanical Efficiency:

During steady state, sub-maximal exercise, the turnover rate and therefore resynthesis 

of ATP remains constant, hence, it is assumed that the measurement of V&O2 during 

exercise (at steady state sub-maximal intensities), represents the energy demand of that 

particular exercise (Barstow 1994).  As the exercise intensity (power output) increases, 

there will be a corresponding increase in the energy expenditure and hence, an 

associated increase in V&O2. Increases in power output, while still below the lactate 

threshold (LT), have been shown to have a linear association with the corresponding 

increase in V&O2 (Medbø et al. 1988, Scott et al. 1991).  By obtaining a plot of a series 

of sub maximal V&O2 - power outputs, via linear extrapolation of this relationship it is 

possible to predict any given supra-maximal exercise V&O2 (where steady state is not 

achieved) (Medbø et al. 1988, Medbø and Tabata 1989).  

 

The concept of the AOD as a measure of anaerobic capacity or energy system 

involvement had been proposed several years earlier (Karlsson and Saltin 1970). 

However, it was not until the work of Medbø et al. (1988) that the use of the 

popularised method of AOD determination (currently used today) began to gain 

impetus. Medbø et al. (1988) summarised the limitations of previous attempts to 
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measure the anaerobic capacity with AOD measures and outlined the use of an 

individual mechanical efficiency to predict supra-maximal V&O2.  Over a 3-week 

period subjects performed approximately 20 treadmill runs, each at a different speed 

for a duration of 10 min (35 – 100% V&O2 max), following which subjects performed a 

series of maximal treadmill runs to elicit exhaustion within 15 s – 4 min. Based upon 

individual V&O2 – treadmill speed regression equations, AOD values were calculated 

for each maximal run. Medbø et al. (1988) reported that the AOD attained peak values 

for maximal exercise durations of 2 min and did not increase significantly for any 

exercise bouts of longer durations, confirming the concept of a finite anaerobic 

capacity. Conclusions were also drawn that firstly, the AOD was independent of V&O2 

max, secondly, that AOD measures showed agreement with estimates of anaerobic 

capacity based on muscle measures of the respective anaerobic metabolic components 

and finally that AOD measures were a valid measure of anaerobic capacity.  Medbø et 

al. (1988) also stated that there was a linear increase in V&O2 with increased workload 

for sub-maximal exercise and that this linearity could be extrapolated to highly 

anaerobic supra-maximal exercise intensities.  

 

As stated, the AOD measure is calculated as the difference between the actual 

measured V&O2 and the estimated V&O2 from linear extrapolation, which represents the 

anaerobic energy supply and is expressed in oxygen equivalents (ml O2 eq.kg-1). The 

validity of the AOD methodology is based upon three major assumptions: 

1. The anaerobic energy contribution can be calculated from the total energy released 

minus the aerobic energy release (taken from the accumulated V&O2).  

2. The oxygen demand increases linearly with the intensity of exercise.  
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3. The oxygen demand is constant from the beginning of exercise if the intensity 

remains constant. (Medbø et al. 1988, Medbø 1996). 

 

While Medbø et al. (1988) reported justification for the calculation of AOD from the 

use of individual efficiency relationships to predict supra-maximal energy demands, 

the original protocol entailed 20 sub-maximal bouts of 10 min and as such was time 

consuming and somewhat impractical within laboratory settings. However, with the 

continued gain in popularity of AOD measures, methods employed to predict supra-

maximal V&O2 from repeated sub-maximal exercise bouts evolved into more user-

friendly versions, including abbreviated versions proposed by Medbø et al. (1988). 

Different versions of AOD protocols have been employed for research purposes 

relating to the validity of AOD measures, including both the type and duration of 

exercise protocol and the associated effect on AOD measures (Bangsbo 1998, Buck 

and McNaughton 2000a).  As an example, Table 2.1 shows a selection of the wide 

variety of protocols in existence in the research literature. Generally, protocols can be 

classified depending upon whether they are continuous or discontinuous and the 

number and duration of individual exercise bouts within the protocol. Currently, the 

more popular methods to determine individual V&O2 – power output relationships 

involve discontinuous protocols with a minimum of 6 different steps (generally below 

or close to the LT) for durations of at least 4 min (Bishop et al. 2001a, Spencer and 

Gastin 2001). 

 

Reliability of AOD measures 

While Medbø et al. (1988) reported favourably on the calculation of AOD measures 

using individual mechanical efficiencies, the test-retest reproducibility of AOD 
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measures from test to test has not shown conclusive evidence that AOD is a reliable 

measure.  While Withers et al. (1991) and Weber and Schneider (2001) have reported 

acceptable levels of reliability, Pate et al. (1983) and Doherty et al. (2000) have  

 

 

 

Table 2.1: Range and variety of methods used by research utilising 

accumulated oxygen deficit (AOD) measures.   

  
Author 

 
Discontinuous 
or Continuous 

No. of steps Duration of 
step 

Medbø et al. (1988). Dis 20 10 min 
Withers et al. (1991). Dis 5 min Steady state 
Scott et al. (1991). Dis 3 10 min 
Bangsbo et al. (1993). Dis 6 – 10 6 min 
Weyand et al. (1994). Dis 5 – 7 5 min 
Gastin et al. (1995). Dis 6 – 8 7 min 
Gastin et al. (1995). Dis 5 – 7 5 min 
Craig et al. (1995, 1998). Cont 5+ 5 min 
Green et al. (1995, 1996). Cont 6 – 9 4 min 
Green et al. (1996). Dis 6 (2 days) 15 min 
Pizza et al. (1996) Dis 4 10 min 
Maxwell and Nimo (1996). Dis 2 10 min 
Ramsbottom et al. (1997). Dis 2 10 min 
Naughton et al. (1997). Dis 4 – 5 6 – 8 min 
Calbert et al. (1997) Dis 5 – 7 3 – 5 min 
Tabata et al. (1997) Dis 6 – 9 10 min 
Wadley and Le Rossignol (1998) Cont 3 6 min 
Ogita et al. (1999) Dis 6 – 11 6 min 
Woolford et al. (1999) Cont 6 – 10 5 min 
Buck and McNaughton (1999b). Dis 10 10 min 
Doherty et al. (2000). Dis 3 6 min 
Bishop et al. (2000). Cont 6 – 8 3 min 
Vuorima et al. (2000) Cont 8 – 10 2 min 
Weber and Schneider (2001). Dis 6 (2 days) 10 min 
Friedman et al. (2001). Dis 2 10 min 
Spencer and Gastin (2001). Dis 5 – 6 6 min 
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reported either lower or unacceptable inter-test reliability. Withers et al. (1991) 

reported correlations between test-retest 30, 60 and 90 s cycle ergometry for AOD 

measures of r = 0.96, 0.95 and 0.84 respectively. Similar to Withers et al. (1991), both 

Jacobs et al. (1997) and Weber and Schneider (2001) also demonstrated the reliability 

of AOD measures, reporting high ICC values for AOD values measured during cycle 

ergometry at 125%, 110% and 120% of V&O2 peak (r = 0.90 - 0.97).  Alternatively, Pate 

et al. (1983) reported an AOD inter-test correlation of r = 0.73 for cycle ergometry at 

120% V&O2 max. Doherty et al. (2000), reported an ICC value of r = 0.91 for AOD 

values from repeated maximal treadmill runs at 125% V&O2 max, but concluded that as 

the 95% Confidence Intervals for AOD measures were too large (15.1 ml O2 eq.kg-1) 

the AOD measure was not sensitive enough to detect any changes in anaerobic 

capacity as a result of testing or training treatments. Previously, AOD measures have 

been shown to have generally high ICC values between tests for exercise bouts above 

110% V&O2 max (r = 0.78 – 0.98). While ICC values are often reported as a measure of 

reliability (Denegar and Ball 1993), it is worthy to note that ICC values are not 

universally regarded as an accurate indicator of reliability. Correlations measure the 

strength of the relation, not the agreement between two variables and as such, changes 

in the scale of measurement used and range of values measured can alter the 

correlation value (Bland and Altman 1986). 
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Validity of AOD measures 

Much debate has arisen since Medbø et al. (1988) first proposed the use of sub-

maximal exercise intensities to predict supra-maximal energy demands and calculate 

AOD. While a popular method, research indicates AOD measures are not universally 

accepted as an accurate measure of anaerobic energy production (Bangsbo 1993).    

As Gastin (1994) states, theoretically the AOD is a valid measure of anaerobic energy 

production as it represents the difference between the O2 demand of exercise and the 

actual V&O2, therefore in essence, whatever energy contribution of the total yield is not 

supplied by oxidative sources must be anaerobic.  However, as there is no definitive 

measure of anaerobic capacity or even of anaerobic metabolism from actual ATP 

turnover, validation of AOD methods is difficult. If the AOD were a valid measure of 

anaerobic energy supply, then it would be expected to firstly correlate with other tests 

that are known to utilise anaerobic energy sources. Secondly, it should distinguish 

between different athletic populations based on event energetics and thirdly, correlate 

with muscle metabolite measures of the breakdown of intra-muscular anaerobic energy 

sources.    

 

Scott et al. (1991) reported significant correlations between Maximal AOD (MAOD) 

values and Wingate cycle test power values and maximal treadmill runs of 2 – 3 min at 

125 – 140 % V&O2 max (r = 0.70 and 0.66 respectively, p<0.05).   They also reported 

significant (p<0.01) negative correlations between AOD values and 300-m sprint times 

(r = -0.76), however, not for 400-m sprint times (r = -0.57). The exercise protocols 

used by Scott et al. (1991) had previously been shown to have moderate to strong 

correlations with other anaerobic tests (r = 0.66 – 0.87) (Tharp et al. 1985, Maud and 

Schultz 1989). Hence, as the MAOD values correlated well with performance on 
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treadmill and cycle ergometry tests, they concluded that AOD values showed promise 

as an indicator of anaerobic capacity. Graham and McLellan (1989) reported a strong 

correlation between AOD and time to exhaustion (r = 0.89) during cycle ergometry at 

120% V&O2 max, while Gastin (1992) (in Gastin 1994) reported moderate to strong 

correlations between AOD values and performance on a 90 s maximal cycle ergometer 

protocol (r = 0.68 - 0.76).       

   

Scott et al. (1991) also reported a levelling off of MAOD values with exercise 

durations of 2 min or longer, as had previously been documented by Medbø et al. 

(1988), who initially reported an increase in the AOD for exhaustive exercise from 15 

s to 2 min. However, no further increase for longer exercise durations (up to 4 min) 

was found. While Medbø and Tabata (1989) reported a small increase in the AOD 

between 1 min and 2 min of cycle ergometry work, they still concluded that a duration 

of 2 min was required to exhaust the anaerobic capacity. Medbø et al. (1988) reasoned 

the rise in AOD from 15 s to 2 min was a result of the increasing role of glycolysis as 

exercise of a maximal nature progresses. Correspondingly, as the role of glycolytic 

metabolism is limited beyond 2 min, there is no continued increase in the AOD.   As 

this data indicated that the MAOD was unchanged for exercise durations above 2 min, 

it seemed apparent that AOD measures related well to the presence of a finite 

anaerobic capacity, hence providing more justification of the validity of this measure.   

 

For the AOD method to be an accurate measure of anaerobic capacity (or energy 

expenditure), it should not only relate well to other tests of anaerobic ability and fit 

with the theoretical construct of what the anaerobic capacity is, but also distinguish 

between anaerobically trained athletes and untrained or aerobic athletes. Hermansen 
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and Medbø (1984), Medbø and Sejersted (1985), Saltin (1990) and Scott et al. (1991) 

have all reported higher MAOD values in sprint and middle-distance trained athletes as 

compared to either distance trained or untrained individuals. While anaerobically 

trained athletes (400-m – 1500-m athletes) have MAOD values in the region of 50 – 75 

ml.kg-1, distance and untrained individuals have been reported to have similar 

MAOD’s of 30 – 45ml.kg-1 (Medbø et al. 1988, Graham and McLellan 1989, Scott et 

al. 1991, Withers et al. 1991). Accordingly, Medbø and Burgers (1990) and Billat et al. 

(2000a) have reported increased MAOD values after high-intensity training, while 

Heugas et al. (1997) reported a decreased MAOD after intense aerobic training. This 

ability of the AOD to differentiate between athletes with more or less anaerobic 

training and therefore anaerobic capacities also adds weight to the argument that AOD 

measures represent a valid and accurate measure of anaerobic energy system 

contributions. 

 

However, the main indicator of the accuracy of AOD measures is their correlation with 

measures of anaerobic ATP supply from changes in intra-muscular metabolic 

substrates. Medbø et al. (1988) reported a mean AOD value of 72 ml.kg-1 (with a range 

of 52 – 90 ml.kg-1), which they concluded compared well with the calculation of 65.5      

ml.kg-1 for the estimated anaerobic capacity based on biochemical data reported in 

Sahlin et al. (1975 and 1976), Hermanssen and Vaage (1977) and Hultman and 

Sjoholm (1983) (calculated anaerobic yield from changes in muscle metabolites 

including, PCr, ATP, [La-]m and stored O2). Bangsbo et al. (1990) compared direct 

measures of AOD and determination of changes in ATP, PCr, [La-]m and inosine 

monophosphate (IMP) during maximal one-legged knee extensor exercise lasting 3.2 

min. They reported similar pulmonary and limb AOD values (0.46 and 0.48 L.kg-1 
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respectively) and calculated an anaerobic ATP production of 83.0 mMol.kg-1 from 

changes in intra-muscular substrates, which compared favourably to the estimated ATP 

production based on leg AOD calculation of 94.7 mMol.kg-1 (wet weight).  

 

Withers et al. (1991) also reported favourably on the validity of AOD measures when 

compared to muscle biopsy measures. They calculated anaerobic ATP yield from both 

AOD measures and changes in intra-muscular ATP, PCr and [La-]m, for maximal 

cycling of 30, 60 and 90 s durations. They reported (based on an assumption of a 25% 

muscle mass involvement) the AOD and ATP yield in O2 eq for 30 s cycle exercise to 

be 3.21 L and 2.67 L, for 60 s 3.73 L and 3.55 L and for 90 s 3.43 L and 3.45 L 

respectively. Medbø and Tabata (1993) also compared changes in ATP, PCr and [La-]m 

with estimates from AOD to measure the anaerobic capacity of exhaustive cycle 

ergometer work for durations of ∼ 30 s, 1 min and 2 – 3 min. A close linear 

relationship (r = 0.94) was reported between muscle ATP calculations and AOD 

estimates of the maximal anaerobic capacity of cycle ergometry.  They reported a 

maximal anaerobic ATP turnover of 58 (+2) mmol.kg-1, similar to previous estimates 

of 60 mmol.kg-1 from AOD measures in previous research (Medbø and Tabata 1989).  

 

Gastin et al. (1995) also added weight to the validity of AOD measures for determining 

anaerobic capacity. They compared constant intensity tests (study 1 – 110% and 120% 

V&O2 max, study 2 – 110% V&O2 max) with all out 90 s supra-maximal cycle ergometer 

tests.   No significant differences (p>0.05) were reported between measures of 

anaerobic capacity (as determined by AOD) with AOD values of 43.9, 44.1 and 42.0 

ml.kg-1 for the 110%, 125% and 90 s all-out tests respectively in study 1 and 52.1 and 

51.2 ml.kg-1 for the 110% and 90 s all-out tests in study 2. While this was not a direct 
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validation of AOD methodology against a criterion standard, Gastin et al. (1994 and 

1995) have shown that the AOD measure is applicable to non-constant intensity 

exercise of a supra-maximal nature. They also concluded that the AOD measure 

showed better accuracy than other previous measures of anaerobic energy system 

involvement. 

 

Evidence against AOD measures 

While measures of AOD are currently the most accurate and popular method for 

measuring the anaerobic capacity, it is not without criticism (Bangsbo 1998), as not all 

researchers agree with the underlying assumptions (mentioned previously on page 29) 

on which the AOD methodology is based (Bangsbo 1996 and 1998). While the 

theoretical concept of the AOD is valid, studies have reported results that cast doubt 

upon the assumptions made with the measurement of the AOD.  

 

Firstly, larger coefficients of variation (CV) have been reported for the AOD measure 

than have previously been associated with other laboratory measures of physical 

capacities (Green and Dawson 1994). Graham and McLellan (1989) have reported the 

CV for AOD in endurance cyclists on different occasions as between 7.9 to 12.5%, but 

did not report on the cause of such high inter-test variation. 

  

The second assumption (linearity of O2 demand with increases in exercise intensity) on 

which AOD measures are based, outlines a linear increase in the O2 demand as 

exercise intensity increases, permitting the prediction of supra-maximal O2 demand 

from sub-maximal intensities.   However, violations of this assumption have been 

reported in the research literature (Hansen et al. 1988, Luhtanen et al. 1989, Green and 
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Dawson 1994 and Bangsbo 1998). With increasing exercise intensities muscular 

efficiency tends to decrease, such that, during high-intensity exercise the efficiency of 

the contracting muscle will be less than that of the same muscle at a lower intensity 

workload (Hansen et al. 1988, Luhtanen et al. 1989). Green and Dawson (1995) have 

reported non-linear increases in V&O2 responses to increasing exercise intensities. They 

reported that in trained cyclists, while the V&O2 – power regressions were linear (r = 

0.99), the V&O2 slope was higher at or above the LT, which was attributed to the higher 

O2 cost of high-intensity cycling. They further stated that the non-linear V&O2 increase 

invalidated the procedure of predicting high-intensity exercise O2 demand from the 

linear extrapolation of sub-maximal V&O2. Bangsbo (1998) also reports variations in 

the linear extrapolation of sub-maximal V&O2, as estimates of V&O2 for high sub-

maximal workloads were lower than those actually measured. As a result of this 

underestimation, Bangsbo (1998) outlined the imprecision of this method, assuming 

that the higher the intensity, the more pronounced the error. However, Gastin (1994) 

argued that this continued rise in the O2 cost with increasing intensity is catered for by 

the change in the regression slope.  

 

Other factors that have been reported as potentially confounding variables of the AOD 

calculation include the effects of different protocols in the calculation of the V&O2 – 

power regression. Firstly, the duration of the individual exercise steps have been 

shown to affect the individual V&O2 data points and hence the final regression equation 

(Green and Dawson 1996, Bangsbo 1998, Buck and McNaughton 1999a). The third 

assumption (O2 demand constant from exercise commencement) outlines that the O2 

demand is constant if the exercise intensity remains constant. Bangsbo (1996) has 

reported increased V&O2 measures as the duration of the individual exercise bout 
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increases, especially for high sub-maximal exercise intensities. Green and Dawson 

(1996) also investigated the effect of protocols differing in step duration (4 - 6 min, 8 –

10 min or 13 –15 min) and continuity (discontinuous or continuous) on the resultant 

regression equation. They concluded that while the use of rest periods between 

exercise steps (continuity) had no effect, the longer the individual steps, the greater the 

elevation of the V&O2 – power slope and hence estimation of supra-maximal O2 

demand. Bangsbo (1998) also reported that the AOD was estimated as 33% larger from 

incremental sub-maximal exercise bouts of 8 – 10 min when compared to 4 – 6 min. 

While no discussion accompanied this result, Green and Dawson (1996) speculated 

that the mechanisms that cause this could include environmental temperature, fibre 

type recruitment or ATP resynthesis efficiency.  Buck and McNaughton (1999a) 

reported that MAOD values must be calculated with 10 min time intervals (as per 

Medbø et al. [1988]), as reducing the exercise time of individual exercise bouts risks 

an associated underestimation of subsequent MAOD. Four regression equations were 

developed for trained male cyclists based on V&O2 measures at 2 – 4, 4 – 6, 6 – 8 and 8 

– 10 min at 10 different exercise intensities. They showed that the AOD for a 

subsequent exhaustive effort (110% V&O2 max) was calculated as significantly lower 

from the regression equation based on 2 – 4 min in comparison to the 8 – 10 min 

equation. Buck and McNaughton (1999b) also suggested that any less than 10 

individual exercise bouts increased the error in the prediction of supra-maximal V&O2.    

 

The second methodological factor that may influence determination of the V&O2 – 

power relationship relates to the type of ergometer and/or treadmill gradient used. 

Essentially, this encompasses the determination of the active muscle mass involved in 

the exercise (Bangsbo 1996). The muscle mass involved in the exercise has been 
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shown to result in increased MAOD calculations during maximal intensity incline 

treadmill running when compared to maximal horizontal treadmill running (Sloniger et 

al. 1997). These results indicate that by increasing the muscle mass involved in the 

exercise, a corresponding increase in the use of anaerobic energy sources is also 

observed. Therefore, the amount of muscle mass involved when whole body exercise is 

engaged in, and the possibility of this changing throughout the course of exercise as a 

result of fatigue or other different muscle/motor neuron recruitment patterns could 

affect the energy cost measured (Medbø and Burgers 1990, Poole et al. 1991).  

 

Finally, a lasting debate in the validation of AOD methodology is whether the 

measurement of pulmonary gases is an accurate indicator of whole body metabolic 

activity. It is uncertain whether or not the measure of pulmonary gases during exercise 

is a direct representation of the metabolic activity of the active muscles (Graham 

1996). Bangsbo (1996) states that measurements from whole-body exercise are likely 

to underestimate the actual anaerobic energy provided when measured at the active 

muscular site. 

 

While Medbø et al. (1988, 1989), Scott et al. (1991), Withers et al. (1991) and Gastin 

et al. (1994, 1995) have all reported the validity of the calculation of AOD from linear 

extrapolation of sub-maximal exercise intensities, Bangsbo (1993, 1996, 1998) and 

Green and Dawson (1996) have not validated the accuracy of AOD measures. While 

the AOD may be an accepted measure of anaerobic metabolism, it has not necessarily 

been proven to be a valid measure. 
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Non-Linear Regression (NLR) AOD: 

As previously discussed, a major limitation associated with the measurement of energy 

system involvement in highly anaerobic, maximal events of a short duration is 

obtaining an accurate representation of the involvement of anaerobic metabolism. 

While AOD measures based on the linear extrapolation of sub-maximal O2 demands 

have become the accepted criterion measure of the anaerobic energy systems, as 

previously discussed, they are not without criticism (Bangsbo 1996).  Issues relating to 

the prediction of the oxygen demand at supra-maximal exercise intensities based on 

sub-maximal exercise, assumes the relationship between exercise intensity and oxygen 

demand remains linear beyond maximal aerobic exercise. Breaches of this assumption 

have previously been demonstrated (Hansen et al. 1988, Luhtanen et al. 1990) with 

greater efficiencies reported at sub-maximal compared to supra-maximal exercise 

intensities. Hence, it is problematic to accurately apply AOD measures or predict the 

O2 demand from a plot of sub-maximal data for events such as 100-m and 200-m track 

sprints, where the duration is very short (less than 25 s) and intensity extremely high 

(potentially 150 – 200% V&O2 max). 

 

 Recently, Hill (1996) proposed the use of Non Linear Regression (NLR) based on 

supra-maximal exercise to calculate the AOD. While initially based on cycle ergometer 

exercise, Hill et al. (1998) then applied this method to treadmill running exercise with 

similar success. Based on the measurement of accumulated V&O2, velocity and time to 

exhaustion of repeated supra-maximal trials, iterative NLR procedures were applied to 

mathematically solve for the O2 demand and AOD with the equation 2.1. 
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       AOD = (O2 demand . power output . time) – accumulated V&O2. 

Equation 2.1.  

 

Hill (1996) measured the accumulated V&O2, time to exhaustion and power output of 

cycle ergometry work at intensities corresponding to 95, 100, 105 and 110% of 

V&O2max. One estimate of O2 demand and one estimate of AOD were obtained based on 

the smallest sum of the squared error by least squares regression technique. He then 

calculated the AOD for each of the supra-maximal exercise bouts with a version of the 

conventional method of calculating AOD (Medbø et al. 1988) and averaged the four 

values, while obtaining one overall AOD value by the NLR method. Comparatively, 

the AOD values were 51.9 (+11.8) and 49.0 (+8.8) ml.kg-1 (for NLR and conventional 

methods respectively, p = 0.06), with a strong correlation of r = 0.96 between the two 

methods. Hill et al. (1998) then adapted this initial attempt at validating the NLR AOD 

technique to treadmill running exercise. Instead of power output, they substituted 

velocity to again calculate the AOD (and O2 demand) from four supra-maximal runs to 

exhaustion. As they reported that the study was not an attempt to justify the validity of 

their NLR AOD method, no direct comparison to the conventional method of 

calculating AOD was made. Hill et al. (1998) instead inferred the accuracy of their 

results on the validity of the high r2 values reported (r2 = 0.96).  The benefit of this 

method is that it omits the need for the prediction of the O2 demand for high intensity, 

anaerobic events, based on the extrapolation from sub-maximal exercise intensities. 

Measurements made at supra-maximal exercise intensities, theoretically, may mitigate 

any errors from changes in muscular efficiency incumbent in the prediction of O2 

demand for supra-maximal exercise intensities from sub-maximal bouts. However, 

while Hill (1996) has reported on the validity of this method in calculating the AOD 
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from cycle ergometer work and Hill et al. (1998) have adapted this method to treadmill 

running exercise, as yet no other research has evaluated the applicability or validity of 

this method of calculating AOD. 

Muscle Biopsy Techniques: 

While the most accurate measure of anaerobic energy production would entail some 

direct measure of ATP turnover, the closest direct measure of the intra-muscular 

change in metabolites involves the needle biopsy procedure. This method has shown 

increasing popularity following the re-introduction of muscle biopsy procedures by 

Bergstrom (1962). A large body of research utilising such methods for in-vitro 

measures of muscle substrates exists (Jacobs et al. 1982, Boobis et al. 1983, Costill et 

al. 1983, Greenhaff et al. 1994, Hargraves et al. 1998). The muscle biopsy technique 

and associated biochemical analysis allows for a measurement of the change in muscle 

ATP, PCr, La- and other substrates. With information on the change of certain 

substrates and an assumption on the active muscle mass involved in the exercise bout 

(often 25 – 30%, Medbø et al. 1988), calculation of whole body anaerobic energy 

production is possible. Cheetham et al. (1986) and Gaitanos et al. (1993) have 

calculated the anaerobic energy turnover (mMol.kg-1 dry wt) for 30 s treadmill and 

repeated 6 s cycle ergometer sprints respectively from changes in ATP, PCr, [La-]m and 

Pyruvate (Pyr), based on equation 2.2 as reported by Sahlin and Henriksson (1984). 

Spriet  (1992) reported on the anaerobic ATP provision (mMol.kg-1 dry wt) to 3 min of 

dynamic exercise using equation 2.3, while Bogdanis et al. (1995 and 1998) calculated 

ATP turnover (mMol.kg-1 dry wt) for 30 s and 10 and 20 s cycle ergometer sprints 

respectively based on equation 2.4. 

 

ATP yield = ATP + PCr +1.5 La + 1.5 Pyr.  
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       Equation 2.2. 

  ATP yield = PCr + 1.5 La + (2 ATP - ADP).   

      Equation 2.3. 

 

  ATP yield = 2(- ATP) - PCr + 1.5 La + 1.5 Pyr. 

         Equation 2.4. 

 

Direct measures seem the most appropriate and accurate method of measuring 

anaerobic energy production. However, apart from the invasive nature of this 

procedure, which often causes practical difficulties, other concerns have arisen over 

the accuracy of needle biopsy measures. Bangsbo (1998) outlines some issues with the 

quantification of anaerobic yield from biopsy samples. Firstly, the determination of the 

actual muscle mass involved in the exercise bout is difficult. As a result, whether the 

muscle biopsy sample is representative of the metabolic activity of the greater muscle 

activity is unknown. Secondly, Bangsbo (1993) describes how calculation of ATP 

yield does not take into consideration any movement of [La-]m to [La-]b. This failure to 

account for La- released into the blood will result in an underestimation of anaerobic 

energy production.     

 

Blomstrand and Ekblom (1982) describe previous findings of high CV for fibre type 

composition from needle biopsy samples as between 6.2 – 17.9% (Gollnick et al. 1972, 

Henriksson 1976). Lexell et al. (1980) reports that at different muscle depths of needle 

sampling the proportion of fibre type changes (between 38% – 64% for slow twitch 

fibres). Hence, sampling depth for repeated measurements may affect the proportion of 

fibre type sampled and therefore concentrations of metabolic substrates measured.  
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Blomstrand and Ekblom (1982) reported smaller variations between duplicate biopsies, 

with Type I varying 6.2% and Type II a and b showing variations of 4.4% and 5.0% 

respectively from the same leg. They reported no consistent difference in fibre type 

composition between biopsies taken from the vastus lateralis muscle, although this 

variation did increase when biopsies were obtained from different legs. 

 

Dwyer et al. (1999) also reported the effect of biopsy sampling depth on resultant 

measurements. They analysed whether capillary density (CD) from a biopsy sample 

was representative of the greater muscle, or whether biopsy-sampling depth affected 

the measurement of CD.  They reported that the distribution of CD was homogenous in 

8 subjects, but varied significantly in 3 subjects. Dwyer et al. (1999) concluded that a 

single biopsy sample was not representative of the overall muscle and that multiple 

samples needed to be obtained in order to ensure an accurate representation of the 

active muscle.   

 

Finally, methodological variations during the muscle biopsy procedure may also affect 

the subsequent results.  Adenosine tri-phosphate and PCr are volatile substrates that 

can be metabolised quickly, hence, any delay in the post-exercise freezing process of 

muscle samples will result in spurious results (Gastin 2001). While this is reliant on the 

skilled operation of this technique, it is nonetheless a potential flaw in the acquisition 

of valid data for quantifying anaerobic energy production. 

 

Mathematical Modelling: 

While direct measurement of the anaerobic energy system is difficult, over the last few 

decades a small but growing attempt to solve this dilemma by way of mathematical 
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modelling has been somewhat successful (Ward-Smith 1999a). Rather than measure 

the direct production of anaerobically derived ATP, calculation of the anaerobic (and 

aerobic) energy system contribution based on exercise duration has been attempted by 

modelling the cost of human locomotion based on physiological data, the analysis of 

World and Olympic records and other performance statistics. Essentially, mathematical 

models on human performance can be classified into two categories, firstly, those that 

are based on Newton’s laws of motion and secondly, those that conform to the first law 

of thermodynamics (essentially, energy can neither be created nor destroyed) (Ward-

Smith 1999a). Research detailing energy system interaction or performance in human 

locomotion has predominantly focussed on the second of these theories by accounting 

for the conversion of chemical energy into either mechanical work or thermal energy, 

while still conforming to the first law of thermodynamics. Original modelling was 

applied by Lloyd (1966) and was based on observations made earlier regarding the 

hyperbolic relationship between the decrease in running power output as the total 

duration of exercise increased (Hill, in Lloyd 1966).  

  

This early work of Lloyd (1966, 1967) was the basis for the work of di Prampero et al. 

(1981, 1986, 1993) and the application of modelling the energetics of middle-distance 

and distance running. di Prampero et al. (1986, 1993) examined the energy cost of 

middle- and long- distance running and prediction of best performances based on the 

calculation of energy cost (as seen in equation 2.5) and the association of energy cost 

with both race and maximal running velocity.   

νmax = Er max Cr -1     Equation 2.5. 
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Where Er is the maximal metabolic power above resting levels (W.kg-1), Cr is 

the energy required above resting to transport the body over one unit of 

distance (J.kg-1.m-1) and νmax is the maximal speed (m.s-1). 

 

Based on Lloyd (1966), Ward-Smith (1985) described running performances for 

Olympic track events between 100-m and 10 000-m according to equation 2.6. 

 Caer(T) = RT –R[1-exp(-λ1T)] λ1   Equation 2.6. 

 

Where Caer is the aerobic capacity, R is steady state maximal aerobic power, λ1 is a rate 

of aerobic energy release and T is the race time of high-energy expenditure. Based on 

substitution of physiological data, including data from laboratory testing, 

World/Olympic records and biochemistry, Ward-Smith reported actual and estimated 

race performances, with error margins reported as 0.86%. Peronnet and Thibault 

(1989) refined the modelling of Ward-Smith (1985) in order to analyse running 

performance and predict world records (as presented in equation 2.7). They outlined 

that a limitation of the above model was that it assumed that the mean aerobic power 

(AP) could be maintained for an infinite period of time and also underestimated the 

true mean AP of athletes. However, as a continued reduction in aerobic power for 

events longer than 3000-m was noted, the accuracy in the modelling of events greater 

than this distance were diminished.   As a result, these models failed in their 

description of longer duration events, particularly over 10 000-m.  

 

  Peak(t) = MAP + Eln  (T/TMAP) for T > TMAP      Equation 2.7. 

Where Eln is the (logarithmic) reduction in peak aerobic power, MAP = maximal 

aerobic power and TMAP is the maximal duration of a race for which Peak = MAP. 
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Alvarez-Ramirez (2002) in turn refined the Peronnet and Thibault (1989) model during 

an investigation into the change in maximal power during exercise. In order to improve 

the descriptive accuracy of the energy system interaction, Alvarez-Ramirez (2002) 

introduced exponential features to describe the reduction in both aerobic and anaerobic 

metabolism. Other research, while not presenting anaerobic – aerobic energy system 

contribution data, has investigated the energy cost of running using mathematical 

modelling. Lacour et al. (1990b) reported the calculated energetics of middle-distance 

running based on measures of treadmill VO2 and race velocities. They reported that the 

calculation of the maximal velocity sustained under aerobic conditions (vmax a) was 

useful for the prediction of middle-distance race performance.  

 

The use of mathematical modelling to calculate the relative energy system contribution 

to exercise events has not gained widespread acceptance in exercise physiology. 

However, the modelling of the kinetics of the three metabolic pathways to assess the 

relative interaction of energy systems seems to have shown much greater consistency 

in published results than the body of experimental data (Ward-Smith 1999). As such, 

while not a direct measure and while still reliant on collected metabolic data, the use of 

mathematical modelling to calculate relative energy system interaction provides a 

further tool for use in measurement of anaerobic energy production.  

 

Summary:  

Of the three main indirect methods for measuring anaerobic energy production, none 

are universally supported as an accurate and reliable measure. As a result of flaws and 

assumptions in all current methods, debate and controversy continue to exist over 

which provides the most accurate measure of anaerobic energy expenditure. The O2 
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debt method is generally viewed as an inaccurate tool for the measurement of the 

anaerobic capacity and is therefore rarely utilised. Although this situation could also be 

applied to the use of [La-]b, it is still in practice as a gross measurement of the 

involvement of the glycolytic energy system, and may have an improved accuracy for 

estimating anaerobic energy contribution for exercise of <1 min in duration. While the 

assumptions the AOD method is based upon are not universally accepted, currently 

this method remains the most accurate and popular method for the indirect 

determination of anaerobic energy expenditure (Gastin 1994). 
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Aerobic and Anaerobic Energy System Contribution and Interaction: 

Introduction: 

Gastin (2001) outlines a historical perspective of the relative contribution and energy 

system interaction to exercise of a maximal nature. Historically, the prevailing school 

of thought described the aerobic system as being very slow to respond to the demands 

of maximal exercise, and as a result, having very little involvement in maximal 

exercise of a short duration (1 – 2min).  With both a refinement in the measurement of 

anaerobic metabolic supply and an improvement in the measurement of V&O2, it has 

allowed a better comprehension of the respective role of each energy system over the 

spectrum of exercise durations and intensities. In particular, the advent of new 

technology allowing breath-by-breath measurement of V&O2 has resulted in a better 

understanding of the speed of the V&O2 response. As a result, a faster response of the 

aerobic energy system has been proposed and therefore, a higher relative contribution 

of aerobic energy supply in maximal exercise of shorter durations (< 2min) is now 

accepted.         

 

Historical Background: 

Based on research data collected using O2 debt methodology over a range of time 

frames, early textbooks reported the respective energetic contributions to a range of 

events (Åstrand and Rodahl 1970, Mathews and Fox 1971 and Fox 1979). Åstrand and 

Rodahl (1970) summarised the interaction of the energy systems between 10 s and 120 

min in tabular form, describing a 10 s maximal effort as 85% anaerobic and 15% 

aerobic while a 120 min effort was 99% aerobic and 1% anaerobic. Åstrand and 

Rodahl (1970) also outlined a maximal effort of 2 min as having an equal anaerobic – 

aerobic contribution. Mathews and Fox (1971) proposed an energy continuum for track 
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running events, describing the progressively increasing role of aerobic metabolism as 

the event distance increased. They began their continuum with a 100-m (10 s) sprint, 

detailing an approximate anaerobic – aerobic contribution of 99% – 1% and progressed 

upward through the main events. As shown in Table 2.2, they proposed that events of 

3:45 min duration (1500-m) would comprise an equal anaerobic – aerobic energy 

system contribution, with events of 2 miles or 9 min still relying on an almost even 

split between respective energy systems (45% anaerobic - 55% aerobic).  Fox (1979) 

essentially replicated this continuum, however, rather than representing only track 

running, also covered a range of other sports, including swimming events, tennis, 

skiing, skating and rowing. The relative % energy contributions for track events in Fox 

(1979) tended to show an increased reliance on aerobic metabolism than Mathews and 

Fox (1971) (as shown in Table 2.2). Fox (1979) detailed a 100-m event as deriving 

100% anaerobic metabolism, while at the other end of the spectrum, a 10 000-m event 

was classified as having a 96% aerobic energy supply. In turn, events of approximately 

2 min, including an 800-m track run, 200-m swim, 1500-m skate or a boxing match, 

were classified as being reliant upon an equal energetic contribution from anaerobic 

and aerobic metabolism.  These respective sets of data outlining the change in the 

relative energy system contribution can still be found in current day textbooks. Foss 

and Keteyian (1998) report a more detailed energy system continuum, however, while 

detailing ranges in the energy system contributions to different track events, still show 

similarities to early textbook data (as shown in Table 2.3). This includes a combined 

estimate for anaerobic glycolysis and aerobic metabolism of 65% for an 800-m event.  

They also report that the aerobic energy system has no contribution to a 100-m event, 

while having an 80% involvement in a 10 000-m event. 
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Table 2.2: Relative % anaerobic – aerobic energy system contribution to track 

running event as reported by Mathews and Fox (1971) and Fox (1979). 

 

    Mathews and Fox (1971).   Fox (1979). 

Event Time % Anaerobic 

contribution 

% Aerobic  

contribution 

% Anaerobic 

contribution 

% Aerobic  

contribution 

100-m 10 s 99 1 100 0 

200-m 20 s 90 10 96 4 

400-m 45 s 82 18 82 18 

800-m 1:45 66 34 55 45 

1500-m 3:45 48 52 36 64 

3200-m 9:00 44 56 20 80 

5000-m 14:00 20 80 - - 

10000-m 29:00 10 90 4 96 
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Table 2.3: Relative % ATP-PCr, anaerobic glycolysis and aerobic energy system 

contribution to track running events as reported by Foss and Keteyian (1998). 

  

Event ATP-PCr and anaerobic 

glycolysis 

Anaerobic glycolysis 

and aerobic 

Aerobic 

100-m 95 –98 2 - 5 - 

200-m 95 – 98 2 - 5 - 

400-m 80 15 5 

800-m 30 65 5 

1500-m 20 - 30 20 - 30 40 - 60 

3000-m 10 20 70 

5000-m 10 15 70 

10000-m 5 5 80 
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As the relative energy system contribution was highlighted as an important factor for 

determining the energy pathways and therefore, type of training required for an athletic 

event (Fox 1979), attempts to quantify the respective roles of the energy pathways 

increased in specificity. Following the early text book data based on work by Fox et al. 

(1969), Howald et al. (1978, in Gastin 2001) proposed a logarithmic scale designed to 

quantify the respective contribution and outline the integration of the three energy 

pathways that result in the continual supply of ATP. This scale was based upon the 

calculated decline in total energy output over time (up to 120 min), with a predicted 

equal contribution between the respective systems occurring between 3 - 4 min. 

Bouchard et al. (1991) and Lamb et al. (1995) respectively proposed time frames of 

100 s and 2 – 3 min before an equal anaerobic – aerobic contribution was reached in 

exercise of a maximal nature. Tokmakidis et al. (2000) reports that recent evidence 

suggests the aerobic energy system contributes a higher energy supply than previously  

thought, outlining events of 10 and 20 s duration as having 13% and 19% aerobic 

contributions respectively. 

 

Gastin (2001), based on a summary of published literature and work involving 

treadmill running to simulate track running events, argues that previous research has 

generally overestimated the anaerobic energy contribution, or more importantly, has 

underestimated the speed at which the aerobic energy system supplies energy during 

shorter, maximal exercise. He highlights the use of outdated methodology as a 

confounding factor in the estimation of the relative energetics of exercise and suggests 

that a point of equal energy contribution actually occurs between 1- 2 min or to be 

more precise, 75 s.  Gastin (2001) proposes an energy system contribution continuum 

based on the duration of the maximal intensity exercise bout, as is shown in Table 2.4,  
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Table 2.4: Estimates of the % aerobic and anaerobic energy system contribution 

to a range of exhaustive exercise durations as proposed by Gastin (2001). 

 

Duration (s) % Anaerobic % Aerobic 

0-10 94 6 

0-15 88 12 

0-20 82 18 

0-30 73 27 

0-45 63 37 

0-60 55 45 

0-75 49 51 

0-90 44 56 

0-120 37 63 

0-180 27 73 

0-240 21 79 
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which presents a faster interaction of the aerobic system to the overall metabolic 

supply than previously reported. The results of mathematical modelling by Alvarez-

Ramirez (2002) describes an anaerobic dominance of >70% for running durations less 

than 60 s, while equal aerobic – anaerobic contribution occurred at 100 s and maximal 

aerobic power was reached at 300 – 400 s before reaching a plateau. Distances of 

around      

3000-m were highlighted as the most demanding aerobic events, with a 97% supply 

from oxidative metabolism (after 500 s or around 5000-m, there is a gradual decline in 

the aerobic power). 

 
Applied Research on Energy System Interaction: 

With the growing body of research supporting and using the AOD method for 

measuring anaerobic energy supply, a re-evaluation of the respective energy system  

contribution to maximal exercise has occurred.  Medbø and Tabata (1989) reported 30 

s, 1 min and 2 – 3 min exhaustive cycle ergometer efforts as 60%, 50% and 35%  

anaerobic respectively, while interpolation estimated a point of equal aerobic-

anaerobic contribution for exercise of 60 s.  While previous estimations have ranged 

between 2 to 4 min (Åstrand and Rodahl 1970, Fox 1979), Medbø and Tabata (1989) 

argued that previous predictions of such a duration for the attainment of an equal 

aerobic-anaerobic energy contribution were due to the overestimation of anaerobic 

energy involvement from the O2 debt method. Hence, it was estimated from AOD 

methods that the actual aerobic energy involvement was much faster, even in maximal 

exercise of 30 s duration. 

 

This early underestimation of the involvement of the oxidative system in short 

duration, maximal exercise, in part may have led to the development of tests to 
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determine anaerobic capacity which last only 30 s.  Tests such as the Wingate power 

test became a popular method for the measurement of anaerobic capacity, and as such, 

the respective energy system contribution to this test became a common research topic. 

The resultant popularity of this method has led to a collection of data on the energetics 

of 30 s cycle ergometer efforts. Again, dependent on the method used to estimate 

anaerobic yield, the values reported for the anaerobic energy contribution for this test 

have been estimated as between 60% and 84 % (Stevens et al. 1986, Serresse et al. 

1988, Kavanagh and Jacobs 1988, Smith and Hill 1991, Granier et al. 1995, Calbert et 

al. 1997, Parolin et al. 1999, Calbert et al. 2003). 

 

Other energy system interaction data has been published by Calbert et al. (1997), who 

reported an anaerobic contribution of 69% for a 45 s Wingate test, (while a 30 s 

Wingate test resulted in a 77% anaerobic contribution). As previously reported, Medbø 

and Tabata (1989) outlined an approximate 40%, 50% and 65% anaerobic energy 

contribution to 30, 60 and 120 s exhaustive cycling bouts respectively.  

 

Serresse et al. (1991) reported no difference (p<0.05) between the anaerobic energy 

contributions (62 – 67 %) to 90 s cycle ergometer efforts at different workload 

intensities (high = 0.1, moderate = 0.075 and low = 0.05 kp.kg-1), although there was 

also no difference (p<0.05) in the total work completed. However, the authors did 

comment that there was a significant difference in the utilisation of the respective 

energy pathways over the duration of the 90 s sprint, as the work produced in the initial 

15 s was substantially greater in the high workload bout. They suggested the greater 

energetic contribution from anaerobic ATP resynthesis during the first 15 s of the high 

intensity load, resulted in a reduced contribution later in the 90 s bout, probably due to 
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the higher metabolic acidosis caused by the higher glycolytic involvement. Finally, 

Scott and Bogdanffy (1998) reported a 24% and 11% anaerobic contribution to ramped 

cycle ergometer exercise of 275 and 681 s respectively.   

 

Apart from Wingate power tests and maximal cycle ergometer efforts, the study of 

energy system interaction has been applied to other research areas. Hill et al. (1992) 

and Hill et al. (1994) have reported changes in the aerobic - anaerobic interaction as a 

result of time of day and sleep deprivation interventions for high-intensity exercise. 

The energetics of a variety of sporting activities have also been covered by research, 

including the energy contribution to a simulated 2 km rowing time trial (Pripstein et al. 

1999, Riechman 2002), to 1000-m and 4000-m cycling bouts (van Ingen Schenau et al. 

1992), ball routines in rhythmic gymnastics (Guidetti et al. 2000) and the energetics 

involved in karate (Francescato et al. 1995).  

 

In summary, Figure 2.4 shows an adaptation of an extensive literature search and 

iterative curve fitting, reported in Gastin (2001), detailing the time curve of the aerobic 

energy contribution from a range of studies involving maximal exercise for durations 

lasting from 10 to 560 s. The data was collected on a variety of ergometers using a 

range of measurement techniques, including AOD, [La-]b, muscle biopsy and 

mathematical modelling measures.  As Gastin (2001) states, Figure 2.4 depicts a faster 

interaction of the aerobic energy system to the overall energetics than previously 

reported by Åstrand and Rodahl  (1970), Bouchard et al. (1991) or Foss and Keteyian 

(1998). A 50 – 50 % contribution between the energy systems seems to occur well   

before 2 min, and as Gastin (2001) estimates, close to 75 s.  However, while a range of 

energy system contribution values exist for different athletic activities and exercise  
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Figure 2.4 Summary analysis of the relative contribution of the aerobic energy 

system to maximal exercise as reported by Gastin (2001). 

Figure 2.4 Summary analysis of the relative contribution of the aerobic energy 

system to maximal exercise as reported by Gastin (2001). 
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durations, no energy system contribution data measured during track running is 

presently available.      

 

Energy System Interaction in Track/Treadmill Running: 

Lemberg et al. (1998) outline the importance of energy system supply in the 

development of endurance capability for distance running performance, highlighting 

the necessity of training programs being planned on the relative contribution of the 

respective energy pathways involved. While this may seem an obvious concept, given 

the range of available data describing the interaction of the energy systems, a lack of 

specific applied research to individual track event energetics and the use of 

questionable measurement techniques in obtaining such data, disagreement amongst 

coaches on the respective energetic involvement in track events is not unexpected.  

Both Hill (1999) and Spencer and Gastin (2001) highlight this disagreement over the 

relative energy system contribution between coaches and sports scientists. A recent 

round-table discussion of elite 800-m coaches and sports scientists showed a large 

dichotomy in opinion over the perception of what constituted the actual contributions 

of the different energy systems (New Studies in Athletics 1996). Estimates of the 

anaerobic energy involvement in an 800-m event ranged from between “no more than 

35%” up to “above 65%”, with one coach detailing an increased anaerobic 

involvement in the final lap.         

 

While some research has attempted to assess the energetics of track running, by either 

measurements made during treadmill running designed to simulate track event 

durations (Spencer et al. 1996) or mathematical modelling of Olympic and World 

records (Ward-Smith 1985), no in-race data currently exists.  
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3000-m: 

Measured data on the energy system interaction during 3000-m track races is non-

existent, however Weyand et al. (1993) have reported on the energy system 

contribution of a 5000-m event. Trained track athletes completed individual running 

economy, maximal aerobic power and anaerobic capacity tests in order to estimate the 

relative energy system contribution to a range of track events including 400-, 800-, 

1500- and 5000-m.  Energy system involvement was based on the extrapolation of 

V&O2 at sub-maximal treadmill velocities to time trial velocities and the calculation of 

AOD. While only in abstract form, Weyand et al. (1993) reported a 4 (+1)% and 3 

(+1)% anaerobic contribution in 5000-m track events for males and females 

respectively (as shown in Table 2.5) (p 71).   

 

While little measured data exist, several attempts have been made to estimate the 

energetics of track running events by mathematical modelling. Peronnet and Thibault 

(1989) and di Prampero et al. (1993) have calculated the anaerobic contribution to 

3000-m events for elite (Olympic level athletes) as 12.0% and 11.2% respectively.  

 

1500-m: 

Weyand et al. (1993) reported an anaerobic energy system contribution for the 1500-m 

event for male and female middle-distance runners as 13 (+3)% and 10 (+2)% 

respectively. They also reported an increased anaerobic energy contribution for male 

and female sprinters over a 1500-m event with anaerobic energy contributions of 16 

(+2)% and 13 (+1)% respectively. This result is surprising, as it would be expected that 

the sprint-trained athletes would perform slower over the 1500-m event, resulting in a 
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longer race duration, a greater accumulated V&O2 and a decreased overall anaerobic 

energy contribution.  

 

Hill (1999) measured the energy system contribution to middle-distance events (400-, 

800- and 1500-m) with treadmill runs designed to simulate the V&O2 response of the 

respective event, by utilising constant-speed treadmill runs designed to elicit 

exhaustion approximately 1 min after the individual athletes race time. Anaerobic 

energy involvement was estimated in O2 eq based on measured post-race peak [La-]b 

from between 17 – 30 races throughout a competitive season, plus predicted PCr 

degradation as established by di Prampero (1981). Glycolytic energy cost was 

calculated as 3.0 ml O2 eq.kg body mass-1. mMol-1 increase in [La-]b above resting    

[La-]b concentration, while hydrolysis of PCr stores was calculated as 37.0                  

ml O2 eq.kg-1 muscle mass-1 (di Prampero 1981), with muscle mass estimation based 

on methods reported by Martin et al. (1990) involving thigh, calf and forearm girths 

and skinfolds. Hill (1999) reported the anaerobic contribution for male (4:05.8) and 

female (5:08.5) track athletes to a 1500-m event as 20 (+4)% and 17 (+3)% 

respectively. Peak post race [La-]b values were 15.6 (+4.3) and 13.2 (+2.6) mMol.L-1 

for male and female athletes respectively, while Energy Cost (EC) in ml O2
.kg-1.m-1 

was reported as 0.185 (+0.012) and 0.182 (+0.018) for male and females.  

 

Spencer and Gastin (2001) also measured energy system contribution to track running 

events (200- to 1500-m) using treadmill running, however, they applied AOD 

measures based on the methods of Medbø et al. (1988) to measure anaerobic energy 

contribution. Spencer and Gastin (2001) simulated track events with athletes 

performing constant-velocity treadmill runs that would result in exhaustion at similar 
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times to personal best race performances. Prior to completion of these maximal runs, 

athletes individually performed multiple treadmill runs at sub-maximal velocities for 

the attainment of running economy to predict supra-maximal V&O2 and hence calculate 

AOD.  Results indicated a 16 (+3)% anaerobic contribution to a 3:55 min simulated 

1500-m event for male athletes. They also reported an AOD value of 47.1 (+9.2) ml.kg-

1 with athletes reaching 94% of their respective V&O2 max values. 

 

Other research, while not specifically related to track running, has also reported energy 

system contribution to similar time durations as the 1500-m event. Bangsbo et al. 

(1993) reported an anaerobic energy contribution of 22% for a 3 min maximal 

treadmill run based on AOD measures. Mathematical modelling predictions of the 

anaerobic energy involvement in elite 1500-m track races have been reported as 28%, 

23.9% and 21.8% respectively (Ward-Smith 1985, Peronnet and Thibault 1989 and di 

Prampero et al. 1993). A summary of the respective energy system contribution to the 

1500-m event is presented in Table 2.5 (p 71). 

  

800-m: 

Weyand et al. (1993) reported anaerobic energy system contributions to an 800-m 

event of 24 (+6)% and 19 (+4)% for male and female distance runners, while male and 

female sprinters were 29 (+3)% and 24 (+3)% respectively. Spencer and Gastin (2001) 

reported an anaerobic contribution of 34 (+4)% for male track athletes following a 

treadmill run of 1:53 min, with a mean AOD value of 48.8 ml.kg-1. Hill (1999) in 

comparison, for events lasting 2:00.2 and 2:25.7, reported the anaerobic involvement 

as 42 % and 38% for male and female athletes, while post race peak [La-]b values 
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reached 18.1 and 14.1 mMol.L-1 respectively.  EC values were significantly higher than 

those reported for the 1500-m event, being reported as 0.198 and 0.202 ml O2
.kg-1.m-1.  

 

Lacour et al. (1990a) examined post-race [La-]b concentrations as indicators of 

anaerobic energy expenditure in track running. Anaerobic energy system contribution 

was calculated from the measurement of post-race [La-]b, however, as V&O2 was not 

measured, results were based upon assumed values of V&O2 max, V&O2 kinetics, PCr and 

O2 stores. Lacour et al. (1990a) calculated an EC value of 0.211 ml.kg-1.m-1, which was 

slightly higher than that reported by Hill (1999), although the calibre of athletes used 

by Lacour et al. (1990a) were of a higher standard. Therefore, as reported by Hill 

(1999) and Lacour et al. (1990a) respectively, higher EC values were seen with faster 

running velocities.  Based on the overall EC, the percentage energy contribution 

derived via anaerobic glycolysis was calculated (based on post race [La-]b according to 

di Prampero 1981) as 41% for male athletes. 

 

Craig and Morgan (1998) investigated the relationship between 800-m performance 

and AOD in middle-distance runners. On different occasions, subjects performed 

repeated bouts of sub-maximal efforts at 1% and 10.5% treadmill gradients to 

determine running economy. Treadmill runs to volitional exhaustion at each gradient 

were also completed, as was a time trial 800-m track run. At the 1% gradient (21.4 

km.h-1) the anaerobic energy contribution for a 146.9 s run was 26.9 (+5.8)%, while 

this increased to a 38.8 (+6.7)% contribution for the 10.5% (15.9 km.h-1) gradient run 

which lasted 115.8 s.  No significant relationship (p>0.05) was reported between 800-

m time trial performance and the AOD calculated for either the 1% or 10.5% gradient 

treadmill runs. 
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While not directly assessing the relative energetics of track running, Ramsbottom et al. 

(1994) did examine the relationship between the AOD and short distance running 

performance. Based on calculation of AOD from the extrapolation of at least two sub-

maximal exercise bouts (Medbø et al. 1988), subjects performed treadmill runs at a 

10.5% gradient, which resulted in exhaustion in 171 s for which the anaerobic energy 

contribution was calculated as 30.7 (+3.3)%. However, while Craig and Morgan 

(1998) reported no relationship between AOD and 800-m performance, a modest 

correlation was reported by Ramsbottom et al. (1994) for AOD and 800-m race 

performance         (r = -0.61, p<0.05). 

 

Finally, mathematical modelling studies including, Ward-Smith (1985), Peronnet and 

Thibault (1989) and di Prampero et al. (1993) have calculated the anaerobic energy 

system contribution to elite 800-m track events as 48%, 43% and 37.8% for events of 

105, 102 and 102 s respectively in duration. 

 

400-m: 

Weyand et al. (1993) reported anaerobic energy contribution to a 400-m track race for 

both sprinters and distance runners, as 36 (+4)% and 34 (+4)% for male and female 

sprinters respectively (n= 9 and 7). In turn, male and female distance runners were 

reported as having 33 (+8)% and 30 (+7)% (n = 13 and 12) anaerobic energy 

contributions respectively. In contrast, Spencer and Gastin (2001) reported an 

anaerobic energy contribution of 57 (+2)% for treadmill runs of 49.3 s duration. While 

V&O2 reached 89% of peak, the AOD was 41.3 ml.kg-1, which was significantly lower 

than both 1500-m and 800-m values. Comparatively, Hill (1999) reported a larger 

anaerobic energy system involvement for male and female athletes respectively, 
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detailing values of 63 (+5)% and 62 (+4)%. EC was again higher than either 800-m or 

1500-m (0.205 and 0.211 ml O2
.kg-1.m-1 for male and female runs), while peak [La-]b 

values were 14.7 and 15.0 mMol.L-1 for 400-m performances of 49.3 s and 1.01.2 min 

for males and female athletes respectively.  Lacour et al. (1990a) reported an even 

larger anaerobic energy contribution for elite male 400-m athletes of 72% (energy 

system interaction for the 400-m is presented in Table 2.5). 

 

Nummela and Rusko (1995) investigated the time course of aerobic and anaerobic 

energy interaction during exhaustive, short-term supra-maximal treadmill running.  

The sub-maximal V&O2 – velocity relationship was individually determined in trained 

sprint and endurance athletes, following which athletes performed a constant speed 

treadmill run to exhaustion (designed to simulate a 400-m track run). Breath by breath 

V&O2 was measured throughout the run while anaerobic energy supply was calculated 

from AOD measures. Nummela and Rusko (1995) reported a 62.9 (+5.2)% and 54 

(+4.2)% anaerobic energy contribution for sprint and distance runners respectively (n 

=8 and 6). The major difference in energy system utilisation occurred during the 

second half of the supra-maximal run, where sprinters relied on a greater anaerobic 

energy contribution, while endurance runners utilised a higher aerobic contribution. 

Times to exhaustion for the treadmill run were 49.5 and 49.4 s, while peak post run 

[La-]b values peak at 16.6 and 13.8 mMol.L-1  for sprint and distance runners 

respectively. Based on assumptions of the total alactic energy system contribution, 

these authors detailed the interaction of the respective energy pathways, reporting that 

at no time was an equal aerobic – anaerobic split reached. The oxidative energy system 

contribution reached a plateau at just over 40% of the total metabolic supply by 30 s, 
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before falling away in the final 5 – 8 s of the run. They also reported a moderate 

correlation (r= 0.53; p<0.05) between peak [La-]b and AOD measures.     

 

Finally, mathematical modelling studies including Ward-Smith (1985), Peronnet and 

Thibault (1989) and van Ingen Schenau et al. (1991) have calculated the anaerobic 

energy system contribution to elite 400-m track events as 72%, 69.9% and 82.75% for 

events of 44.9, 44.1 and 44.4 s in duration. 

 

200-m: 

While no energy system interaction data exists during actual track running, at least for 

events above 200-m, research has simulated track event durations with treadmill 

measures. However, only Spencer and Gastin (2001) have actually reported the relative 

contribution to simulated 200-m track events. They reported an anaerobic energy 

contribution of 71%, which was significantly larger than 400-m, 800-m or 1500-m 

events in their study (Effect Size, ES>0.8).  Simulated 200-m performance was 22.3 s, 

with an AOD value of 30.4 ml.kg-1, which was significantly lower than 400-m, 800-m 

or 1500-m AOD values (ES>0.8). 

 

Hirvonen et al. (1992) measured the changes in muscle ATP, PCr and lactate ([La-]m) 

following completion of a 400-m track race, and during 100-, 200- and 300-m runs at 

the speeds performed in the 400-m run. While V&O2 was not measured, based on the 

changes in metabolic substrates it is possible to calculate the anaerobic yield, and then 

convert the calculated anaerobic ATP yield into O2 equivalents (ml O2 eq.kg-1) 

(Bangsbo 1992). From the data of Hirvonen et al. (1992), while an interaction cannot 
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be determined, the anaerobic yield for the 200-m event (run at 400-m race pace) can be 

calculated as 20.2 ml O2 eq.kg-1. 

 

While Spencer and Gastin (2001) are the only authors to have measured the interaction 

of the energy systems in simulated 200-m events, mathematical modelling measures 

have also been reported in the literature. Ward-Smith (1985), Peronnet and Thibault 

(1989) and van Ingen Schenau et al. (1991) have calculated the anaerobic energy 

system contribution for elite 200-m track events as 86%, 86% and 92% for events of 

20.4, 19.8 and 20.0 s in duration. 

 

100-m: 

Again, as with all other events previously reported, there are no measured data 

available on the energy system interaction during actual running. However, for the 

100-m event there are also no available data measured during any simulation of this 

running event. While Åstrand and Rodahl (1970) and Foss and Keteyian (1998) report 

anaerobic energy contributions of 85% and 98% respectively, the only recent reports of 

energy system interaction in 100-m events are from the mathematical modelling of 

world best performances as reported by Ward-Smith (1985), Peronnet and Thibault 

(1989) and van Ingen Schenau et al. (1991).  Their respective data indicate (as 

expected) almost total anaerobic energy contributions of 93%, 92.4% and 96.4% for 

100-m events of 10.0, 9.8 and 9.8 s in duration.    

 

Based upon the data of Hirvonen et al. (1987), in which muscle metabolites were 

obtained from elite and sub-elite track sprinters following 40-, 60-, 80- and 100-m 

maximal sprints, an anaerobic yield for the 100-m can be calculated as 19.9 ml O2 
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eq.kg-1. In comparison, a calculated anaerobic yield from the data of Hirvonen et al. 

(1992) for the first 100-m of a 400-m event was 12.4 ml O2 eq.kg-1. The first 100-m of 

the 400-m event was run in 12.2 s (Hirvonen et al. 1992) while the personal bests of 

the sprinters in the study of Hirvonen et al. (1987) were in the region of 10.8 s. The 

reported post-run [La-]m concentration was the main source of difference between the 

respective 100- m measures, with a greater value reported for the all-out 100-m run 

(Hirvonen et al. 1987). 

 

Summary: 

In summary, while a range of published data exist detailing the respective energy 

system contribution to a range of exercise durations, some of which were designed to 

simulate track running events, no research has reported the actual contribution during 

real time track events. Combined with this lack of specificity, is a range of athletic 

abilities and measurement techniques with which previous simulated track running 

data have been obtained. As a result, the literature shows a broad range of estimates for 

the relative anaerobic – aerobic energy pathway contribution to track events. 

Relatively recent research by Hill (1999), Spencer and Gastin (2001) and Gastin 

(2001) has begun to show how previous concepts of the interaction of the energy 

system are outdated, thus a revisiting of traditional thoughts of the time frames 

involved in the change in the energy system contribution is necessary.  Along with the 

concept of energy system interaction, the application of these concepts to the specific 

setting of track running to gain a greater understanding of the metabolic requirements 

of track events is necessary. The broad range of values reported in the literature, as 

summarised in Table 2.5, in  



                                                                                              LLLiii ttteeerrraaatttuuurrreee   RRReeevvviiieeewww                              70

combination with the knowledge that previous interaction estimates may be based on 

flawed data collection techniques, in part, explains the diverse opinion on the energy 

system utilisation in track events as reported by coaches and scientists alike. In order 

to obtain peak performance, training must in essence replicate the metabolic 

requirements of an event. If the resultant planning of training programs is currently 

based on outdated data and the diversity in opinion seen amongst coaching ranks is 

still evident, a reassessment of training methods, based on updated metabolic pathway 

contribution and interaction data may be necessary. 
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Table 2.5: Summary of the relative anaerobic (An) – aerobic (Aer) % 

contribution to 100-m to 3000-m track events from simulated races and 

mathematical modelling measures. 

Source Gender Event Time Aer 

Cont.

An 

Cont. 

Measure 

Weyand et al. (1993) M 5000-m - 96 4 AOD – treadmill 

Weyand et al. (1993) F 5000-m - 97 3 AOD – treadmill 

di Prampero et al. (1993)  M 3000-m 452 89 11 M.Mod. 

Peronnet and Thibault (1989) M 3000-m 452 88 12 M.Mod. 

Weyand et al. (1993) M 1500-m - 84 16 AOD – treadmill 

Spencer and Gastin (2001) M 1500-m 235 84 16 AOD – treadmill 

Hill (1999) M 1500-m 245 80 20 Race [La-]b

di Prampero et al. (1993)  M 1500-m 209 78 22 M.Mod. 

Peronnet and Thibault (1989) M 1500-m 209 76 24 M.Mod. 

Ward-Smith (1985) M 1500-m 218 72 28 M.Mod. 

Bangsbo et al. (1993) M 3 min 180 78 22 AOD – treadmill 

Weyand et al. (1993) F 1500-m - 87 13 AOD – treadmill 

Hill (1999) F 1500-m 308 83 17 Race [La-]b

Weyand et al. (1993) M 800-m - 76 24 AOD – treadmill 

Spencer and Gastin (2001) M 800-m 113 66 34 AOD – treadmill 

di Prampero et al. (1993)  M 800-m 102 62 38 M.Mod. 

Craig and Morgan (1998) M 800-m 115 61 39 AOD – treadmill 
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Lacour et al. (1990a) M 800-m  59 41 Race [La-]b

Hill (1999) M 800-m 120 58 42 Race [La-]b

Peronnet and Thibault (1989) M 800-m 102 57 43 M.Mod. 

Ward-Smith (1985) M 800-m 105 52 48 M.Mod. 

Weyand et al. (1993) F 800-m - 81 19 AOD – treadmill 

Hill (1999) F 800-m 145 62 38 Race [La-]b

Weyand et al. (1993) M 400-m - 64 36 AOD – treadmill 

Spencer and Gastin (2001) M 400-m 49.3 43 57 AOD – treadmill 

Hill (1999) M 400-m 49.3 37 63 Race [La-]b

Nummela and Rusko (1995) M 400-m 49.5 37 63 AOD – treadmill 

Peronnet and Thibault (1989) M 400-m 44.1 30 70 M.Mod. 

Lacour et al. (1990a) M 400-m - 28 72 Race [La-]b

Ward Smith (1985) M 400-m 44.9 28 72 M.Mod. 

van Ingen Schenau et al. (1991) M 400-m 44.4 17 83 M.Mod. 

Weyand et al. (1993) F 400-m - 66 34 AOD – treadmill 

Hill (1999) F 400-m 61.2 38 62 Race [La-]b

Spencer and Gastin (2001) M 200-m 22.3 29 71 AOD – treadmill 

Ward-Smith (1985) M 200-m 20.4 14 86 M.Mod. 

Peronnet and Thibault (1989) M 200-m 19.8 14 86 M.Mod. 

van Ingen Schenau et al. (1991) M 200-m 20.0 8 92 M.Mod. 

Peronnet and Thibault (1989) M 100-m 9.8 8 92 M.Mod. 

Ward-Smith (1985) M 100-m 10.0 7 93 M.Mod. 

van Ingen Schenau et al. (1991) M 100-m 9.8 4 96 M.Mod. 

Legend: M- male, F- female, Aer cont.- % aerobic energy system contribution, 
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An cont.- % anaerobic energy system contribution, AOD- accumulated oxygen 

deficit, M.Mod.- mathematical modelling. 

Correlates of Running Performance: 

While the predominant aim of this thesis was to quantify the relative energy system 

contribution to track running, a secondary aim was to investigate any relationships 

between in-race physiological measures and subsequent race performance. The 

prediction of race performance is a popular topic with researchers and coaches alike 

(Yoshida et al. 1990, Brandon 1995, Billat 1996, Schabort et al. 2000). The knowledge 

of which physiological parameters are most important or relate best to race 

performance removes much of the speculation associated with guiding an athlete to 

peak performance.  As a result, much research has focussed on the investigation of 

which laboratory measures of physiological parameters best predict race performance 

for a range of events (Houmard et al. 1991, Billat and Koralsztein 1996, Roecker et al. 

1998). While there is a plethora of data published on correlations between laboratory 

measures and performance, as yet, no data exist on the level of association between in-

race physiological measures and track race performances. 

  

Distance running: 

Noakes et al. (1990) reported that the physiological factors that best predict 

performance are similar for events between 10- and 90-km. They highlighted peak 

treadmill running velocity associated with V&O2 max as the best predictor of performance 

for marathon and ultra-marathon runners (r = 0.91 – 0.97), with peak [La-]b (r = 0.68 – 

0.71) and V&O2 at 16 km.h-1 (r = 0.10 – 0.61) showing less predictive ability.  Billat et 

al. (2001a) compared top-class to high-level marathon runners during a 10-km run at 

best marathon performance velocity and an all-out 1-km time trial. They concluded 
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marathon performance time was inversely correlated to V&O2 peak (r = -0.73) and that 

the velocity reached in the 1-km trial (following the 10-km run) was correlated with 

marathon performance (r= -0.85, n=20). Nurmekivi et al. (1998) investigated which 

physiological variables were representative of performance in female middle and long 

distance runners.  They reported that only body weight was correlated with running 

performance in half-marathoners (r= -0.94), while anaerobic threshold, V&O2 max or 

running economy showed little correlation to performance. Roecker et al. (1998), with 

step wise multiple regression, reported that individual anaerobic threshold and training 

mileage were important correlates of marathon and half-marathon performance (r = 

0.93 – 0.94, p<0.001). 

  

Read and Weston (1999) reported good association between 10-km race performance 

and time to fatigue at 20 km.h-1(r= -0.92) and [La-]b at 18 km.h-1 (r= 0.94) respectively. 

Billat et al. (2003) highlighted that the velocity at V&O2 max was the main predictive 

factor for 10-km race performance amongst 20 elite Kenyan runners with heterogenous 

training methods. Scott and Houmard (1994) also reported that peak running velocity 

was highly correlated to both 5 000-m treadmill time trial performance (r = 0.94) and 

recent race performance (r = 0.89). As with other research (Lacour et al. 1990b), peak 

velocity was found to be a better predictor of race performance than V&O2 max 

determined from treadmill protocols. Roecker et al. (1998) also reported maximal 

velocity at V&O2 max and individual anaerobic threshold as important correlates of 5 

000- and 10 000-m performance.  

 

Middle-distance running (3000 – 1500-m): 
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Grant et al. (1997) studied the relationship between physiological variables and 3000-

m race performance in well-trained male runners. They reported the best predictors of 

3000-m performance were velocity at the individual lactate threshold and at 4 mMol.L-

1 respectively (r = 0.93 for both), but also that neither V&O2 max or running economy 

were associated with the velocity or performance over a 3000-m race. Murphy et al. 

(2001) also described sub-maximal running [La-]b values (at 14, 16 and 18km.h-1) as 

being highly correlated to 3000-m running performance (r = 0.78, 0.85 and 0.91 

respectively), while V&O2 max and peak [La-]b showed no correlation (r = -0.13 and 

0.04). However, Housh et al. (1988) reported that V&O2 max and running economy each 

accounted for 22% of the variation in performance for a 3.22-km run, and when 

combined with ventilatory threshold, these three parameters best predicted 

performance in middle-distance runners. They also reported that anaerobic capacity 

and isokinetic muscular strength did not account for any additional variance in 

performance. Maffulli et al. (1991) investigated the relationship between laboratory 

and field determined anaerobic threshold and race speed for track events between 800- 

and 3000-m.  They reported significant correlations (r= 0.82 – 0.90) between the AT 

determined within the laboratory and within a field setting and high correlations 

between AT and race speed (r = 0.75 – 0.94).  Both Lacour et al. (1990b) and Roecker 

et al. (1998) also reported that, similar to other distances they had respectively studied, 

maximal aerobic running velocity and maximal running velocity were the best 

respective predictors of 1500-m performance (r=0.91).  Finally, Almarwaey et al. 

(2003) reported V&O2 peak, velocity at V&O2 peak and running speed at 2.5mMol.L-1 as 

primary predictors of 1500-m performance in adolescent boys and girls (r = -0.39 – 

0.61).  
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Sprint-endurance (400 – 800-m): 

Almarwaey et al. (2003) reported the velocity at V&O2 peak and running economy in 

adolescent boys were significant variables in determining 800-m performance (r = -

0.62 respectively), while no variables showed a predictive ability for performance in 

adolescent girl 800-m events. Nurmekivi et al. (1998) reported that the V&O2 at AT and 

aerobic threshold both correlated to 400 – 800-m race performance (r = -0.65). Lacour 

et al. (1990) also reported that the maximal velocity sustained under aerobic conditions 

correlated well with average race velocity for events above 800-m, indicating the 

greater the velocity (while still deriving energy supply predominately via oxidative 

means) the faster the race velocity and better the resultant performance. Maffulli et al. 

(1991) showed a range of correlations (dependent upon the age group of the athletes 

tested) for the relationship between AT and race speed for the 800-m event. They 

reported younger athletes (12 – 18 and 19 – 34 years old) having moderate correlations 

(r= 0.74) while older athletes showed no relationship (r = 0.34).  

 

Sprinting (100- 200-m): 

Not surprisingly, the prediction of sprint running performance from laboratory 

measures is based on strength and power measures as opposed to aerobic physiological 

variables (Young et al. 1995). Meckel et al. (1995) reported significant correlations for 

running skill, relative strength (squat) and Wingate 30 s performance and 100-m 

performance for female track athletes (r = 0.84 - 0.89). They highlighted that 

production of muscular power/strength and running technique were the main indicators 

of 100-m performance and that measures of V&O2 peak, flexibility and reaction time 

showed no predictive ability. Blazevich and Jenkins (1998) investigated the 

relationship between respective joint strength and sprint running performance. They 
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reported that prediction of 20-m acceleration and maximal velocity was possible based 

on stepwise multiple regression from isokinetic hip flexor/extensor and squat strength, 

however, hip flexor strength was a better predictor of 20-m sprint velocity.  Swindler 

(1999) examined performance variables that would predict 40-yard sprint time in 

American College Football players. Results indicated an association between vertical 

jump and faster 40-yd sprint time, with no relationship evident between performance 

and leg strength. Baker and Davies (2002) also reported strong correlations for 30-m 

and 40-m time with vertical jump (r = 0.91 and 0.81 respectively), while peak power 

output from a 30 s cycle ergometry test was only moderately correlated with 30- and 

40-m sprint times (r = 0.51). In agreement with the previous authors, Kukolj et al. 

(1999) reported counter movement jump height was significantly correlated (p<0.05) 

to running speed over 15 – 30-m (r = 0.48) in untrained subjects. They also reported 

insignificant (p<0.05) correlations between measures of muscle strength (knee 

extensors, hip flexors and extensors) and running speed. Finally, Weyand et al. (1994) 

reported measures of peak AOD were moderate predictors of 100-, 200- and 400-m 

race performance (r = -0.66, -0.71 and -0.62, p<0.05).  

 

Summary: 

In general, while race time is the obvious best predictor of race performance (Noakes 

et al. 1990), performance in events longer than 1500-m tend to be best predicted based 

on laboratory measures of peak velocity and measures of [La-]b accumulation at 

various sub-maximal intensities.  Performances in events less than 400-m however, are 

best predicted by laboratory measures of strength and power. While laboratory 

measures of maximal aerobic power ie. V&O2 max, do not necessarily correlate well with 

distance/middle-distance race performances (nor sprint events) (Brandon 1995), no 
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research has investigated the influence of physical variables during actual races. As 

seen, much research has investigated the relationships between laboratory based 

physiological measures and track race performances. However, the measurement of the 

individual (aerobic and anaerobic) energy systems, their respective components and 

related physiological measures and the subsequent relationship to race performances, 

remains to be further explored.  Part of this further investigation (particularly for 

middle-distance events) relates to the rate at which O2 is supplied. Bishop et al. 

(2001a) have reported an increase in 2-min kayak ergometer performance with faster, 

all-out starts when compared to even-pacing strategies. While not directly measuring 

the V&O2 kinetic response, their results suggested that the improved performance was 

associated with a greater V&O2 as a result of the higher intensity start. An inference 

drawn from their results is that performance in maximal, predominantly aerobic 

exercise may be related to the speed of the V&O2 response and as such, performance in 

middle-distance track events may relate to the speed of the V&O2 kinetic response. 

Therefore, it is worthwhile undertaking a review of the current literature on the on-

transient V&O2 kinetic response to exercise.  

 

On-transientV&O2 Kinetics 

Introduction 

Increases in exercise intensity from either a resting or prior steady state exercise 

baseline results in, following a brief delay, an exponential rise in the V&O2 (Whipp 

1987, Whipp and Ward 1990, Barstow 1994). As the pulmonary V&O2 measured at the 

mouth has been suggested to reflect the O2 uptake of the muscle, measurement of the 

V&O2 kinetic response to exercise may allow for an insight into the rate and limitations 

of skeletal muscle metabolism (Grassi 2001). Accordingly, an understanding of the 
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rate and limitations in muscle V&O2 may allow for a better understanding of the causes 

of fatigue and allow for improved methods to ameliorate any fatigue associated decline 

in performance (Grassi 2001). Particularly in exercise of a maximal or supra-maximal 

nature, the delay before oxidative metabolism reaches sufficient levels to meet the 

demands of ATP resynthesis, determines the reliance upon anaerobic metabolic 

sources and the resultant accumulation of performance reducing metabolic waste 

products (Barstow 1994, Özyener et al. 1996).   

 

The exponential rise in the on-transient V&O2 response to an increase in the exercise 

work load was first reported by Krogh and Lindhard (1913), however it has been the 

topic of much research, particularly within the last decade, with improvements in 

breath by breath gas analysis (Barstow et al. 1990, Bell et al. 2001 and Pringle et al. 

2002). While the characteristics of the V&O2 response as a function of exercise intensity 

have been well reported (Xu and Rhodes 1999), little research has reported either the 

characteristics of truly supra-maximal running (above V&O2 max) or during an applied 

setting such as during middle-distance track running events. Recently a small body of 

research on the V&O2 response to severe-intensity exercise has been published 

(Hughson et al. 2000, Hill et al. 2003, Scheuermann and Barstow 2003). Within this 

small body of research body, conflict exists on both the characteristics and best 

methods to model the V&O2 response to severe-intensity exercise, particularly the speed 

of the V&O2 response (τ). However, to date, the predominate body of the research on 

V&O2 kinetics has utilised laboratory based, constant velocity exercise, generally at 

exercise intensities below V&O2 max (Carter et al. 2000). The purpose of this brief 

literature review will be firstly, to provide a background on the characterisation of the 

on-transient V&O2 response as determined by exercise intensity, and secondly, to 
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provide possible explanations of the underlying mechanisms that have been proposed 

to cause the exponential rise in the exercise V&O2 response.      

Characterisation of the V&O2 response: 

As the nature of the V&O2 response is a function of the exercise intensity, it is important 

to firstly define the exercise intensity domains that relate to changes in the V&O2 

response. Generalised exercise intensity domains have been reported describing 

moderate, heavy and severe exercise intensities (Whipp 1987, Gaesser and Poole 1996, 

Xu and Rhodes 1999). These classifications separate the increase in work load from 

firstly, rest to a power output that corresponds with the individual LT (classified as 

moderate), secondly, from the individual LT to the maximum steady-state lactate 

threshold or an exercise intensity where a stable, yet elevated [La-]b, can be maintained 

(classified as heavy). Finally, once the exercise intensity increases above this 

maximum steady-state lactate threshold the intensity is classified as severe.  

 

Moderate: 

During moderate, constant-intensity exercise it is assumed the ATP turnover rate 

remains stable and oxidative metabolic processes can meet the metabolic demand. For 

exercise intensities below the LT, the exponential rise in the pulmonary V&O2 to meet 

the metabolic demand, as represented by Figure 2.5, can be separated into three 

distinct phases (Whipp and Ward 1990, Barstow 1994). While these three phases are 

also used to describe the V&O2 response of higher intensity exercise, compared to 

moderate intensities, linking these phases to underlying physiological processes is 

decidedly more complex.  The initial rise in V&O2 or phase I, is often referred to as the 

cardio-dynamic phase and can be described as a linear function, relating to the first 10 
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– 15 s of the V– 15 s of the V&O2 response. Phase II, which is modelled exponentially, is the primary 

response of the muscle O2 uptake, representing the increase in oxidative metabolism of  

 

 

 

 

Figure 2.5: Representation of the characteristics of the three respective phases of 

a typical on-transient VO2 kinetic response to heavy exercise. Commencement of 

exercise is at 6 min, ao represents the baseline, a1,a2 and a3 represent the 

respective amplitudes, TD1, TD2 and TD3 the time delays and τ1 τ2  

and τ3 the time constants (Bell et al. 2001). 
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the muscle.  The rate of increase in the primary V&O2 response can be measured from 

the time constant (τ) which represents the time required to reach 63% of the total 

amplitude of the curve, hence is used as a measure of the speed of the V&O2 response. 

Finally, phase III, represented by the attainment of a steady state V&O2, is associated 

with the demand of ATP resynthesis being met by oxidative supply, and assuming no 

further increases in intensity occur, the V&O2 maintains a plateau. The overall V&O2 

response to exercise has been described as a mono-exponential curve (Barstow 1994, 

Xu and Rhodes 1999) and can be modelled according to equation 2.8: 

 

V&O2(t) = A0 + A1 * {1-exp [-( TD/τ)]}  equation 2.8 

 

Where V&O2(t) is the oxygen uptake at time t, A0 is the baseline or oxygen uptake at the 

commencement of exercise, A1 is the amplitude or rise in VO2, TD is the time delay 

until the start of the amplitude and τ is the time constant or speed of the V&O2 response. 

 

Heavy: 

During heavy exercise, the V&O2 response maintains an exponential rise from the 

commencement of exercise (Xu and Rohdes 1999). While phases I and II have similar 

properties to those reported during the response to moderate exercise, the steady state 

response characterised in phase III is delayed during heavy exercise. Once the exercise 

intensity increases above the individual LT, the attainment of a steady state V&O2 is 

delayed due to a continued rise in the V&O2, referred to as the slow component (Whipp 

and Wasserman 1972). While the slow component is associated with an elevation in 
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[La-]b, the mechanism(s) behind this continued rise in V&O2 are still unclear, however 

possible explanations will be discussed in further detail later. Mono-exponential 

models generally define the slow component as the difference in V&O2 between the 6th 

and 3rd minute of exercise. However, as this method is arbitrary in deciding the 

commencement of the slow component, more detailed exponential models, such as 

equation 2.8, individually determine and calculate the respective phases of the V&O2 

response, including the slow component (Bell et al. 2001) 

 

 V&O2(t) = A0 + A1 * {1-exp [-( TD1/τ1)]}+ A2 * {1-exp [-( TD2/τ2)]} 

  +A3 * {1-exp [-( TD3/τ3)]}    equation 2.9 

 

Where V&O2(t) is the oxygen uptake at time t, A0 is the baseline or oxygen uptake at the 

commencement of exercise, A1, A2 and A3 are the respective phase increases in 

amplitude of V&O2, TD1, TD2 and TD3 are the respective time delays for each phase and 

τ1, τ2 and τ3 are the respective time constants for each phase. 

 

 Severe: 

While the V&O2 response again increases in an exponential manner when performing 

severe exercise intensities, no plateau in V&O2 is reached, as V&O2 increases until 

fatigue is reached (Whipp et al. 1982, Poole et al. 1988, Xu and Rohdes 1999). As 

such, the size of the slow component has been reported to be much larger during severe 

exercise than compared to lower exercise intensities (Whipp 1987, Whipp and Ward 

1990). However, little research exists that has described the characteristics of truly 

supra-maximal exercise or intensities above V&O2 max. Studies utilising exercise 
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protocols classified as severe have reported intensities of 80 – 92% V&O2 max (Gerbino 

et al. 1996, Burnley et al. 2000, Demarle et al. 2001, Pringle et al. 2002). Only 

Hughson et al. (2000), Billat et al. (2001b and 2002) and Scheuermann and Barstow 

(2003) have reported on the V&O2 response of exercise above V&O2 max. Hence, the 

intensities used during laboratory research are generally lower than those that would be 

expected during maximal exercise in field settings, for example, middle-distance track 

running.  

 

Modelling: 

While equation 2.7 describes the overall V&O2 response to an increase in workload, 

various modelling procedures have been used to describe the on-transient V&O2 

response. While earlier research generally used a mono-exponential method such as 

that described in equation 2.7 (Gerbino et al. 1996), later studies have tended towards 

expanded models, which describe the individual phases within the overall response, as 

described in equation 2.8 (Burnley et al. 2000, Özyener et al. 2001). These models 

have involved either two or three exponential components with use of the different 

models generally dependent upon the exercise intensity of the V&O2 response modelled. 

Özyener et al. (2001) investigated the best fit of the respective models to V&O2 

responses for a range of exercise intensities between moderate and severe. They 

reported that the on-transient V&O2 kinetics were influenced by exercise intensity and 

the modelling of the various exercise intensity responses required different models.  

Their results indicated that a mono-exponential model was found to best fit moderate 

and severe intensity exercise, while for exercise of a heavy and very heavy intensity, a 

double exponential model was best.   
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Mechanisms causing the V&O2 response: 

Phase I: 

Phase I kinetics represent the immediate increase in muscle O2 uptake as a result of an 

increased cardiac output and venous return as a response to exercise commencement. 

As such, phase I kinetics are a result of the processes of increased heart rate, stroke 

volume and peripheral vasodilation (Whipp and Ward 1990). 

 

Phase II: 

While the characterisation of the nature of the V&O2 response has been well 

documented, the mechanism(s) that control muscle V&O2 during the primary phase of 

the V&O2 response are still unknown. The O2 utilisation and delivery of O2 hypotheses 

are the two predominate theories have been offered to explain the rate of increase in 

V&O2 at the commencement of exercise (Hughson et al. 2001). The O2 utilisation 

hypothesis suggests that the availability of metabolic substrates and accordingly the 

adaptation of the metabolic processes, regardless of O2 availability, limit the rate of 

oxidative phosphorylation (Xu and Rhodes 1999). Studies have reported faster cardiac 

output kinetics when compared to the V&O2 response (Yoshida et al. 1993, Yoshida and 

Whipp 1994) and the maintenance of PaO2 above the critical 2 mmHg required for 

continued aerobic ATP production during stimulation of isolated dog muscle (Connett 

et al. 1984). Temporal links between the rates of intramuscular PCr store degradation 

and V&O2 uptake have also been reported (Philips et al. 1995, Grassi et al. 1996, 

Rossiter et al. 2002). Finally, Timmons et al. (1996 and 1998) have reported that 

increases in acetyl group availability also determine the rate of mitochondrial 

respiration and hence muscle O2 uptake.  The results of this collection of studies 
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suggests that the limitation of the rate of the V&O2 response is not from a lack of O2 

supply or reduction in O2 transport, but rather, from the availability of intramuscular 

metabolic substrates. 

 

However, the O2 delivery hypothesis suggests that the rate limiting factor in the V&O2 

response is the transport or delivery of O2 to the skeletal musculature (Hughson et al 

2001). This theory proposes that the adaptation to any particular ATP resynthesis 

demand is dependent upon the gradual adaptation of substrates (particularly O2) to the 

demand from the start of exercise. This was originally proposed by Hughson and 

Morrisey (1982), following their reports that differences in the speed of the V&O2 

response were evident between the transition from rest to exercise at 40% AT and from 

40% to 80% AT. This was reported to result from slower heart rate kinetics in the 

response to an increase from 40% to 80% AT compared to the increase from rest to 

40% AT.  Hence, changes in the cardiac output kinetics resulted in changes in the V&O2 

response to exercise, suggesting it was the delivery of O2 to the active musculature that 

limited the V&O2 response (Hughson and Morrisey 1983). This hypothesis was further 

supported by Hughson et al. (1991), who showed that slower V&O2 kinetics were 

evident following the administration of β-blockers. Furthermore, muscle hypoxia 

studies resulted in slower V&O2 kinetics than in normoxic conditions, again indicating 

that the availability of O2 was a determining factor in the V&O2 response (Macdonald et 

al. 1997). Further evidence supporting O2 delivery comes from studies comparing 

supine and upright posture and related cardiac output. Covertino et al. (1984) 

demonstrated faster V&O2 kinetics when subjects were in an upright posture, resulting 

from increased blood flow and cardiac output. Finally, evidence of a close relationship 

between muscle blood flow and V&O2 kinetics has also indicated a role of O2 transport 
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in limiting the rate of on-transient V&O2 kinetics (Grassi et al. 1996, Hughson et al. 

1996).  

 

Phase III: 

The phase III or slow component, as shown in Figure 2.5, is the delayed or prevented 

attainment of a steady state V&O2. This non-proportional increase of V&O2 at exercise 

intensities above the individual AT has been associated with [La-]b accumulation, 

however a definitive cause is yet to be substantiated (Zoladz and Korzeniewski 2001).  

Possible physiological mechanisms that may contribute to the rise in V&O2 during 

constant intensity exercise above the AT include; increased [La-]b accumulation, type 

II fibre recruitment, increased muscle temperature or increased epinephrine 

concentration. 

 

Blood Lactate: 

As multiple studies have reported the increase in [La-]b as being highly related to the 

magnitude of the slow component (Whipp 1987, Casaburi et al. 1987, Roston et al. 

1987) and the similarity in power outputs between the exponential increase in [La-]b 

and commencement of the slow component (Barstow 1994, Zoladz et al. 1998a), the 

association between [La-]b and the V&O2 slow component was thought to be causative.  

Also, Stringer et al. (1994) proposed the increased metabolic acidosis resulting from 

increased H+ ion accumulation increased V&O2 due to a shift in the oxyhaemoglobin 

dissociation curve to the right, in essence promoting an increased V&O2.  While this 

increase in dissociation was suggested to account for 62% of the slow component, 

Capelli et al. (1993) proposed the intramuscular H+ ion accumulation resulted in an 

increase in free Cr, which in turn may have increased mitochondrial respiration 
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possibly via an increased phosphate production. However, while the results of Capelli 

et al. (1993) have not been supported in vivo, further research has highlighted 

discrepancies in the relationship between [La-]b and the V&O2 slow component. Barstow 

(1994) demonstrated a dissociation between the elevation of [La-]b and the slow 

component, illustrating the commencement of the slow component at approximately 80 

to 110 s, by which time femoral vein [La-]b was already elevated. Furthermore, an 

increase in blood acidification via the ingestion of ammonium chloride has been shown 

to increase the magnitude of the slow component (Zoladz et al. 1998b). While an 

increase in alkalosis, via the ingestion of sodium bicarbonate (Zoladz et al. 1997), or 

alternatively an increase in [La-]m by either direct infusion into working dog muscle 

(Poole et al 1991 and 1994) or as a result of increased epinephrine circulation (Gaesser 

et al. 1994, Womack et al. 1995) have not increased the V&O2 slow component.        

Hence, while the increase in [La-]b may be associated with, it is not the direct cause of, 

the slow component. 

 

Recruitment of Type II fibres and additional muscle groups: 

Increases in exercise intensity have been shown to result in an increased recruitment of 

Type IIa and IIb fibres (Vollested and Blom 1985). Accordingly, it has been 

demonstrated that Type II fibres (IIb in particular), have higher V&O2  rates for any 

given power output (Crow et al. 1982, Coyle et al. 1992). As such, the increased 

recruitment of Type II fibres with increased exercise intensity and associated increase 

in muscle O2 consumption has been suggested as a cause of the slow component (Poole 

et al. 1991). Further evidence from Barstow et al. (1996) reported negative correlations 

(r = -0.64 – 0.83) between the magnitude of the slow component and proportion of 

Type I vastus lateralis fibres over a range of exercise intensities. Additionally, 
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selective blocking of Type I fibres during exercise (with administration of 

Tubocurarine) has been shown to increase the O2 cost of cycling (Galbo et al. 1987). 

While the hierarchal recruitment pattern of fibre types is still not fully understood, the 

recruitment of Type II fibres during higher intensity exercise does seem to have a 

significant role in the development of the slow component (Xu and Rhodes 1999).   

 

A simple explanation for the rise in V&O2 may be associated with an increased 

recruitment and fatigue of additional muscle groups during higher intensity exercise 

(Zoladz and Korzeniewski 2001). The recruitment and fatigue of non-locomotory 

muscle groups, including the respiratory and postural stabilising muscles have been 

suggested to account for the decreased efficiency resulting from the increased V&O2 

(Poole et al. 1991). The increased ventilation required to maintain alveolar gas 

exchange has been proposed to be a mechanism partially responsible for the slow 

component rise (Xu and Rhodes 1999). However, difficulties arise in the measurement 

of the true O2 cost of ventilation and as such a range of values (18 – 24%) has been 

estimated as to what proportion of the total energy cost ventilation may account for 

(Aaron et al. 1992, Gaesser and Poole 1996). As such, while difficult to directly assess, 

the recruitment of non-locomotion muscle groups may also play a role in the 

development of the V&O2 slow component (Zoladz and Korzeniewski 2001).  

 

Temperature: 

With the continuation of exercise comes an associated increase in metabolic activity 

and muscle temperature with a concomitant increase in V&O2 (MacDougall et al. 1974). 

This increase in V&O2 occurs as a result of the decreased efficiency of mitochondrial 

respiration with increased temperatures, with a 3 – 4oC increase in muscle temperature 
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accounting for approximately 300 ml.L-1 increase in V&O2 (Willis and Jackman 1994). 

However, no definitive evidence exists, as while Ferguson et al. (1998) reported an 

increased V&O2 in cycle ergometry following muscle heating, Koga et al. (1997) did not 

report any influence of increased muscle temperature on the development of the slow 

component. Also, previous research has reported no association between the time 

frames of muscle temperature increase and V&O2 (Macdougall et al. 1974, Kalis et al. 

1988).  

 

Epinephrine: 

Finally, as plasma epinephrine concentration increases with exercise intensity, the 

increased circulating levels can act to increase respiratory and metabolic processes 

with a corresponding increase in V&O2 (Xu and Rhodes 1999). While epinephrine has 

been shown to elevate resting V&O2 or basal metabolic rate (Sjostrum et al. 1983), 

during exercise, no increase in V&O2 has been demonstrated (Gaesser et al. 1994), 

indicating that epinephrine has little effect on the development of the slow component.  

 

Summary: 

While the nature of the V&O2 kinetic response and associated relationship with exercise 

intensity is well documented, to date, the mechanism(s) for the primary and slow 

components of muscle V&O2 are unknown. Of the two predominant hypotheses for the 

rate of the primary component, Grassi (2001) states that only indirect evidence for both 

arguments is available while Hughson et al. (2001) comment that under different 

conditions, either hypothesis could prove correct.  Multiple possibilities have been 

proposed as to the physiological processes underlying the slow component rise in 

V&O2, including fibre type, [La-]b accumulation and muscle recruitment patterns, 
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however none have been proven as a sole conclusive cause. Finally, very little research 

data describing the V&O2 response of supra-maximal exercise exist, while no data on 

the V&O2 response of non-constant velocity exercise or in applied research settings, 

such as in middle-distance track running, are available. 
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Abstract:   

The purpose of this study was to assess the validity and reliability of a Cosmed K4b2 

portable telemetric gas analysis system. Twelve physically fit males performed a treadmill 

running session consisting of an easy 10 min run, a hard 3 min run and a 1 min sprint (with 

rest periods of 10 min separating each run), on four separate occasions.  Sessions were 

identical with the exception of the apparatus used to measure V&O2. During two (test-retest) 

sessions a Cosmed K4b2 portable gas analysis system was used; in another, a laboratory 

metabolic cart, and in one session, both systems were used to measure V&O2 

simultaneously. No significant differences (p>0.05) were evident between test-retest 

Cosmed K4b2 measures for any variable. Comparison of Cosmed K4b2 and metabolic cart 

measurements in isolation revealed significantly (p<0.05) increased values of V&O2, V&CO2, 

FE CO2 (except FE CO2 at 10min) and lower values of FE O2 for each run duration by the 

Cosmed system. Linear regression equations to predict metabolic cart results from Cosmed 

values were, respectively; cart V&O2 = 0.926 ⋅ CosmedV&O2 – 0.227 (r2 = 0.84) and cart 

V&CO2 = 1.057 ⋅ Cosmed V&CO2 – 0.606 (r2 = 0.92). Bland – Altman plots and comparison 

of the test-retest Cosmed measurements revealed that the K4b2 system showed good 

repeatability of measurement for measures of V&E, V&O2 and V&CO2, particularly for 10 and 

3 min tests (ICC = 0.7 – 0.9, p<0.05). In conclusion, the Cosmed K4b2 portable gas 

analysis system recorded consistently higher V&O2 and V&CO2 measurements in comparison 

to a metabolic cart, however, satisfactory test-retest reliability of the system was 

demonstrated. 
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Introduction:  

The expansion of traditional laboratory based measurements into field settings has 

allowed for further investigation into the specific energetics of exercise conducted 

outside of controlled environments. A recording of oxygen uptake (V&O2) is commonly 

taken for the indirect measurement of energy cost, which normally requires sophisticated 

laboratory equipment and surrounds (MacFarlane 2001). Hence, difficulties often arise 

when attempting to record such measures in non-laboratory locations. However, the 

measurement of V&O2 within specific sporting (field) settings is important for an 

improved understanding of the metabolic demands placed upon the body during various 

forms and intensities of exercise.  A portable gas analysis system that is currently 

available is the breath by breath Cosmed K4b2 system (as seen in Figure 3.1), which is 

the latest of a series (including the K2 and K4) of portable systems produced by Cosmed 

(Rome, Italy).  

 

Previous research reporting on the accuracy of the older Cosmed K2 unit indicated that 

V&O2 was generally underestimated (Lucia et al., 1993, Peel and Utsey, 1993, Crandall et 

al., 1994, Sheel et al. 1996). As the K2 model lacked a CO2 analyser, the RER value was 

assumed to equal 1.00, hence the resulting inherent assumptions were believed to be the 

cause of the measurement errors.  The more recent K4 and K4b2 systems include a CO2 

non-dispersive infra-red CO2 analyser, allowing for measurements of FE CO2 and V&CO2 

and thus RER.  Hausswirth et al. (1996) reported acceptable levels of accuracy for V&O2, 

V&CO2 and R measurements made with the K4 unit when compared to a CPX Medical 

Graphics Metabolic cart for a range of cycle ergometer workloads between rest and  
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Figure 3.1 Subject wearing the Cosmed K4b2 portable gas analysis system during a 

graded exercise treadmill test. 
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maximal intensity. No significant differences (p>0.05) and strong ICC correlations (r = 

0.95, n = 7) between the two measurement systems were noted for V&E, V&O2 or V&CO2.  

 

To date, a growing number of published reports concerning the accuracy of the K4b2 

system are available, however no data on the reliability of the Cosmed K4b2 system have 

been reported. Furthermore, many recent studies have reported the use of this system for 

metabolic measurements (Billat et al. 2000b, Swartz et al. 2000, Bishop et al. 2001b).  

Pinnington et al. (2001) recently reported that significantly lower (p<0.001) FE O2 and FE 

CO2 values were measured by the K4b2 Cosmed system compared to measures made by a 

metabolic cart from expired air collected in a Tissot tank during steady state treadmill 

running.  Significantly higher (p<0.05) V&E values (3.5 - 4.0 l⋅min-1) over a range of 

ventilations from 50 – 100 l.min-1 were also recorded by the Cosmed system compared to 

Morgan Ventilation monitor values. Strong Pearson correlation coefficients were reported 

(r>0.92, n=10) for the association between Cosmed values and metabolic cart/Morgan 

values for measures of V&E, V&O2, FE O2, and FE CO2 and r = 0.87 for V&CO2. However, 

the difference between measurement systems was physiologically significant, with 

ANOVA and Bland – Altman plot analysis indicating a trend for lowered measures of  

FE O2 by the Cosmed K4b2 system and hence a higher V&O2.  

 

In contrast, McLaughlin et al. (2001) reported acceptable findings when the Cosmed 

K4b2 system was compared to criterion V&O2 measures made using Douglas bags (DB) 

during 5 min cycle ergometry bouts at intensities varying between rest and 250W (n= 

10).  They reported no significant differences (p>0.05) in V&O2 measures at rest or peak 
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cycling intensity (250W) between the two systems. However, the Cosmed K4b2 system 

did overestimate V&O2 at a range of workloads between rest and maximum (50-200W) 

(p<0.05). Both V&E and V&CO2 measures were reported to be significantly lower (p<0.05) 

than those obtained from the DB method at workloads of 200W and 250W. However, 

these authors stated that the differences measured were small (0.08 – 0.10 l⋅min-1) and 

that the Cosmed K4b2 system was acceptable for the measurement of resting and exercise 

V&O2. Similarly, Parr et al. (2001) also compared the Cosmed K4b2 system to the DB 

method for exercise intensities from rest to 250 W on a cycle ergometer. They reported 

that while FE O2 and FE CO2 values were significantly over and underestimated 

respectively, V&O2, V&CO2 and RER values up to 200 W were accurate, however at 250 

W, V&CO2 and RER were significantly underestimated.  

 

Doyon et al. (2001) reported no difference (p<0.05, n= 8) in V&O2 between the Cosmed 

K4b2 system and a laboratory mixing box system (Applied Electrochemistry Inc. O2 

analyser, Beckman LB-2 CO2 analyser and a Hewlett-Packard 4730A 

pneumotachograph) during a maximal incremental cycle ergometer exercise test. Subjects 

performed the incremental exercise test on three separate occasions with V&O2 being 

recorded using either the laboratory mixing box system, the Cosmed K4b2 system or the 

Cosmed K4b2 system in an outdoor climate (2 OC) that replicated environmental 

conditions used in their research. 

  

Finally, research by LaBreche and McKenzie (2001) reported acceptable and comparable 

findings between the Cosmed K4b2 system and a Physio-Dyne Technologies System for 
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maximal incremental cycle ergometer tests. No significant differences (p<0.05) in  

V&O2 max or V&CO2 max were recorded between the two systems, however, V&E was reported 

to be significantly higher  (p<0.05) in the K4b2 system at maximal exercise. 

  

Given some contradictory results reported in the literature an investigation of the 

system’s accuracy and also reliability is crucial for any general application in 

physiological testing. Therefore, it was the aim of this study to test both the accuracy and 

reliability of the Cosmed K4b2 system for primary measures of V&E, V&O2, V&CO2, FE O2 

and FE CO2 when compared to a laboratory based Metabolic cart, following the precedent 

set in previous research by Melanson et al. (1996) and Doyon et al. (2001). Previous 

work from our laboratory (Pinnington et al. 2001) assessed the accuracy (but not the 

reliability) of the Cosmed K4b2 system via a syringe method using expired air previously 

collected in a Tissot tank. The present study extended this work by using the Cosmed 

K4b2 as it would normally be used with exercising subjects, at three different intensities 

of exercise.  

 

The exercise modality, duration and intensity used in the testing protocol here were 

selected to simulate future planned field running exercise studies employing the Cosmed 

K4b2. A 10 min run at a moderate speed allowed for the collection of sub maximal steady 

state exercise data, a 3 min run at a fast speed simulated the collection of accumulated 

oxygen deficit data and a 1 min sprint simulated the measurement of the V&O2 response to 

supra-maximal intensities.  While not spanning the physiological range of exercise 

ventilation values, this test protocol allowed for an assessment of the accuracy of the 
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Cosmed K4b2 when used at different exercise intensities, particularly prior to a steady 

state level being achieved.  

 

Methods:  

Sample: 

Twelve healthy, physically active male athletes, mean (+SD) height, body mass and age, 

181.0 cm (+5.6), 76.3 kg (+7.6) and 23.3 years (+3.2) acted as subjects for this study.  All 

gave their informed consent prior to participating in any testing and the procedures were 

approved by the Human Rights Committee of the University of Western Australia. 

 

Experimental Design:  

Following familiarisation, all subjects undertook four testing sessions, with each session 

separated by at least a day and no more than a week, with time of day held constant 

across all testing sessions. Each session involved a series of treadmill (custom designed, 

School of HM and ES, UWA) runs (at 1% grade), consisting of an easy 10 min run, a 

hard 3 min run and a 1 min sprint, with a rest period of 10 min between each run.  

Sessions were identical with the exception of the apparatus used to measure V&O2. During 

two testing sessions the K4b2 Cosmed portable gas analysis system was used, in another, 

a laboratory Metabolic cart (containing a Morgan Ventilometer and Ametek Applied 

Electrochemistry S-3A/I O2 and CD 3A CO2 analysers) and in one session both systems 

were used to measure V&O2 simultaneously. Subjects were randomly allocated into four 

groups, between which the order of test sessions completed was changed, in order to 

ensure any practice effect was negated. Subjects were asked to refrain from heavy 
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exercise for 24 h prior to testing and to refrain from food and caffeine consumption for 

the 2-3 h prior to testing. 

 

Procedure:  

Depending on the testing session, either the K4b2 Cosmed system and/or Metabolic cart 

were warmed up for 1 h prior to pre test calibration procedures being undertaken. On 

arrival subjects were weighed and then began a standardised 5 min warm up, consisting 

of treadmill running for 2 min at 8 km⋅h-1 and 3 min at 10 km⋅h-1.  

 

Cosmed sessions:  

A description of the structure of the Cosmed K4b2 has previously been reported  

(Pinnington et al. 2001). Following the warm up, calibration of both the Cosmed turbine 

and gas analysers occurred (in line with manufacturer’s instructions). This involved 10 

pumps of a 3L syringe into the Cosmed turbine for ventilation volume and a one point 

gas analyser calibration check with (alpha verified) beta standard calibration gas (BOC 

gases, Chatswood, Australia). The base harness was then arranged and the Cosmed K4b2 

system attached to the subject’s torso. Following the warm up, subjects were allowed 10 

min to stretch before they commenced the 10 min run at 10 km⋅h-1. At the completion of 

the run, the treadmill was stopped, the subjects were seated and the sample line was 

removed from the connection to the face mask/turbine and connected to the calibration 

gas cylinder described previously.  
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Cosmed measurement was then ceased and a 10 min recovery period begun. Directly 

following the cessation of Cosmed measurement, a post-test turbine and gas analyser 

calibration check were undertaken. These were identical to the pre test calibration 

procedures. Once these post- test verifications were complete, pre-test turbine and gas 

analyser calibration for the next treadmill run were conducted (as previously outlined). 

Both a pre-test calibration and a post-test verification for ventilation volume and 

fractional gas concentrations were conducted for each test to assess the accuracy and 

consistency of the measurements made. Once calibration procedures were concluded, 

subjects were prepared for the commencement of the 3 min run at 16 km⋅h-1, after which 

the same calibration/verification procedures were followed. During the 10 min recovery 

period following the 3 min run and at the end of the 1 min run (at 20 km⋅h-1), these 

procedures were again employed.  

 

Metabolic cart session:  

The test format and pre and post exercise calibration/verification procedures used during 

the Metabolic cart session were identical to those described above in the Cosmed testing 

sessions. Subjects breathed through a Hans-Rudolph two-way breathing valve with 

measurements made of inspired volume by a Morgan Ventilometer turbine (Model 096, 

Kent, UK). Software functions on an external computer attached to the Ventilometer 

converted V&I to V&E (STPD) for comparison to Cosmed ventilation values. Expired gas 

samples were analysed for O2 and CO2 concentrations using Ametek gas analysers (S-

3A/I O2 and CD 3A CO2 respectively: Pittsburgh, USA). Average gas concentrations and 

turbine volume data were reported every 15 s. 
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Simultaneous Cosmed and Metabolic cart session:  

Identical calibration and verification procedures to those previously outlined were again 

employed pre and post-test in this simultaneous measurement session. To facilitate 

simultaneous measurements of V&O2, prior to the start of the 10 min test the windshield 

was removed from the K4b2 Cosmed turbine so a moulded PVC piping connection could 

be attached to allow an airtight seal between the turbine of the K4b2 and the inlet/outlet 

port of the two-way Hans-Rudolph valve. Thus, when subjects inhaled, air was drawn 

through Collins tubing connected to the Morgan Ventilometer situated on the Metabolic 

cart (allowing the measurement of V&I), then through the Hans-Rudolph valve. During 

expiration, air passed first through the Cosmed turbine (with a small sample drawn into 

the Cosmed K4b2 analysers), then into the Hans-Rudolph valve and through the 

expiratory port into the Metabolic cart for measurement of FE O2 and FE CO2. This set up 

allowed both the K4b2 Cosmed and the Metabolic cart to simultaneously measure 

respiratory parameters during the same bout of exercise. These data were temporally 

aligned to ensure the same ventilatory and gas concentration data were being compared.    

 
 
Statistical Analysis: 

All data collected were collated in Excel files before analysis was conducted using the 

statistical package SPSS 8.0.  Prior to analysis, Cosmed V&E BTPS measures were converted  

into V&E STPD values according to standard gas law correction procedures.  The reliability 

of V&E, V&O2, V&CO2, FE O2 and FE CO2 measures made by the Cosmed K4b2 system were 

assessed via the calculation of intra-class correlations (ICC) and Bland - Altman plot 

analysis (Bland and Altman 1986) between the final minute means of the two Cosmed 
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tests for each of the three run times. The Technical Error of Measurement (TEM) of the 

K4b2 system was also calculated for these variables. Cosmed K4b2 validity was assessed 

by comparing the measures made of V&E, V&O2, V&CO2, FE O2 and FE CO2 by the two 

different systems (average of Cosmed and Cosmed repeat  tests v metabolic cart test) 

with a paired samples t-test.  A one-way ANOVA (with a Scheffe’ post hoc test) was also 

performed to compare the data from all tests (Cosmed, Cosmed repeat, metabolic cart, 

and both Cosmed and cart in synchronisation). Significance was set a priori as p<0.05. 

 

In order to refine the accuracy of the Cosmed K4b2 measurements, post-hoc linear 

regression equations were derived to predict metabolic cart V&O2 and V&CO2 values based 

on values measured with the Cosmed K4b2. Data from the 10, 3 and 1 min runs were 

pooled to produce an overall regression equation for V&O2 and V&CO2 respectively. These 

respective regression equations were compared to individual equations calculated for the 

three test durations for both V&O2 and V&CO2 respectively, however as only very minor 

differences (p>0.05) were recorded, pooled regression equations were subsequently used.    

 

Results:

For Cosmed measures, final minute breath by breath values, for each variable, were 

averaged for each exercise duration. For metabolic cart measures, final minute values for 

V&E, V&O2 and V&CO2 were obtained by adding together 4 x 15 s values, while FE O2 and 

FE CO2 values were averaged. 
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Reliability: 

No significant differences (p>0.05) were noted between the test-retest Cosmed trials for 

any variable (V&E, V&O2, V&CO2, FE O2 and FE CO2) for the 10, 3 or 1 min runs. Results of 

the ICC and TEM analysis at each time point for these variables are shown in Table 3.1.   

Bland – Altman plots indicated satisfactory limits of agreement between the Cosmed 

K4b2 and Metabolic cart for measures of V&E, V&O2 and V&CO2 (presented in Figures 3.2, 

3.3 and 3.4). As Bland and Altman (1986) state, in order to have satisfactory 

repeatability, 95% of the difference between two measures must fall within two standard 

deviations. Here, all but one data point fell within the 95% confidence levels. Values for 

the limits of agreement and bias for V&E were +16.3 and +1.27 l.min-1, for V&O2 + 0.82 and 

+0.08 l.min-1 and for V&CO2 + 0.67 and +0.06 l.min-1 respectively. 

 

Validity:  

These results are shown in Table 3.2. As no significant differences were found between 

the Cosmed test-retest trials, the data from the two tests were pooled together to give a 

mean Cosmed measure. Mean data was then used in all further analyses. No significant 

differences (p>0.05) were noted between the Cosmed K4b2 and the metabolic cart 

measurement of V&E at any time point. However, Cosmed K4b2 values for V&O2, V&CO2 

and FE CO2 for each run (except the 10min FE CO2) were significantly higher (p<0.05) 

than Metabolic cart values. Significant decreases (p<0.05) were also recorded in Cosmed 

FE O2 for each run (10, 3 and 1 min) compared to the cart.  
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Table 3.1: Cosmed K4b2 Reliability measures: results for the 

Cosmed test-retest trials for the mean of the final minute of each run. 

 
  Cosmed 

Trial 1 

Cosmed 

Trial 2 

  

ICC 

 

TEM 

     

TEM %

V&E STPD  
 

   10 min 65.88  
(+5.85) 

66.12 
(+7.48) 

     0.81 **       3.39        4.21 

 (l⋅min-1) 
 

   3 min  104.16 
(+13.55) 

104.05 
(+10.39) 

     0.78**       6.53        5.14 

 
    1 min  79.40 

(+10.47) 
75.48 

(+13.61) 
     0.58 *       9.80      10.37 

V&O2  
 

   10 min        3.34 
    (+0.32) 

       3.30 
     (+0.38) 

     0.85 **       0.14       4.17 

  (l⋅min-1)   
 

   3 min  4.52 
(+0.63) 

       4.56 
    (+0.47) 

     0.87 **       0.19       4.01 

    1 min 
  

3.52 
(+0.63) 

     3.28 
    (+0.47) 

     0.53 *       0.42     12.06 

V&CO2  
 

   10 min       3.11 
    (+0.28) 

     3.07 
    (+0.30) 

     0.81 **       0.13       4.26 

  (l⋅min-1) 
 

   3 min       4.90 
    (+0.58) 

      4.98 
    (+0.43) 

     0.72 **       0.26       5.58 

    1 min  
 

     3.03 
   (+0.54) 

      2.87 
    (+0.56) 

     0.68 **       0.31     10.87 

FE O2  
 

   10 min     0.1592 
   (+0.0031) 

     0.1599 
    (+0.0044) 

     0.51 *       0.24      1.53 

 
 

   3 min      0.1649 
   (+0.0048) 

     0.1646 
    (+0.0037) 

     0.73 **       0.20      1.24 

    1 min  
 

    0.1661 
   (+0.0066) 

    0.1666 
    (+0.0052) 

     0.81 **       0.24      1.44 

FE CO2 
  

   10 min      0.0476 
   (+0.22) 

      0.0472 
     (+0.33) 

     0.40       0.22      4.59 

 
 

   3 min       0.0476 
   (+0.0032) 

      0.0478 
    (+0.0027) 

     0.61 *       0.17      3.57 

 
 

   1 min      0.0386 
   (+0.0047) 

     0.0384 
    (+0.0039) 

     0.86 **       0.15      3.96 

 
Note: no significant differences (p>0.05) were noted between any test-retest measures. 
 
          * (p<0.05)     ** (p<0.01) 
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Figure 3.2: The limits of agreement (95% Confidence Intervals), +Figure 3.2: The limits of agreement (95% Confidence Intervals), + 2 SD and  

bias (- - -) between repeat trials of the Cosmed K4b2 unit for measures of V&O2 for 1, 
3 and 10 min tests. 
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Figure 3.3: The limits of agreement (95% Confidence Intervals), +Figure 3.3: The limits of agreement (95% Confidence Intervals), + 2 SD and bias  

(- - -) between repeat trials of the Cosmed K4b2 unit for measures of V&CO2 for 1, 3 
and 10 min tests. 
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Figure 3.4: The limits of agreement (95% Confidence Intervals), +Figure 3.4: The limits of agreement (95% Confidence Intervals), + 2 SD and  
bias (- - -) between repeat trials of the Cosmed K4b2 unit for measures of V&E for 1, 3 

and 10 min tests. 
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Table 3.2: Cosmed Validity: Comparison of the mean (+SD) final minute 

Cosmed, Metabolic cart, Cosmed in synchronisation (sync) and cart in 

synchronisation values for each run. 

   Cosmed     Cart  Cosmed in 
Sync 

Cart in Sync  

V&E STPD  
 

   10 min  65.99 (+6.31)  62.34 (+7.39)        68.46 (+9.91) 66.04 (+9.01) 

 (l⋅min-1) 
 

   3 min  104.10(+11.22) 104.00 (+15.69) 103.22(+14.80) 101.83(+15.67) 

    1 min  
 

 77.44 (+10.82)  74.80 (+17.29) 79.75 (+12.51) 73.90 (+10.53) 

V&O2  
   10 min   3.32 (+0.32)   2.86 (+0.33) *      3.85  (+0.46)* # 2.83 (+0.36) * @

 (l⋅min-1) 
 

   3 min    4.54 (+0.53)   4.09 (+0.51) *      4.94 (+0.65)* # 3.95 (+0.54)* @

    1 min  
 

  3.40 (+0.54)   2.80 (+0.48) *     3.93 (+0.57) # 2.66 (+0.42) * @

V&CO2  
 

   10 min   3.09 (+0.27)   2.77 (+0.32) *      3.53 (+0.34)* # 2.67 (+0.34) * @

 (l⋅min-1) 
 

   3 min    4.91 (+0.47)   4.59 (+0.60) *      5.35 (+0.61)* # 4.31 (+0.60) * @

    1 min  
 

  2.95 (+0.59)   2.38 (+0.57) *     3.37 (+0.49) # 2.17 (+0.37) * @

FE O2    10 min 0.1595 
(+0.0034) 

 

0.1637 
(+0.0038)* 

0.1537 
(+0.0040)*#

0.1670 
(+0.025)* @

    3 min  0.1648 
(+0.0040) 

 

0.1688 
(+0.0039)* 

0.1603 
(+0.0051)*#

0.1697 
(+0.0035)* @

    1 min  
 

0.1663 
(+0.0057) 

0.1727 
(+0.0043)* 

 

0.1610 
(+0.0067)#

0.1747 
(+0.0043)* @

FE CO2     10 min 0.0474 
(+0.0023) 

 

0.0446 
(+0.0040) 

0.0523 
(+0.0042)* #

0.0406 
(+0.0026)* @ #

    3 min  0.0477 
(+0.0026) 

 

0.0444  
(+0.0041) * 

0.0526 
(+0.0049)* #

0.0426 
(+0.0031) * @

    1 min  0.0385 
(+0.0041) 

0.0319  
(+0.0033) * 

0.0430 
(+0.0051)* #

0.0295 
(+0.0036) *@

Note:  * significantly different from Cosmed  (p<0.05). 
# significantly different from Cart (p<0.05). 
@ significantly different from Cosmed in sync (p<0.05). 
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When the two systems were run in synchronisation, significantly increased (p<0.05) 

V&O2, V&CO2 and FE CO2 values and decreased FE O2 values were obtained for the 

Cosmed in comparison to the cart values, however, V&E values showed no significant 

difference for any run. Significant differences (p<0.05) were also recorded between 

isolated Cosmed test measurements and Cosmed measurements taken during 

synchronisation with the cart for V&O2 (10 and 3 min), V&CO2 (10 and 3 min), FE O2 (10 

and 3 min) and FE CO2 (10, 3 and 1 min trials). For all three test durations, Cosmed in 

synchronisation with cart values for V&O2 and V&CO2, were higher than those obtained in 

isolation from Cosmed test measures (Table 3.2), with significantly greater (p<0.05) 

values recorded for 10 and 3 min tests. The results of post-hoc linear regression equation 

formulation to predict metabolic cart results from Cosmed values were: 

 

 Metabolic cart V&O2   = 0.926 ⋅ Cosmed – 0.227  (r2 = 0.84). 
 
 Metabolic cart V&CO2 = 1.057 ⋅ Cosmed – 0.606  (r2 = 0.92). 
 
 
Discussion:  

A growing body of literature exists which uses the Cosmed K4b2 for measurement of 

V&O2 and also reports on its accuracy, however, little data are available verifying the 

reliability of this system. The data collected here with the K4b2 Cosmed system for the 

test-retest trials indicated the unit had satisfactory reliability, particularly for the 10 and 3 

min tests. No significant differences were observed for any variable between either test 

involving the Cosmed unit as the sole measurement device. Bland – Altman plots 

indicated acceptable limits of agreement between Cosmed K4b2 measures on different 
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days, with all but one datum point falling between two standard deviations from the mean 

value. In combination, strong ICC values were also obtained on all variables for the 3 and 

10 min tests, with moderate ICC values for the 1 min test, indicating that the Cosmed 

K4b2 unit (on different days) generally had low levels of systematic or error variance. 

The TEM data calculated for the Cosmed unit was also mostly acceptably low (<5% 

generally), again indicating a strong reliability of measurement for all variables. 

However, measures taken during the 1 min run did display increased TEM values (10-

12%), which may be due to a greater degree of within-subject variability in the O2 

kinetics for this exercise duration (Hughson and Inman 1986), given the relatively short 

length of exercise time and near maximal intensity of this run.  

 

In assessing the accuracy of the Cosmed K4b2 system, the initial intention was to 

compare simultaneous measurements made by the Cosmed and Metabolic cart systems as 

they operated in synchrony. However, this became impractical after data collection, as for 

unknown reasons (possibly due to changes in the flow characteristics or change in dead 

space, although this was only increased by 94.5 mL), the simultaneous Cosmed K4b2 test 

values showed marked levels of inaccuracy, being significantly higher than isolated 

Cosmed test values for most of the measured variables. Cosmed in synchronisation V&O2 

and V&CO2 data were consistently higher (≈ 0.5 l⋅min-1) than Cosmed in isolation test data 

for all three runs. This was principally due to a lower and higher FE O2 and FE CO2 

respectively, as V&E values were not different. Also, Cosmed values showed significant 

differences to Metabolic cart values while in synchronisation, but Metabolic cart in 

isolation and cart in synchronisation values showed virtually no difference (only FE CO2 
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at 10 min). Hence, the Cosmed and Metabolic cart in synchronisation data were omitted 

and the Cosmed and Metabolic cart in isolation tests were compared in further analysis. 

McLaughlin et al. (2001) also reported an excessive discrepancy between Cosmed and 

Metabolic cart values of V&O2 when measurements were taken by both systems (DB and 

Cosmed K4b2) in synchronisation, suggesting an interference of the DB apparatus on the 

Cosmed K4b2.  Differences in V&O2 and V&CO2 values reported between measurement 

methods in the present study were seen to result from the Cosmed measurement of 

fractional gas concentrations (respectively lower FE O2 and higher FE CO2 values), as no 

significant difference between synchronised or isolated Cosmed tests was noted for the 

measure of V&E.  

 

While our analysis indicated that the Cosmed K4b2 system showed satisfactory reliability, 

especially for 10 and 3 min tests, this was not the case for the validity or accuracy of this 

Cosmed unit. The results indicated that the Cosmed K4b2 turbine is an accurate tool for 

the measurement of ventilation, but Cosmed measures of V&O2, V&CO2, FE O2 and FE CO2 

all differed significantly to measures obtained from the Metabolic cart. Both V&O2 and 

V&CO2 measures taken with the Cosmed K4b2 system showed higher values when 

compared to data collected using the Metabolic cart for all three runs. Accordingly, 

Cosmed K4b2 measures of FE O2 and FE CO2 were always lower and higher respectively 

than values obtained from the Metabolic cart and would potentially be the cause of the 

previously described overestimation of V&O2 and V&CO2 by the Cosmed K4b2 unit 

reported by Pinnington et al. (2001). While Parr et al. (2001) reported no differences in 

either V&O2 or V&CO2 values between measurement devices, they reported an under and 
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over-measurement of FE CO2 and FE O2 respectively, which is in direct opposition to the 

results of Pinnington et al. (2001). McLaughlin et al. (2001) reported underestimation of 

FE O2 and FE CO2 data when compared to reference gases passed through the Cosmed 

K4b2 unit to test for analyser drift.  Pinnington  et al. (2001) have also showed similar FE 

O2 measurement errors, and hence, similar overestimation of V&O2, as was observed in the 

current study. Both V&O2 and V&CO2 measures reported by us previously showed similar 

inaccuracies to those reported in the current study, being higher by approximately 0.4 - 

0.6 l⋅min-1 when measured by the Cosmed K4b2 system. This somewhat differs from the 

results of McLaughlin et al. (2001) who found that while V&O2 was increased when 

measured by the Cosmed K4b2 (except at rest and max workload), both V&E and V&CO2 

were lower than comparative measures made via DB at higher exercise intensities. 

 

Causes of the observed differences in V&O2 and V&CO2 values between the metabolic cart 

and Cosmed K4b2 systems in the present study remain speculative. As no significant 

differences were recorded for the measurement of ventilation between the two systems 

for any of the runs, the likely reason for the overestimation of V&O2 and V&CO2 by the 

Cosmed K4b2 appears to be measurement error in the expired fractional gas 

concentrations. Errors of this sort may result if water vapour passing through the sample 

line (Nafion®) tubing is not completely equilibrated with the surrounding environmental 

vapour pressure, thereby potentially allowing the passage of excessive water vapour to 

the gas analysers. However, there is no direct evidence of this occurring; testing of this 

possibility awaits further study.  
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The Cosmed in synchronisation with Metabolic cart measures of V&O2 and V&CO2 were 

also higher than Cosmed in isolation values, for unknown reasons.  Again, while purely 

speculative, it is possible the Cosmed turbine – Hans-Rudolph valve apparatus 

arrangement may have limited the continuous movement of expired air. In the event of an 

obstruction of the flow of expired air through the turbine arrangement, subjects might 

then inhale the remnants of previously expired gases. Therefore, continual re-breathing 

from previously expired air may result in lowered and increased measures of FE O2 and 

FE CO2 respectively by the Cosmed K4b2 (when measuring in synchrony with the 

Metabolic cart). While McLaughlin et al. (2001) reported an interference of one system 

on the other when measured in synchrony, they did not report actual results. In the 

present study V&E values were not significantly different (p>0.05) between the Cosmed 

K4b2 (either in synchrony or in isolation) and the metabolic cart values. While Cosmed 

K4b2 measures in V&E were higher during synchrony, these differences were not 

significant, thus the difference inV&E was not regarded as a main factor in the greater V&O2 

and V&CO2 values recorded by the Cosmed K4b2 when used in synchrony with the 

Metabolic cart.  

 

Based on the consistent differences detected here between the Cosmed K4b2 and  

Metabolic cart measures of V&O2 and V&CO2 , post-hoc linear regression equations were 

calculated in order to predict Metabolic cart values from the Cosmed K4b2 values. 

Previous work (Pinnington et al. 2001) also proposed linear regression equations to 

predict Metabolic cart values based on Cosmed K4b2 measures of FE O2 (r2 = 0.94), FE 

CO2 (r2 = 0.86) and ventilation (r2 = 0.96). Correction of the Cosmed data by the 
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regression equations of both the present and previous study from our laboratory produced 

very similar results, indicating either set of regression equations could be applied to 

correct Cosmed K4b2 data. These values are shown in Table 3.3. 

 

In conclusion, the results of this study indicated that the Cosmed K4b2 system 

demonstrated satisfactory reliability (particularly for steady state and sustained maximal 

exercise intensities), showing good repeatability of measurement over varying run 

durations (up to 10 min) and exercise intensities. The comparison of Cosmed K4b2 and 

Metabolic cart values revealed a significant overestimation of both V&O2 and V&CO2 by 

the Cosmed K4b2 system. While V&E measurements showed no difference, FE O2 and FE 

CO2 values for the Cosmed K4b2 were lower and higher respectively than recorded by the 

Metabolic cart. While these current conclusions formed may be specific to the particular 

unit assessed in the present research, regression equations, such as reported here, may be 

useful in order to improve the accuracy of Cosmed K4b2 measures. 
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Table 3.3: Comparison of Cosmed K4b2 V&O2 data corrected by Pinnington et al. 
(2001) and present study linear regression equations to Metabolic cart V&O2 values. 

 
 
 

Test Length 
(min) 

Cosmed  V&O2
(l⋅min-1) 

Pinnington 
regression 

Present study 
regression 

Cart V&O2  
(l⋅min-1) 

10 3.32 2.94 2.85 2.86 
3 4.54 4.05 3.99 4.09 
1 3.40 3.01 2.92 2.80 
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AAccccuummuullaatteedd  OOxxyyggeenn  DDeeffiicciitt  

MMeetthhooddoollooggyy  JJuussttiiffiiccaattiioonn::  

CCoommppaarriissoonn  ooff  aa  lliinneeaarr  aanndd  nnoonn--lliinneeaarr  mmeetthhoodd..  
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Introduction:

Measurement of the accumulated oxygen deficit (AOD) remains a popular, non-

invasive method for estimating anaerobic energy expenditure (Heugas et al. 1997, 

Pripstein et al. 1999 and Webber and Schneider 2001). This is despite continuing 

debate concerning both the use and underlying principles of this method (Bangsbo 

1998, Buck and McNaughton 1999a, Doherty et al. 2000). The AOD represents the 

initial lag in oxygen uptake during exercise (particularly in maximal or supra-

maximal exercise), where the majority of the energy is derived from anaerobic energy 

pathways (both phosphagen and glycolysis) and a small oxidative component via 

myoglobin stores. Previously, AOD measures, based on the assumption of a linear 

increase of work and V&O2 from rest to 130% V&O2 max (Medbø et al. 1988, Gastin 

1994), have used linear regression procedures to predict supra-maximal V&O2. 

Recently, it has been reported that non-linear regression (NLR) techniques may 

provide an alternative method for calculating the AOD of supra-maximal exercise, 

without the need for repeated bouts of sub-maximal exercise (Hill 1996, Hill et al. 

1998). 

 

When exercise is conducted at sub-maximal intensities, the steady state V&O2 is 

assumed to represent the energy demand of the exercise, and as the intensity (power 

output) increases, there will be a corresponding increase in V&O2 (Medbø et al. 1988). 

Therefore, by plotting a series of sub-maximal V&O2 - power output data points for an 

individual, it is possible to calculate the relationship (linear regression) of the two 

variables. Hence, estimation of the V&O2 of supra-maximal exercise (where steady 

state is not achieved) via extrapolation of the sub-maximal data plot is possible 

(Medbø et al. 1988, Scott et al. 1991). AOD is calculated as the difference between 
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the predicted V&O2 (from linear extrapolation) and the actual V&O2 (measured during 

exercise), with the difference representing the anaerobic energy system contribution.  

However, in order to accurately predict the oxygen demand of any given supra-

maximal exercise bout, the methodology of this procedure requires a number (6 – 20) 

of steady-state, sub-maximal exercise bouts to be performed (Medbø et al. 1988, 

Gastin and Lawson 1994, Weyand et al. 1994, Bishop 2000), which is not always 

practical or convenient because of time commitments.  

 

Conventional linear AOD methodology makes several assumptions, including that 

V&O2 at supra maximal exercise can be linearly extrapolated from sub-maximal V&O2 

measurement, that where exercise intensity remains constant the O2 demand will 

remain constant and that anaerobic energy contribution can be calculated as the 

overall energy released minus the aerobic contribution (Green and Dawson 1993, 

Gastin 1994). While these assumptions have been challenged (Green and Dawson 

1995, Bangsbo 1996, Graham 1996), AOD methods are still commonly used to 

measure the anaerobic capacity for a range of exercise durations and intensities 

(Ramsbottom et al. 1994, Naughton et al. 1997 and Renoux et al. 1999).  However, 

the requirement of sprint/power athletes to undergo several sub-maximal exercise 

bouts, each of 5 – 10 min duration, in order to gain a prediction of V&O2 for a maximal 

explosive effort of 10 – 25 s (ie. 100-m or 200-m sprint), lacks specificity. Thus, the 

ability to measure anaerobic energy expenditure based on AOD measured from supra- 

maximal exercise may improve the accuracy of measuring AOD during high-

intensity, short duration exercise.   
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Hill (1996) and Hill et al. (1998) proposed such a procedure to measure AOD, using 

repeated supra-maximal exercise bouts (on a cycle ergometer and treadmill 

respectively), without the need for extrapolation of V&O2 from numerous sub-maximal 

exercise bouts. Similar assumptions to those made in the methodology of the 

conventional technique are also made by the Hill method, including that O2 demand in 

high intensity exercise is constant, that VO2 at supra-maximal exercise is a linear 

function of power output and that O2 deficit is independent of exercise duration in 

exhaustive exercise.  Their procedure involved (four) repeated supra maximal efforts 

to exhaustion at power outputs of 95% – 110% of max power (Watts or velocity). 

With measurements of the accumulated V&O2, time to exhaustion and power output 

recorded, it was proposed that O2 deficit could be determined by NLR based on the 

definition in Equation 4.1: 

 

 O2 deficit = total O2 demand (ml) – accumulated VO2 (ml).    

         Equation 4.1. 

where 

O2 demand = O2 demand (ml.min.W-1) . power (W) .  time to exhaustion (min).  

 

Therefore, substituting O2 demand into Equation 4.1: 

 O2 deficit = (O2 demand . power . time) – accumulated VO2.          

Equation 4.2. 

Rearranging Equation 4.2: 

 accumulated VO2 = (O2 demand . power . time) – O2 deficit.         

         Equation 4.3. 
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Therefore, as Equation 4.3 entails three measured variables (VO2, time and power) it 

is possible to solve for the two unknown variables, O2 deficit and O2 demand (Hill 

1996). 

 

The NLR technique requires an initial prediction for O2 deficit and O2 demand, from 

which the procedure generates one estimate for O2 deficit and one estimate for O2 

demand, that are associated with the lowest Standard Error of the Estimate (SEE). 

Initial estimates for O2 deficit are based on values obtained from the linear regression 

method and initial estimates for O2 demand are from Hill (1996) (0.2 ml.kg-1.m-1).  

Hill et al. (1998) used velocity (m. min-1) as a replacement for Watts (power) in their 

research involving treadmill running.  

 

Although approaching significance (p= 0.06), Hill (1996) reported no differences and 

a high correlation (r= 0.96) between the sub-maximal and supra maximal methods for 

cycle ergometer exercise, with larger AOD values obtained from the supra-maximal 

method. However, no such comparison was described for the calculated AOD when 

the exercise was conducted on a treadmill, as validity for the study involving treadmill 

exercise was inferred from the high r2 values.  If the methodology of Hill et al. (1998) 

were to provide a valid measure of AOD for treadmill running, the practical 

application of using AOD measures on a range of sprint or power based activities 

(such as 100-m ad 200-m events in the current study) without the need for prolonged 

repetitive sub-maximal (aerobic) exercise would be enhanced.  Therefore, as Hill et 

al. (1998) did not report any comparison of their results to a criterion measurement, 

the aim of this study was to compare the AOD measure obtained using the Hill et al. 
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(1998) supra-maximal, NLR procedure to the (criterion) AOD measure obtained from 

conventional sub-maximal linear regression methodology for treadmill running. 

 

Methods:

Subjects:

Ten trained males of age (mean +SD) 24.1 (+4.3), height 180.3 (+6.1) cm, mass 74.30 

(+7.85) kg and V&O2max 66.65 (+3.96) ml.kg.min-1, volunteered for this study. Each 

subject gave written consent before engaging in any testing procedures. All testing 

was conducted in the Exercise Physiology Laboratory at the School of Human 

Movement and Exercise Science, University of Western Australia. 

 

Procedure Overview:

All subjects performed five testing sessions, separated by at least 24 h and scheduled 

at the same time of day for each participant. The initial session involved a treadmill 

graded exercise test (GXT) (in accordance with the methodology of Medbø et al. 

1988) and the other four sessions were randomly ordered, constant velocity, maximal 

treadmill runs to volitional exhaustion (in accordance with the methodology of Hill et 

al. 1998). Subjects were asked to refrain from the ingestion of caffeine prior to testing 

and from engaging in physical exercise in the 24h prior to testing. A motorised 

treadmill was used for all exercise trials. 

 

Determination of AOD: Conventional Method:  

Following a standardised warm up of 5 min of treadmill running (9 - 10km.h-1) and a 

5 min stretching period, subjects performed a GXT comprising 6 - 7 steps of 4 - 7 min 

duration, separated by recovery periods of 3 - 6 min.  Treadmill gradient was 
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maintained at a constant 1% slope, with initial treadmill velocities commencing at 10 

– 11 km.h-1 and final velocities culminating at 15 – 16 km.h-1 (Spencer and Gastin 

2001).  During the GXT, expired air was analysed by a Metabolic cart containing 

Ametek Applied Electrochemistry S-3A/I Oxygen and CD-3A Carbon Dioxide 

analysers. A Morgan Ventilometer measured V&I (which was then converted to V&E). 

Results were calculated and displayed every 15 s.  Prior to the commencement of the 

GXT, O2 and CO2 analysers were calibrated using gases of a known concentration 

(gravimetrically determined) within the physiological range, and a one litre syringe 

was used to check the volume measurement of the Morgan Ventilometer.  Following 

the completion of the GXT, subjects were allowed a recovery period of 10 - 15 min 

before completing an incremental run to volitional exhaustion in order to elicit peak 

V&O2. This run began at the final treadmill velocity achieved by the subject during the 

previous step test and increased by 1km.h-1 each minute until the subject reached 

volitional exhaustion. The highest one minute value was used as the peak V&O2 value 

and the speed at which V&O2 peak was obtained was deemed the maximal treadmill 

velocity (Vmax).  Following completion of the exercise protocol, post test verification 

of O2 and CO2 analysers and Morgan Ventilometer accuracy was again conducted. 

  

Determination of AOD: Supra-maximal Method: 

On arrival at the laboratory, the subject’s mass was obtained before engaging in the 

previously described standardised warm up. Following the warm up, subjects 

performed maximal constant velocity treadmill runs to exhaustion at speeds that were 

at 95, 100, 105 or 110% of their Vmax (determined from the peak V&O2 test) at a 

treadmill gradient of 1% (each run was separated by at least 24 h). V&O2 was measured 

by the methods and equipment described for the GXT. Time to exhaustion and V&O2 
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was measured from when the subjects released their grip on the surrounding treadmill 

railing (after stepping onto the moving belt which was stable at the predetermined 

speed) until they ceased running and again grasped the railing. 

 

Statistical Analysis: 

Linear Regression Method: 

For each subject, linear regression analysis was used on the GXT data to determine 

the V&O2 – velocity relationship using custom written AOD determination software 

(Labview 5.1 National Instruments). The AOD of each high intensity treadmill run 

(95 – 110% Vmax) was then calculated as the difference between the predicted V&O2 

for the respective speed (from extrapolation of the sub-maximal V&O2 – velocity 

relationship) and the measured V&O2. Thus, four separate values of AOD were 

calculated for each subject by the linear regression method (one for each of the four 

supra-maximal runs). The average of these four values was obtained so that each 

subject then had one overall AOD value. This average of the four separate AOD 

values (calculated using the linear regression method) was then compared to the 

single AOD value calculated by the Hill et al. (1998) NLR method.  Final mean AOD 

values for each method were then corrected for the use of stored O2 (myoglobin) by 

the subtraction of 2.3 ml.kg-1  (Barstow et al. 1990). 

 

Non Linear Regression Method:  

For each subject, accumulated VO2 (total ml), time to exhaustion (s) and treadmill 

velocity (m.min-1) were fitted to the following equation using iterative NLR on SPSS 

(version 10.0); 
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   accumulated VO2 = (O2  demand . velocity . time) – O2 deficit      (Hill et al. 1998) 

 

Hence, this procedure generated one prediction for O2 deficit (AOD) and one 

prediction for O2 demand for each subject based on all four supra-maximal exercise 

tests. Each final value was then divided by body mass and corrected for the use of 

stored O2 (myoglobin) by the subtraction of 2.3 ml.kg-1 (Barstow et al. 1990). 

 

Comparative Analysis: 

Mean (+SD), r2 and Standard Estimate of the Error (SEE) were calculated for both 

AOD and O2 demand for each method. A one-way ANOVA was performed on the 

data in order to compare the values obtained from the linear regression method to 

those generated by the Hill et al. (1998) non linear regression method of measuring 

AOD. Correlation of the two values was then assessed by a Pearson’s r correlation. 

Significance was set a priori at α= 0.05. 

 

Results: 

Mean (+ SD) treadmill Vmax in the step test was 19.8 (+1.1) km.h-1.  Mean (+SD) 

speeds and times to exhaustion for the 110%, 105%, 100% and 95% of Vmax treadmill 

runs were, 21.4 (+1.5) km.h-1 and 115.5 (+16.0) s, 20.3 (+1.5) km.h-1 and  154.8 

(+22.7) s, 19.5 (+1.4) km.h-1 and 255.0 (+85.8) s and 18.0 (+1.5) km.h-1 and 374.0 

(+88.6) s respectively.  
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Linear Regression Method: 

The mean AOD value determined by linear regression was 58.14 (+16.44) ml.kg-1, 

with a SEE of 7.07 ml.kg-1.  The AOD values for each test are displayed in Table 4.1. 

Mean y-intercept, slope and r2 of the linear V&O2 – velocity relationship were -0.099 

(+0.62) ml.min-1, 0.28 (+0.03) ml.min.1 and 0.97 respectively.  

 

Non Linear Regression Method: 

Mean AOD determined by the Hill et al. (1998) NLR method was calculated as 56.45 

(+12.10) ml.kg-1 with a mean SEE of 12.93 ml.kg-1 (individual subject values are 

presented in Table 4.1).  The mean O2 demand, SEE and r2 were calculated as 0.26 

(+0.05) ml.kg.m-1, 0.013 (+0.007) ml.kg.min-1 and 0.99.   

 

Comparison of Methodologies:  

No significant difference (p>0.05) was noted for the calculation of AOD between the 

linear regression (sub-maximal) and NLR (supra-maximal) methodologies and a small 

to moderate negative correlation was obtained (r = -0.40, p<0.05). Observation of the 

AOD calculated by the two methods for each individual in this subject population 

revealed large intra-subject differences (as seen in Table 4.1).  

 

Discussion: 

The aim of this investigation was to compare the calculation of AOD from a NLR 

technique involving exhaustive high-intensity treadmill running, to the AOD  

calculated from conventional, sub-maximal linear regression techniques.  It was 
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Table 4.1: Values of AOD (ml.kg-1) and peak V&O2 (expressed as %V&O2 peak) 

calculated for all subjects by the linear regression method and AOD values 

calculated using non linear regression (NLR) method. 

  Linear Regression Method  NLR Method 

Subject 110% 105% 100% 95% Mean Mean 

1 51.20 
 

(97%) 

47.26 
 

(97%) 

60.55 
 

(94%) 

27.53 
 

(100%) 
 

46.42 72.21 

2 52.49 
 

(89%) 

67.21 
 

(91%) 

78.29 
 

(98%) 

46.08 
 

(93%) 
 

58.90 50.53 

3 66.90 
 

(100%) 

76.82 
 

(84%) 

51.70 
 

(97%) 

74.96 
 

(92%) 
 

65.30 58.25 

4 50.36 
 

(93%) 

61.09 
 

(93%) 

41.37 
 

(100%) 

61.31 
 

(93%) 
 

51.23 59.09 

5 65.62 
 

(87%) 

76.59 
 

(85%) 

108.00 
 

(88%) 

99.20 
 

(90%) 
 

85.05 48.20 

6 
 

60.64 
 

(92%) 

60.58 
 

(89%) 

67.60 
 

(95%) 

63.35 
 

(96%) 
 

63.04 
 
 

53.82 

7 
 

40.08 
 

(95%) 

47.54 
 

(95%) 
 

56.62 
 

(97%) 

50.15 
 

(98%) 
 

48.60 39.27 

8 
 

37.30 
 

(94%) 

57.02 
 

(94%) 

44.05 
 

(100%) 
 

33.53 
 

(99%) 

42.98 48.26 

9 
 

74.37 
 

(87%) 

84.98 
 

(90%) 

81.76 
 

(87%) 
 

94.95 
 

(88%) 

84.02 54.23 

10 
 
 
 

50.99 
 

(97%) 

38.86 
 

(96%) 

31.09 
 

(100%) 

38.20 
 

(100%) 

38.20 80.59 

Mean  
 

(93 %) 

 
 

(92%) 

 
 

(96%) 

 
 

(95%) 

58.14 
 

(+16.44) 

56.45 
 

(+12.10) 
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proposed that if the NLR technique was as accurate as the accepted criterion method 

of Medbø et al. (1988), then it may be a preferred procedure for the measurement of 

AOD in high intensity (in excess of V&O2 max), short duration (less than 2 min) 

exercise. 

 

While no significant difference (p>0.05) was observed between the overall mean of 

the four high intensity AOD’s (calculated by linear regression) and the mean AOD 

value calculated by NLR, large differences were observed between individual subject 

values. Hill (1996) found a high correlation between the O2 deficit values obtained by 

the conventional and the high intensity NLR method (r = 0.96) on a cycle ergometer, 

however, the measurement of AOD by NLR technique resulted in larger values, 

which approached significance (p= 0.06). In comparison, a small to moderate negative 

correlation (r = -0.40) between the two different AOD values for treadmill running 

was observed in the present study.  No comparison to a criterion method was made by 

Hill et al. (1998) for treadmill running. 

 

The data reported by Hill et al. (1998) showed similarities to the data presented in the 

current study, with mean (+SD) Vmax, peak V&O2, O2 demand and O2 deficit of 16.2 

(+1.6) km.h-1, 48.2 (+9.1) ml.kg.min-1, 0.198 (+0.031) ml.kg.min-1 and 42 (+22) ml.kg-

1 respectively. Mean (+SD) times to exhaustion for 110%, 105%, 100% and 95% runs 

were 120 (+39), 184 (+77), 267 (+133), 386 (+212) s respectively.  While Vmax and 

peak V&O2 values were lower in Hill’s study (data collected from both male and 

female runners), and accordingly O2 demand and O2 deficits were greater in the 

present research, comparison of times to exhaustion showed similarities between the 

two studies.  While Hill et al. (1998) had a larger subject population (n=26), they 
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reported lower SEE (0.007 for O2 demand and 8.00 for O2 deficit estimates) and 

higher r2 values (0.998), indicating less error variance than that obtained in the present 

study (SEE O2 demand, SEE O2 deficit and r2: 0.014, 13.83 and 0.99 respectively).  

 

They also reported an overestimation of O2 demand for velocities over 294 m.min-1 by 

the NLR method, suggesting either an overestimation of the supra-maximal O2 

demand or that there is a non-linear increase in the V&O2 – velocity relationship for 

intensities at or above the lactate threshold. If this overestimation was the case, the 

resultant decreased estimation of O2 deficit in the high-intensity method may account 

for some of the noted differences in measures of AOD between the two methods in 

the present study. In particular, a large proportion of supra-maximal tests (30 of the 36 

supra-maximal tests) in the current study were conducted at velocities at or above 300 

m.min-1, which may be a cause of the underestimation noted in six of the ten subject’s 

AOD NLR values.  Comparison of O2 demands calculated by the conventional slope 

and intercept method to those calculated by the NLR method in the present study 

showed a larger O2 demand generated by the NLR method, particularly for speeds 

greater than 300 m.min-1. 

 

However, not all variation between the methods can be attributed to an error in 

underestimating AOD by the NLR procedures, as in four cases, this method returned 

values higher than the linear regression technique.  Hill et al. (1998) reported that day 

to day variability could be an explanation for the increased SEE observed with O2 

deficit data. Previous literature has suggested a lack of reliability in measures of 

AOD, outlining that the error associated with the measurement of AOD is not small 

enough to facilitate the detection of differences between testing scenarios (Doherty et 
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al. 2000). This may partially, although not completely, explain the lack of similarity 

noted between individual sets of AOD values. Hill et al. (1998) also found that by 

excluding particular supra-maximal tests (especially 95% or 100% of Vmax tests) 

which were spurious (for example, subjects not exercising to exhaustion) from the 

NLR analysis, smaller SEE and greater r2 values were obtained and therefore greater 

inferred validity was established. This manipulation was not applied to the present 

study as exclusion of data from the NLR analysis caused an increased variability in 

the obtained values, resulting in greater differences between the data sets. 

 

Previous research has used curvilinear extrapolation of V&O2 during sub-maximal 

exercise to gain a measure of AOD (Ramsbottom et al. 1994, Craig and Morgan 

1998). Only Hill (1996, et al. 1998) has attempted measurements of AOD using a 

NLR technique on supra-maximal exercise.  We proposed that this technique may be 

an effective tool for the measurement of AOD and thus anaerobic energy expenditure 

in high velocity, short duration events.  Hill (1996) states that an underlying 

assumption for this technique requires the O2 deficit to remain a constant, therefore 

the exercise must be maximal in nature to ensure total exhaustion of the anaerobic 

energy systems.  

 

However, this technique could possibly be applied to supra-maximal events that do 

not continue until volitional exhaustion, ie. 100-m and 200-m track running events. If 

multiple efforts over a particular distance are similar (velocity and time), then a NLR 

technique could be used to solve for O2 deficit and O2 demand of a particular event 

(assuming conditions and measured variables remain similar over multiple trials). 

Thus, if trials remain similar, the anaerobic energy contribution will remain a constant 
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and the NLR method may be applied, thereby complying with Hill’s assumption. In 

such high velocity events, where intensities are potentially 180 – 200% V&O2 max, a 

technique such as the proposed NLR technique may provide a higher degree of 

specificity and accuracy for a non invasive measure of the anaerobic energy systems. 

 

In conclusion, the current data showed substantial differences between the 

conventional linear regression technique and NLR method and a lack of strong 

association between the measures of AOD. In combination with the lack of published 

validity and reliability data for the NLR, it must be concluded that the use of this 

technique with supra-maximal exercise to obtain a measure of AOD was not 

comparable to a conventional linear V&O2 – velocity technique.  While in theory, the 

NLR technique has potential for AOD measurement in high-intensity, short duration 

exercise, until further validation, it is the conclusion of this study that the accepted, 

criterion (linear) measure still remains the preferred method for the measurement of 

AOD.  In light of the conclusions reached in the present study, prior to the use of the 

NLR technique as a measure of AOD, future research should firstly attempt to ensure 

the validity and reliability of this method by replicating the previous findings of Hill 

et al. (1998).  
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Abstract:

The present study aimed to quantify the aerobic and anaerobic energy system 

contribution to 1500-m and 3000-m track running events during all out time trials 

performed individually on a synthetic athletic track. Ten 3000-m (8 male, 2 female) 

and 14 1500-m (10 male, 4 female) trained track athletes volunteered to participate in 

this study. Subjects performed a graded exercise test in the laboratory and two time 

trials over 1500-m or 3000-m. Energy system contribution was calculated by 

measures of race VO2, accumulated oxygen deficit (AOD), race blood lactate 

concentration, estimated phosphocreatine (PCr) degradation and some individual 

muscle metabolite data. The relative aerobic - anaerobic energy system contribution 

(based on AOD measures) for the 3000-m was 86% - 14% (male) and 94% - 6% 

(female), while for the 1500-m it was 77% - 23% (male) and 86% - 14% (female). 

Estimates of anaerobic energy expenditure based on blood lactate measures and PCr 

degradation, while not significantly different (p>0.05), were generally lower in 

comparison to AOD measures. In conclusion, the data from the present study 

conforms with some recent laboratory based measures of energy system contributions 

to these events.  
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Introduction: 

An understanding of the respective energy systems involved in any athletic event is 

important for evaluating the event energetics. In combination with this conceptual 

understanding, the specific application of this knowledge may be important for the 

correct administration and structuring of training programs in order to achieve peak 

athletic performance. While the energetic contribution to middle distance track 

running (1500-m and 3000-m) has been the topic of recent research (Hill 1999, 

Spencer and Gastin 2001), these findings differ markedly from most textbook 

estimations (Foss and Keteyian 1998). 

 

Hill (1999) has outlined the lack of consensus within the research literature into the 

respective energy system contribution to various athletic running events. Older 

textbooks (Åstrand and Rodahl 1986) suggested that in maximal efforts of 4 and 10 

min, the anaerobic contribution to the total energy demand represents 30% and 10 -

15% respectively.  More recent textbooks (Foss and Keteyian 1998) propose that the 

anaerobic energy contribution to the 1500-m and 3000-m are 50% and 30% 

respectively.  However, these estimations are based largely upon simulated laboratory 

treadmill runs. Recent research on energy system involvement in 3000-m outdoor 

track running is non-existent and, while limited for 1500-m running, is varied in both 

methodology and results. Weyand et al. (1993), employing accumulated oxygen 

deficit (AOD) measures determined the relative anaerobic contribution to 1500-m and 

5000-m events as 13% and 4% for male and 10% and 3% for female distance runners 

respectively.  These authors concluded that, in comparison to previous research, there 

was a lower anaerobic energy system contribution to 1500-m and 5000-m running.  
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Hill (1999) used constant speed treadmill tests to simulate athletic events under the 

assumption that the aerobic energy contribution would be similar for track and 

treadmill running. In conjunction with laboratory oxygen consumption (V&O2) 

measures, capillary blood samples were collected following competition races for 

measurement of blood lactate ([La-]b)concentration. From energy cost calculations 

based on peak La- accumulation (developed by di Prampero 1981), Hill (1999) 

concluded that the aerobic - anaerobic contribution to 1500-m running was 80% - 

20% for male and 83% - 17% for female distance runners respectively.  

 

Spencer and Gastin (2001) also based their estimation of energy system contribution 

to 1500-m track running on data obtained from treadmill running. Subjects performed 

maximal duration running trials at selected constant speeds that would elicit 

exhaustion at similar times to personal best race times. Anaerobic energy 

contributions were estimated based on the AOD methodology of Medbø et al. (1988). 

The results indicated that the relative aerobic – anaerobic contribution was 84% - 16% 

for trained male 1500-m runners. While similar to the results obtained by Hill (1999), 

the lack of data collected during overground running (or even actual competition) 

restricts the application of the conclusions formed from this data. 

 

Therefore, information from the present collection of textbooks and published 

research estimates the contribution of the anaerobic energy system to  

1500-m track running as between 13% to 50%, with no research published on the 

3000-m event. Current research is also yet to directly record all measures involved in 

calculating the relative energy contribution during track running.  There is also a lack 

of muscle biopsy data allowing for the direct measurement of changes in metabolic 
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substrates after track races. Thus, given the range of methods used, the lack of 

specific track testing and the wide range of values proposed by various researchers, 

the aim of this research was to determine the relative anaerobic and aerobic energy 

system contribution during actual 1500-m and 3000-m track running. Estimation of 

the relative energy system contribution was based on measures of race V&O2, AOD, 

[La-]b, estimated phosphocreatine (PCr) contribution and some individual case study 

data gained from in vitro measurement of changes in muscle concentrations of 

Adenosine tri-phosphate (ATP), PCr and Lactate.  

 

Methods: 

Subjects: 

Trained male (n=8) and female (n=2) 3000-m and male (n=10) and female (n=4) 

1500-m track athletes (descriptive characteristics are presented in Table 5.1) 

volunteered for this study. Subjects gave their informed consent prior to engaging in 

any testing procedures. Subjects ranged in ability from club level to state level 

athletes. Testing was performed both in the Exercise Physiology Laboratory at the 

School of Human Movement and Exercise Science (HM and ES), University of 

Western Australia (UWA) and on an outdoor synthetic rubber (Rekortan, Germany) 

400-m athletic track. Ethical approval for testing was granted by the Human Ethics 

Committee of UWA.  

 

Procedure Overview: 

All subjects performed four tests, each separated by at least 48 h and no more than 7 

days, with each testing session scheduled at the same time of day for each participant. 

Following initial familiarisation (test 1) with the following exercise protocol and  
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Table 5.1: Descriptive characteristics of subjects (mean +SD).  

 

Event N Gender Age  

(y) 

Mass  

(kg) 

Height 

(cm) 

Peak V&O2 

(ml.kg-1.min-1) 

3000-m 8 M 25.7 

(+5.8) 

70.49 

(+7.82) 

179.0 

(+7.8) 

68.58 

(+4.49) 

1500-m 10 M 24.7 

(+6.1) 

69.84 

(+7.73) 

179.3 

(+8.2) 

66.16 

(+4.92) 

3000-m 2 F 26.0 

(+2.8) 

59.96 

(+4.72) 

169.0 

(+2.8) 

51.96 

(+6.51) 

1500-m 4 F 20.5 

(+5.4) 

55.84 

(+7.85) 

170.0 

(+8.3) 

49.78 

(+5.48) 
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Cosmed K4b2 (Rome, Italy) measuring equipment, a second testing session involved a 

graded exercise test (GXT) (motorised treadmill) and a run to volitional exhaustion. 

Included in this second session were anthropometric measures for the estimation of 

muscle mass (Martin et al. 1990), consisting of body mass, height, forearm, thigh and 

calf girths and thigh and calf skinfolds. The final two testing sessions involved 

participants performing a solo time trial run over their chosen athletic distance (either 

1500-m or 3000-m) on an outdoor 400-m synthetic athletic track. Subjects were asked 

to refrain from the ingestion of food or caffeine 2 - 3 h prior to all testing sessions and 

from engaging in physical exercise in the 24 h prior to testing.  All testing took place 

during the competition phase of the local athletic season.  Outdoor track testing 

sessions were postponed if climatic conditions were too extreme (40oC < Temp < 

15oC, wind > 4 m·s-1 or raining).  

 

Graded Exercise Test (GXT): 

Following a standardised warm up of 5 min of treadmill running (9 - 10 km·h-1) and a 

5 min stretching period, subjects performed 6 - 9 steps of 4.5 - 7 min (until an 

observed steady state was reached) in duration (as seen in Figure 5.1). Each step was 

separated by a recovery period of 4 - 7 min (increase by 1 min after each step) 

(Spencer and Gastin 2001).  The treadmill was maintained at a constant 1% slope in 

order to account for the energy cost involved in overground running compared to 

treadmill running (Jones and Doust 1996). During the exercise test, expired gases 

were analysed with a breath-by-breath portable gas analyser (Cosmed K4b2). 

Calibration of both the Cosmed turbine (3 L syringe) and gas analysers (alpha verified 

beta calibration gas - BOC gases, Perth, Australia) was performed according  
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Figure 5.1 Subject performing a laboratory graded exercise treadmill test. 
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to manufacturers instructions at the commencement of each individual step of the 

GXT.  

 

Following the completion of the warm up and initial calibration procedures the heart 

rate monitor (Polar Accurex Plus, Finland) and Cosmed K4b2 base harness were 

arranged on the subject and the Cosmed K4b2 system was attached to the subject’s 

torso. Subjects then stepped onto the moving belt of the treadmill at the selected 

initial speed. At the completion of the step, the treadmill was stopped, Cosmed K4b2 

measurement ceased and re-calibration procedures (as previously mentioned) were 

conducted prior to the commencement of the next step.  Following completion of the 

GXT, subjects were allowed a recovery period of 10 -15 min before completing an 

incremental run to volitional exhaustion in order to elicit peak V&O2. This run began at 

the penultimate treadmill velocity achieved by the subject during the previous step 

test, and the velocity was increased by 1 km·h-1 each minute until the subject reached 

volitional exhaustion. An average of the highest values attained over any one-minute 

period was used as the peak V&O2 value. Peak heart rate was calculated as the highest 

average over one minute. 

 

Track Sessions: 

The location and set up of the track testing sessions is shown in Figures 5.2 and 5.3 

respectively.  On arrival, subjects engaged in a standardised warm up which involved 

several laps jogging and 15 - 20 min stretching. Following stretching, the Polar Heart 

rate monitor and Cosmed K4b2 base harness were arranged on the subject and the 

Cosmed K4b2 system was attached to the subject’s torso. Then, the subjects 

performed 4 x 90 – 100-m runs at increasing speeds. Following these runs the  
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Figure 5.2 Perry Lakes athletics stadium, location of track testing sessions. 
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Figure 5.3 Testing station set up located at the finish line next to the athletics 

track. 
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Cosmed K4b2 system was calibrated, as described above. Before commencement of 

the time trial, a pre-race capillary blood sample from an ear lobe was obtained for the 

measurement of [La-]b, for later analysis by an Accusport blood lactate analyser 

(Boehringer Mannheim, Germany) (Fell et al. 1998). Once the subject was prepared, 

measurement of V&O2 by the Cosmed K4b2 system commenced and the subject 

proceeded to the respective start line for either the 1500-m or 3000-m.  The period 

from the commencement of Cosmed K4b2 measurement to the start of the time trial 

was timed in order to locate the exact start of the run on the data file. Prior to 

commencement of the trial, subjects were given standard instructions pertaining to the 

need for maximal effort throughout the trial. At the start line, subjects were given the 

standard starting commands, at which point they approached the start line and then 

began the time trial. Electronic infra-red timing systems (customised system, School 

of HM and ES, UWA) were located at the 200-m (half lap), 400-m (finish line) and 

1500-m start line (for the 1500-m) and movement of the subject through the starting 

infra-red beam initiated the timing mechanism. The timing system enabled the 

measurement of split times and calculation of speed for each 200-m as well as for the 

whole run. Following completion of the time trial, Cosmed K4b2 measurement was 

ceased and capillary blood samples from the ear lobe were obtained at 1, 3, 5 and 7 

min after exercise for the measurement of [La-]b.  Finally, the Cosmed K4b2 system 

was detached from the subject and a cool down was allowed. These procedures were 

followed for each of the two track testing sessions for all subjects.  

 

On one occasion, for case study purposes, pre and post-trial muscle biopsy samples 

were taken from two subjects (1 male and 1 female) from whom prior consent had 

been obtained. Following the administration of a local anaesthetic (1% xylocaine), a 
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small incision (1 – 2 mm) through the skin and fascia was made above the lateral 

portion of the vastus lateralis muscle, through which muscle samples were obtained 

with a percutaneous biopsy needle. Pre-trial samples were taken on arrival while 

subjects were in a rested state, with post-trial samples obtained immediately following 

completion of the trial (subjects crossed the finishing line and fell onto a pre arranged 

mat) (as shown in Figure 5.4). Muscle samples were immediately frozen in liquid 

nitrogen within 20 s of completion of the run before being stored at  -80oC for later 

biochemical analysis.  

 

Biochemical Analysis: 

Following freeze drying and the dissection of blood and connective tissue, muscle 

sample weights ranged from 3.0 - 9.0 mg (d.w.) with ≈ 3 - 6 mg used for the 

measurement of muscle metabolites. Following homogenisation of muscle samples, 

perchloric acid extracts were assayed enzymatically for the measurement of muscle 

[ATP], [PCr], [Cr] and [La-]m by flurometric analysis (Lowry and Passoneau 1993). 

Pre or post exercise [PCr] and [Cr] values were corrected according to the highest 

total creatine content (PCr + Cr) (Bogdanis et al. 1995).  

 

Calculation of relative energy expenditure: 

Graded Exercise Test: 

For each subject, (breath by breath) V&O2 data were averaged over the final minute of 

each step (Excel 10.0). Previous literature has reported higher Cosmed K4b2 V&O2 

values than a laboratory metabolic cart for exercise of the same duration and intensity 

(Pinnington et al. 2001). Prior to analysis, Cosmed K4b2 V&O2 data were corrected  
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Figure 5.4 Post 1500-m trial muscle biopsy in process. 
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using regression equations that were calculated based on recent research conducted in 

our laboratory using high intensity 1, 3 and 10 min treadmill runs [regression 

equation: V&O2 (l.min-1) = 0.926 ⋅ Cosmed V&O2 – 0.227, r2 = 0.84, (Duffield et al. 

2001)]. A linear regression analysis was used on the collected step test data to 

determine the individual V&O2 - velocity relationship for each subject (custom written 

AOD determination software, UWA). This analysis allowed for the measurement of 

AOD for each time trial from calculating the difference between the O2 demand for 

the respective speed (from extrapolation of the calculated relationship) and the 

measured V&O2.   

 

Track Session: 

For each subject, data from the fastest time trial were used in further analysis. Cosmed 

K4b2 breath by breath data were aligned to run start time in order to exclude data that 

were not collected during the time trial. The 200-m split times allowed the calculation 

of V&O2 during each 200-m portion of the event. As Cosmed K4b2 software reports 

V&O2 data each breath in ml.min-1, an average V&O2 was calculated based on all breaths 

collected during each individual 200-m segment (Excel 10.0). This was then 

converted into a total VO2 (L) consumed for each 200 m based on the time taken to 

complete the respective 200-m portion. Based on the predicted VO2 from the 

individual V&O2 - velocity relationship determined from the GXT, corrected V&O2, 

speed and time were used to calculate the AOD of each 200-m component of the race. 

This allowed for a measurement of an aerobic and anaerobic energy contribution to 

each 200-m through out the time trial (including the first 100-m portion in a 1500-m) 

and a total contribution over the whole run. Gastin et al. (1995) provided support for 

the application of AOD methodology to non-constant, all out supra-maximal exercise 
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by demonstrating no differences in the calculation of AOD between all out supra- 

maximal and constant-intensity exercise.    

 

[La-]b and estimated PCr degradation were used as secondary methods to determine 

anaerobic energy contribution using data collected during a time trial on the track. 

Glycolytic energy contribution based on [La-]b accumulation was calculated according 

to di Prampero (1981) as 3.0 ml O2 equivalents.kg-1 (ml O2 eq.kg-1) body mass for 

each 1 mMol.l-1 increase above pre-exercise levels. Phosphocreatine store contribution 

was calculated as 37.0 ml O2 eq.kg-1 muscle mass (di Prampero 1981). Muscle mass 

was estimated according to Martin et al. (1990) using forearm, thigh and calf girths 

and skinfolds. Therefore, a second measure of anaerobic energy contribution (AOD 

being the first) was obtained by the addition of ml O2 eq.kg-1 determined from [La-]b 

and PCr stores respectively (Hill 1999). Percentage anaerobic energy contribution to 

each event was calculated as the total estimated anaerobic energy output divided by 

the total energy utilised during the event. This calculation was conducted for both the 

AOD measure and the (La/PCr) measure of anaerobic energy supply.  

 
Anaerobic yield (ATP turnover) based on the measurement of muscle metabolites 

obtained from muscle biopsies was calculated from:  

ATP yield = PCr +1.5 La + (2 ATP - ADP)    (Bangsbo 1993).  

In order to calculate the relative energy system contribution, total race VO2 (ml.kg-1) 

was converted into an ATP yield based on 1.5 mMol.kg-1 ATP (w.w) being equivalent 

to ≈ 6.5 ml O2 eq.kg-1 (Bangsbo et al. 1990). This ATP yield was then converted to a 

dry weight yield based on 1 mMol.kg d.w. = 0.23 mMol.kg-1 w.w (Mannion et al. 

1993).  
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Statistical Analysis: 

For male subjects only (due to a small female sample size), between-event and within-

event comparisons were made by a one-way ANOVA. Relationships between event 

performance and measured parameters (male subjects only) were analysed by a 

Pearson’s correlation coefficient. Significance was set a priori at the 0.05 level and all 

statistical analyses were conducted on SPSS (Chicago, USA) statistical software 

(Version 10).  

 

Results: 

Mean (+SD) and range of values for the aerobic and anaerobic contribution to 1500-m 

and 3000-m track races calculated by both AOD and La/PCr methods are presented in 

Table 5.2.  Mean (+SD) values for race time, % personal best time, peak heart rate, 

peak race V&O2, race AOD, peak [La-]b, energy cost and average speed for 1500-m and 

3000-m events respectively are presented in Table 5.3. The interaction and change of 

the relative contribution by the aerobic and anaerobic energy systems and running 

speeds throughout the duration of the 1500-m and 3000-m trials are presented in 

Figures 5.5 and 5.6. Data obtained from individual muscle biopsy samples, including 

muscle metabolite measures and ATP yield are presented in Table 5.4. Due to 

problems encountered with the sensitivity involved with the assay of ADP, no 

measures of ADP were obtained. As the change in ADP is relatively small, an 

estimate of a 0.5 mMol.kg-1 dry wt change, based on the results of previous research 

(Cheetham et al. 1986, Bogdanis et al. 1995) was used where necessary.  

 

Anaerobic energy contribution calculated from individual muscle metabolite data 

indicated a 33% and 34% contribution for Subject’s 1 and 2 (1500-m) respectively.  
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Table 5.2: Mean (+SD) and range of values calculated by accumulated oxygen 

deficit (AOD) and La/PCr methods for the relative aerobic and anaerobic 

percentage energy contribution to both male (n=10 and 8) and female (n= 4 and 

2) 1500-m and 3000-m races. 

 
 

   AOD     La/PCr 
Event % aerobic 

 
% anaerobic % aerobic 

 
% anaerobic 

3000-m     
Male 

 
85.9 

(+7.1) 
 

(76 - 97) 
 

14.1 
(+7.1) 

 
(3 – 24) 

93.0 
(+1.5) 

 
(90 – 95) 

7.0 
(+1.5) 

 
(5 - 10) 

Female 
 

93.9 
(+2.3) 

 
(92 – 96) 

 

6.1 
(+2.3) 

 
(4 – 8) 

92.4 
(+1.8) 

 
(92 – 95) 

7.6 
(+1.8) 

 
(5 – 8) 

1500-m     
Male 

 
76.8 

(+6.9) 
 

(65 - 89) 
 

23.2 
(+6.9) 

 
(11 – 35) 

80.9 
(+1.9) 

 
(78 – 85) 

19.1 
(+1.9) 

 
(15 - 22) 

Female 
 

85.5 
(+8.2) 

 
(75 – 91) 

 
 

14.5 
(+8.2) 

 
(9 – 25)  

 

81.7 
(+3.6) 

 
(79 – 84) 

18.3 
(+3.6) 

 
(16 – 21) 

 
Note: There were no significant differences (p>0.05) recorded between events. 
          La/PCr measures refer to estimates based on blood lactate concentration and   
          active muscle mass. 
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Table 5.3: Mean (+SD) values for race time, % personal best time(PB), peak race 

V&O2, %  peak V&O2, peak race heart rate, % max heart rate, peak blood lactate, 

race accumulated oxygen deficit (AOD), total energy cost and average speed for 

male (n= 10 and 8) and female (n = 4 and 2) 1500-m and  3000-m runs 

respectively. 

 

 3000-m 
Male 

1500-m 
Male 

3000-m 
Female 

1500-m 
Female 

 
Race time (s) 

 
577.7 * 
(+23.6) 

 
263.0 
 (+8.5) 

 
695.0 

(+35.3) 

 
316.7 
(+6.9) 

 
% PB 
 

 
94.1 

(+1.6) 

 
94.6 

(+2.2) 

 
97.0 

(+1.4) 

 
94.6 

(+1.6) 
 
Peak race V&O2  
(ml.kg-1.min-1) 

 
64.12  

(+8.51) 

 
61.71  

(+6.72) 

 
53.86  

(+6.07) 

 
49.42 

(+7.70) 
 
% peak V&O2  

 
93 (+7) 

 
94 (+4) 

 
104 (+1) 

 
99 (+2) 

 
 
Peak race HR (bpm) 

 
183 (+5) 

 

 
187 (+9) 

 
192 (+6) 

 
189 (+4) 

 
% HR max 

 
98 (+2) 

 
98 (+2) 

 
99 (+1) 

 
99 (+1) 

 
 
Peak [La-]b (mMol.l-1) 

 
8.6 (+2.1) 

 

 
11.5 (+1.9) 

 
8.1 (+2.6) 

 
10.6 (+0.4) 

 
Race AOD 
 (ml.O2eq.kg-1) 

 
88.1 (+25.4) 

 
71.0 (+24.8) 

 
34.3 (+18.7) 

 
36.1 (+21.0) 

 
Energy Cost  
(ml O2

.kg-1.m-1) 

 
0.206 

(+0.017) 

 
0.201 

(+0.016) 

 
0.183 

(+0.032) 

 
0.164 

(+0.004) 
 
Speed  (m.s-1) 

 
5.19 

(+ 0.18) 

 
5.70 

(+0.19) 

 
4.33 

(+ 0.23) 

 
4.74 

(+ 0.10) 
     
* Significantly different to male 1500-m 
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Figure 5.5: Energy system contribution and running speed during male and 

female 3000-m track runs. 

Figure 5.5: Energy system contribution and running speed during male and 

female 3000-m track runs. 
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Figure 5.6: Energy system contribution and running speed during male and 

female 1500-m track runs. 

Figure 5.6: Energy system contribution and running speed during male and 

female 1500-m track runs. 
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Table 5.4: Pre and post trial muscle metabolite measures (mMol.kg-1 d.w.) and 

ATP yield (mMol.kg-1 d.w.) for two 1500-m runners. 

 

Ss Gender  ATP PCr Cr La ATP yield 

1 F Pre 20.8 89.5 29.6 10.6 105.9 

  Post 19.5 40.9 78.2 47.7  

2 M Pre 22.8 71.2 34.2 4.8 121.4 

  Post 16.8 36.5 68.9 54.2  
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Comparatively, calculated anaerobic energy contributions based on AOD and La/PCr 

measures for these subject’s were 8% and 18% for Subject 1 and 22% and 16% for 

Subject 2. While a larger sample size is required before any interpretations can be 

made of these data, this data does provide some direct information regarding the 

anaerobic metabolism of muscle during a 1500-m trial.  

 

No significant differences (p>0.05) were revealed between male 1500-m and 3000-m 

events for AOD, % anaerobic energy contribution (AOD), total anaerobic energy 

expenditure (La/PCr), % anaerobic energy contribution (La/PCr), peak race V&O2, % 

of V&O2 max, peak [La-]b, peak race heart rate or energy cost  (ml O2 eq.kg-1.m-1). 

 

Also, there were no significant differences (p>0.05) found between either the 

calculated anaerobic total or relative anaerobic percentage energy contribution as a 

result of measurement methodology (AOD or La/PCr) within either the 1500-m or 

3000-m time trial. Only moderate, non-significant (p>0.05) correlations between 

AOD and total anaerobic energy expenditure (La/PCr) (r = 0.65 and 0.70 for 1500-m 

and 3000-m respectively) and % anaerobic energy contribution by AOD and La/PCr 

methods (r = 0.67 and 0.55 for 1500-m and 3000-m) were found for the male athletes. 

 

No significant correlations (p>0.05) were evident between 3000-m race performance 

and peak race V&O2, peak V&O2, AOD, % anaerobic contribution (AOD), peak [La-]b, 

anaerobic energy total (La/PCr) or % anaerobic contribution (La/PCr). Also, no 

significant correlations (p<0.05) were evident between 1500-m race performance and 

AOD, % anaerobic contribution (AOD), peak [La-]b, anaerobic total (La/PCr) or % 

anaerobic contribution (La/PCr). However, male 3000-m performance (race time) was 
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only correlated with velocity at peak V&O2 (v-V&O2 peak) (r =-0.89), while 1500-m race 

time had significant (p<0.05) moderate negative correlations with both peak V&O2 

attained during the time trial and peak V&O2 for the male subjects (-0.68 and -0.69 

respectively). In addition, for the 1500-m time trial, strong (p<0.05) negative 

correlations were noted for % of peak V&O2 attained during the trial with total 

anaerobic energy expenditure (La/PCr) (r = -0.89) and % anaerobic energy 

contribution (La/PCr) (r = -0.92) respectively. Similar significant (p<0.05) negative 

correlations were also calculated in the 3000-m trial between peak race V&O2 and peak 

[La-]b (r=-0.76) and peak race V&O2 and % anaerobic energy contribution (La/PCr) (r = 

-0.98). 

 

Discussion: 

It was the aim of this study to quantify the relative aerobic and anaerobic energy 

system contribution during actual track running for 1500-m and 3000-m track events. 

As previous research on energy system contribution to track running has been based 

on duration of the trial as opposed to event distance, this research focused on the 

specifics of the event distance by performing all measurements during actual track 

running events. Coupled with this, trained track athletes were used as subjects, as 

opposed to untrained persons or athletes unfamiliar with these events. Calculation of 

the relative energy system contribution was enabled by the measurement of V&O2 

during time trials over 1500-m and 3000-m events, combined with the measurement 

of anaerobic energy expenditure via primarily, AOD measures, secondly, La/PCr 

energetic estimates and thirdly some individual muscle metabolite data from muscle 

biopsy samples.  
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Not surprisingly, aerobic metabolism provided the major pathway for energy supply 

for both events, with a greater but not significantly different (p>0.05), reliance on 

anaerobic metabolism for the 1500-m event when compared to the 3000-m event. 

While race AOD values were larger than previously reported [male 1500-m: 47.1 

ml.kg-1 (Spencer and Gastin 2001)], this may not be unexpected in a track race 

scenario. In a constant velocity treadmill run, the V&O2 response may plateau or slowly 

increase due to a slow component (Barstow 1994), therefore, the AOD is unlikely to 

increase. However, during the final portions of a longer duration track run, when 

anaerobic capacity is not exhausted, running velocity will generally increase. This 

increase in speed, which may not necessarily be associated with any further increase 

in V&O2 (Crouter et al. 2001), may increase the calculated AOD measure. While larger 

than previous track data, the AOD values in the current study are within the range of 

74 – 78 ml.kg-1 reported by Scott et al. (1991). AOD measures of anaerobic energy 

system involvement here indicated that for male and female 3000-m track runners the 

aerobic – anaerobic energy breakdown of the event was 86% – 14% and 94% – 6% 

respectively. For 1500-m male and female runners the relative energy system 

contribution was calculated as 77% – 23% and 86% - 14% respectively.  Based on 

La/PCr estimates of anaerobic energy contribution, the aerobic – anaerobic 

breakdown for male and female 3000-m track races was 93% – 7% and 92% - 8% 

respectively and for the 1500-m races for male and female, were 81% - 19% and 82% 

- 18% respectively.  However, case study muscle biopsy data showed the calculated 

% anaerobic contribution for Subject 1 and 2 (1500-m) was higher than that 

calculated by either AOD or La/PCr measures (although Subject 2 was still within the 

range of values calculated for the entire subject group).     
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Discounting textbook data on energy system contribution to track running, the results 

obtained in this study are in agreement with recent published research. Aerobic 

contribution to 1500-m events for male track athletes has been estimated as 80% (Hill 

1999), 84% (Spencer and Gastin 2001) and 87% (Weyand et al. 1993) respectively. 

Our estimation of 77% based on AOD measures and 81% based on La/PCr measures 

concurs with these values. Aerobic contribution to female 1500-m events has been 

estimated as 90% (Weyand et al. 1993) and 83% (Hill 1999), with our AOD data 

indicating an 86% aerobic involvement and 92% based on La/PCr measures. 

Differences in performance were evident between studies, which may account for any 

slight variations in the relative energetic contribution. Mean times for males ranged 

from 3:55.0 (235 s) (Spencer and Gastin 2001) to 4:05.8 (245 s) (Hill 1999) and to 

4:22.8 (263 s) for the present study and for females 5:08.5 (308 s) (Hill 1999) and 

5:16.7 (316 s) (present data). Aerobic energy system contribution data from the 

present study also fits with values collected during high intensity treadmill running of 

a similar time frame to the duration of the 1500 m event (230 –300 s), such as 75% 

(240 s) (Hermansen and Medbø 1984) and 83% (243s) (Bangsbo et al. 1993). 

Mathematical modelling procedures based on the analysis of running performance and 

world records for male athletes have also estimated a 76% (1500-m; 209 s), 82% 

(2000-m; 291s) and 88% (3000-m; 452 s) (Peronnet and Thibault 1989) aerobic 

energy system involvement for these exercise durations.   

 
While no published measured data exist on the relative energy system contribution to 

3000-m track running, Weyand et al. (1993) have reported a 96% and 97% dominance 

by the aerobic system in 5000-m events for male and female athletes respectively. The 

3000-m data presented in this study (86% and 94% aerobic for males and females 

respectively) conforms with published values for 1500-m and for the 5000-m 
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estimates of Weyand et al. (1993). Research of energy system contributions to events 

of comparative time frames is sparse. However, mathematical modelling of running 

performance indicates that the aerobic energy contribution to events of 778 s duration 

is 94% and 93% respectively (Peronnet and Thibault 1989, di Prampero et al. 1993). 

As expected, the aerobic involvement will increase as the event distance (and 

therefore duration) increases (even though this was not statistically significant). 

Accordingly, the values presented in the current study fit between those presented for 

1500-m events (and associated exercise duration) and the 5000-m (and longer 

exercise duration) data. This also somewhat explains the increased aerobic energy 

contribution of female athletes at each stage throughout each event. As a result of the 

additional time taken to complete the event, it is likely that the greater accumulated 

V&O2 will increase the relative aerobic energy contribution.    

 

While no significant differences (p<0.05) for anaerobic energy system contribution 

were observed between AOD and La/PCr measures for either event (with moderate 

but not significant correlations), in male athletes AOD measures were higher, while it 

was the reverse for the female athletes. Medbø (1987) has previously reported a poor 

relationship between [La-]b and anaerobic energy release based on AOD measures in 

exhausting and non-exhausting treadmill bouts. However, the use of La/PCr estimates 

here was seen as only a secondary (in race) measure of anaerobic energy contribution, 

due to factors that cast doubt on the validity of [La-]b as an accurate measure of the 

anaerobic energy system contribution. These include the metabolic fate of lactate, 

measurement site and influences of recovery type and blood volume, as reported by 

other authors (Gastin 2001).  
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A trend for lower, but not significantly different (p>0.05), La/PCr estimates of 

anaerobic energy system involvement (compared to AOD measures) presumably 

relate to the lower than expected measures of peak post race [La-]b. Hill (1999) 

reported post 1500-m race peak [La-]b values (mMol.l-1) of 15.6 (+4.3) and 13.2 (+2.6) 

for males and females respectively, where peak values for the 1500-m in the current 

study were only 11.5 (+1.9) (male) and 10.6 (+0.4) (female). Values for the current 

3000-m trial were even lower, being 8.6 (+2.1) and 8.1 (+2.6) for males and females 

respectively. Shave et al. (2001) reported post 3000-m race [La-]b of 15.9 mMol.l-1. 

The lower [La-]b may be explained by the slower performances in the present study. 

Race performance was between 103 - 107% of personal best times (slower), although 

maximal effort was exerted in the track runs. However, they were solo time trials 

performed while wearing the Cosmed K4b2 system. Therefore, as previous [La-]b data 

have been reported from competitive race conditions, it is not unexpected that both 

performance and hence [La-]b may have been comparatively reduced. 

  

The interaction and speed at which the different energy systems respond during an 

athletic event are of practical importance for a coach developing and improving 

training programs and race strategies.  Both Spencer and Gastin (2001) and Gastin 

(2001) outlined how previous assessments of the energy system interaction during 

intense exercise may have underestimated both the contribution and speed at which 

the aerobic system is involved. Previous research has suggested that the point of equal 

contribution from the two energy systems ranges between 2 to 3 min (Åstrand and 

Rodahl 1986, Bouchard et al. 1991). Gastin (2001), however, estimated that the 

duration until the point of equal energy system contribution is more likely to occur 

between 1 to 2 min (and probably about 75 s). Our data support this contention, and 
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also the findings of Spencer and Gastin (2001), that the transition to predominance of 

the aerobic system is around 25 - 30 s.  During both the 1500-m and 3000-m events 

(as seen in Figure 5.5 and 5.6), by the 200-m mark (approx 30 - 40 s), the aerobic 

system started to become the dominant source of energy supply.  Accordingly, the 

importance of the aerobic energy system during intense, yet extended exercise 

durations may have been underestimated previously. The aerobic energy system in 

fact appears to contribute heavily in the initial stages of each event. 

 

The energy cost (EC) of an athletic event, as determined by specific on-track 

measures allows for useful insights into the efficiency of different track running 

events. Lacour et al. (1990b) reported energy cost values for males in 1500-m track 

events based on assumptions of the aerobic involvement from observations and 

published V&O2 max and VO2 kinetics data. These EC values were similar to treadmill 

based values reported by Hill (1999) (0.181 and 0.182 ml O2
.kg-1.m-1 respectively). In 

the current study, male EC data were slightly higher for the 1500-m trial and even 

larger for the 3000-m (0.201 and 0.206 ml O2
.kg-1.m-1 respectively) compared to the 

Lacour et al. (1990b) and Hill (1999) data. Athletes in both these studies were of a 

higher calibre than those in the present research. It is not unexpected that there is a 

lower EC for the better athletes in running events of this distance. This may be a 

result of both a greater efficiency of running combined with a shorter duration of the 

trial. However, it is surprising that a trend for the EC of the 3000-m athletes to be 

higher, although not significantly different (p>0.05), than the 1500-m event in the 

current research. Previously, both aforementioned studies have highlighted a trend for 

decreased efficiency (or increased energy costs) for events that are higher in intensity 

and shorter in duration. The effect of measuring V&O2 during actual track running, 
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combined with different environmental conditions (wind, temperature) may account 

for both the larger energy costs found here when compared with the data of Lacour et 

al. (1990b) or Hill (1999) and also between events within the current study.   

 

Finally, performance in the 3000-m event (race time) was correlated with v-V&O2 peak, 

which is in agreement with previous research (Roecker et al. 1998). Also, 1500-m 

performance did show significant, moderate negative correlations to peak race V&O2 

and to peak V&O2 (-0.68 and -0.69, p<0.05). This finding is not unexpected, as with the 

heavy reliance on aerobic metabolism for energy supply it follows that a larger peak 

V&O2 and a higher V&O2 attained during a race would be beneficial in improving 

performance. However, even with an increased contribution from oxidative 

mechanisms in the 3000-m trial, peak V&O2 and peak race V&O2 did not correlate to 

time trial performance. A wide range of values for the correlation between peak V&O2 

and distance running performance has been reported (r = 0.39 to 0.96) (Brandon 

1995). Previous research has reported factors such as maximal running velocity and 

training mileage as having stronger relationships with 1500- to 5000-m performance 

than V&O2 max  (Roecker et al. 1998).   

 

In conclusion, this study determined the aerobic – anaerobic energy system 

contribution to simulated track running events of 1500-m (for males and females) as 

77% - 23% and 86% - 14%, and for 3000-m as 86% - 14% and 94% - 6% respectively 

(AOD method). While training status, performance and ability of an athlete will 

change the energetics of any event, the use of specific, track run data allows for a 

more relevant measurement of the energy contributions to these events. Also, this 

study highlights and confirms previous research outlining both the significance of and 
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speed at which the aerobic energy system becomes involved in exercise performances 

of several minutes duration.  
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Abstract:

As a wide range of values have been suggested for the relative energetics of 400-m 

and 800-m track running events, this study aimed to quantify the respective aerobic 

and anaerobic energy contribution to these events during actual track running. Sixteen 

trained 400-m (11 male, 5 female) and 11 trained 800-m (9 male and 2 female) 

athletes acted as subjects for this study. Subjects performed (on separate days) a 

laboratory graded exercise test and multiple race time trials. The relative energy 

system contribution was calculated by multiple methods based upon measures of race 

V&O2, accumulated oxygen deficit (AOD), blood lactate and estimated 

phosphocreatine degradation (La/PCr).  Aerobic – anaerobic energy system 

contribution (AOD method) to the 400-m event was calculated as 41% - 59% (male) 

and 45% - 55% (female). For the 800-m event, an increased aerobic involvement was 

noted with a 60% - 40% (male) and 70% - 30% (female) respective contribution. 

Significant (p<0.05) negative correlations were noted between race performance and 

anaerobic energy system involvement (La/PCr) for male 800-m and female 400-m 

events (r = -0.77 and -0.87 respectively). These data collected during actual track 

running compare well with previous estimates of the relative energy system 

contributions to 400-m and 800-m events. Additionally, the relative importance and 

speed of interaction of the respective metabolic pathways has implications to training 

for these events.  
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Introduction:

The relative interaction of the respective metabolic pathways for the provision of ATP 

during different stages of sustained high intensity exercise is of importance to 

understanding the metabolic demands of an athletic event. This knowledge is useful 

for aiding the correct implementation of training programs designed to optimise the 

metabolic production of ATP and hence achieve peak performance.  This particularly 

applies to events that fall within exercise durations that rely heavily upon both 

anaerobic and aerobic metabolism for energy production. Despite near maximal or 

maximal utilisation of anaerobic glycolytic and phosphorylative pathways, the 

provision of considerable aerobic energy is also required to perform these sustained 

high-intensity efforts. Events such as 400-m and 800-m track races, lasting from over 

40 s to 2 min (depending on ability), fall within the category of demanding heavy 

reliance on all three energy pathways. Hence, an understanding of the energetics of 

these athletic events, particularly from actual track running data, is important for 

evaluating the contribution of the respective energy systems involved.  

 

Information is available on the respective energy system involvement to exercise of 

30 s and longer (Medbø and Tabata 1989, Bogdanis et al. 1995, Pripstein et al. 1999), 

with recent research focusing on running distances of 400-m and 800-m in length 

(Hill 1999, Spencer and Gastin 2001). However, no research has assessed the V&O2 of 

these events during actual track races, rather, it has focussed on simulation of such 

events with laboratory treadmill runs. Regardless of the lack of track specificity, 

within this body of laboratory based research, a wide range of values still exists on the 

estimated contribution of the respective energy systems to 400-m and 800-m track 

races. As Table 6.1 indicates, the anaerobic energy contribution to the 400-m event  
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Table 6.1: Relative  % aerobic – anaerobic contribution to 400-m and 800-m 

track events and measurement methods used. 

 
Source Event Aerobic 

contribution 
Anaerobic 

contribution 
Measurement 
 

Weyand et al. (1993). 
 

400 64 36 Treadmill (AOD) 

Spencer and Gastin (2001). 
 

400 43 57 Treadmill (AOD) 

Numela and Rusko (1995). 
 

400 37 63 Treadmill (AOD) 

Hill (1999). 
 

400 32 68 Treadmill and race [La-]b

Lacour et al. (1990a). 
 

400 28 72 Race [La-]b, assumed efficiency 

Craig and Morgan (1998). 
 

800 73 27 Treadmill (AOD) 

Weyand et al. (1993). 
 

800 71 29 Treadmill (AOD) 

Spencer and Gastin (2001). 
 

800 66 34 Treadmill (AOD) 

Lacour et al. (1990a). 
 

800 59 41 Race [La-]b, assumed efficiency 

Hill (1999). 
 

800 58 42 Treadmill and race [La-]b
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has been estimated to range from 36% to double that at 72%, while the estimated 

anaerobic energy contribution to the 800-m event is more concise, with estimates 

ranging from 27% to 42%. 

 

Methods used to estimate energy system contribution to track running events have 

generally utilised measures of V&O2 during simulated event duration treadmill running, 

while using either accumulated oxygen deficit (AOD) measures or blood lactate  

([La-]b) concentrations to estimate anaerobic energy contribution. However, as yet no 

research has measured both the V&O2 response and anaerobic energy system 

involvement during track running events. Weyand et al. (1993), Nummela and Rusko 

(1995), Craig and Morgan (1998) and Spencer and Gastin (2001) all used treadmill 

running to simulate the respective track events and estimated anaerobic involvement 

via the application of AOD measures, based on the methodology of Medbø et al. 

(1988). Hill (1999) used treadmill running to measure V&O2 during runs of similar 

durations to 400-m and 800-m track events, while applying the energetic calculations 

proposed by di Prampero (1981) to calculate anaerobic energy system contribution 

from peak post competition race [La-]b. Similarly, Lacour et al. (1990a) also used 

post-race peak [La-]b values to estimate anaerobic energy involvement. However, as 

V&O2 was not measured, an assumed efficiency for running was used to estimate the 

energetic contribution of the aerobic system. 

 

While individual athletic ability and hence performance will change the measured 

energetics of the event, the large range in estimated values currently makes it difficult 

to advise coaches and athletes on the likely aerobic/anaerobic energetics of these 

events. Combined with this range of estimates is also the lack of data collected during 
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actual 400-m and 800-m track running events. Hence the aim of this research was to 

quantify the relative aerobic and anaerobic energy contribution to 400-m and 800-m 

track running events, during actual simulation of races on a synthetic athletic track. 

The principal objective of this research was to gauge the energetic contributions from 

as much ‘in race’ data as possible. Estimation of the respective energy pathways was 

conducted by measurement of race V&O2, AOD, race [La-]b and estimated 

phosphocreatine (PCr) contribution.  

 

Methods:

Subjects:

Trained male (n=11) and female (n=5) 400-m and male (n=9) and female (n=2)  

800-m track athletes (descriptive characteristics are presented in Table 6.2) 

volunteered for this study. Each subject gave his or her written consent prior to 

engaging in any testing procedures. Subjects ranged in ability from Club level to 

National level athletes. Testing was performed both in the Exercise Physiology 

Laboratory at the School of HM and ES, UWA and on an outdoor synthetic rubber 

(Rekortan) 400-m athletic track. Ethical approval for testing was granted by the 

Human Ethics Committee of UWA.  

 

Procedure Overview: 

All subjects performed four testing sessions, separated by at least 48 h and no more 

than 7 days, with time of day kept constant between testing sessions for each 

participant. Following initial familiarisation (test 1) with both the exercise protocol  
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Table 6.2: Descriptive characteristics of subjects (mean +SD).  

 

Event n Gender Age  

(y) 

Mass  

(kg) 

Height 

(cm) 

Peak V&O2 

(ml.kg-1.min-1) 

400-m 11 M 21.8 

(+4.0) 

68.30 

(+5.60) 

178.0 

(+3.0) 

60.32  

(+3.30) 

800-m 9 M 19.8 

(+3.5) 

67.80 

(+5.60) 

179.6 

(+6.4) 

62.35  

(+3.80) 

400-m 5 F 20.8 

(+4.8) 

59.64 

(+4.90) 

172.8 

(+4.8) 

52.41 

 (+6.99) 

800-m 2 F 18.0 

(+1.4) 

56.90 

(+8.20) 

169.0 

(+1.4) 

55.37  

(+5.13) 
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and Cosmed K4b2 measuring equipment, a second testing session involved a graded 

exercise test (GXT) (motorised treadmill) and a run to volitional exhaustion. Included 

in this second session were anthropometric measures for estimation of muscle mass  

(Martin et al. 1990), consisting of body mass, height, forearm, thigh and calf girths 

and thigh and calf skinfolds. The final two testing sessions involved participants 

performing a solo time trial run over their chosen athletic distance (either 400-m or 

800-m) on an outdoor 400-m synthetic athletic track. Subjects were asked to refrain 

from the ingestion of food or caffeine 2 – 3 h prior to all testing sessions and from 

engaging in physical exercise in the 24 h prior to testing.  All testing took place 

during the competition phase of the local athletic season.  Outdoor track testing 

sessions were postponed if climatic conditions were too extreme (40oC < Temp < 

15oC, wind > 4 m·s-1 or raining).  

 

Graded Exercise Test:

Following a standardised warm up of 5 min treadmill running (9 -10 km·h-1) and a 5 

min stretching period, subjects performed 6 - 9 stages of 4.5 - 7 min duration, 

separated by increasing recovery periods for each step of 4 - 7 min (Spencer and 

Gastin 2001).  The treadmill was maintained at a constant 1% gradient in order to 

account for the energy cost involved in over ground running (Jones and Doust 1996), 

with initial velocities of 10 - 12 km·h-1 and final velocities of 16 - 18 km·h-1 (30% - 

90% peak V&O2). During the GXT, expired air was analysed with a breath-by-breath 

portable gas analyser (Cosmed K4b2, Rome, Italy). Calibration of the Cosmed turbine 

with a 3 L syringe and gas analysers with an alpha verified beta calibration gas (BOC 

gases, Perth, Australia) both occurred in line with manufacturer’s instructions at the 

commencement of each individual step of the GXT.  
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Following the completion of the warm up and initial calibration procedures, the heart 

rate monitor (Polar Accurex Plus, Kempele, Finland) and Cosmed K4b2 base harness 

were arranged on the subject and the Cosmed K4b2 system was attached to the 

subject’s torso. Subjects then stepped onto the moving belt of the treadmill at the 

selected initial speed. At the completion of the step, the treadmill was stopped, 

Cosmed K4b2 measurement ceased and re-calibration procedures (as previously 

mentioned) were conducted prior to the commencement of the next step.  Following 

completion of the GXT, subjects were allowed a recovery period of 10 - 15 min 

before completing an incremental run to volitional exhaustion, in order to elicit peak 

V&O2. This run began at the penultimate treadmill velocity achieved by the subject 

during the previous step test and the velocity was increased by 1 km·h-1 each minute 

until the subject reached volitional exhaustion. An average of the highest values 

attained over any rolling one-minute period was used as the peak V&O2 value.  

 

Track sessions:

On arrival, the subject engaged in a standardised warm up consisting of several laps 

jogging, 10 - 20 min stretching and 3 - 4 x 90-100 m “run throughs” at increasing 

speeds. Following stretching, the Polar Heart rate monitor and Cosmed K4b2 base 

harness were arranged on the subject and the Cosmed K4b2 system was attached to the 

subject’s torso. The subject then performed the run throughs before calibration 

procedures were employed (as previously described for GXT). Before commencement 

of the time trial, a pre race capillary blood sample from an ear lobe was obtained for 

the measurement of [La-]b (Accusport blood lactate analyser, Boehringer Mannheim, 

Mannheim, Germany) (Fell et al. 1998). Once the subject was prepared measurement 

of V&O2 commenced and the subject proceeded to the start line.  The period from the 
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commencement of Cosmed K4b2 measurement to the start of the time trial was timed 

in order to locate the exact start of the time trial on the data file. Prior to 

commencement of the trial, the subject was given standard instructions pertaining to 

the need for maximal effort throughout the trial. At the start line, the subject was 

given the standard starting commands, at which point they approached the start line 

and then began the time trial (Figure 6.1 shows a subject at the end of a 400-m time 

trial). Electronic infra-red timing systems (customised system, School of HM and ES, 

UWA, Perth, Australia) were located at the 400-m (start/finish) and 200-m (half lap) 

line and movement of the subject through the starting infra-red beam initiated the 

timing mechanism. The timing system enabled the measurement of split times and 

calculation of speed for each 200-m as well as for the whole trial. Following 

completion of the time trial, Cosmed K4b2 measurement was ceased and 1, 3, 5 and 7 

min capillary blood samples from the ear lobe were obtained for the measurement of 

post exercise [La-]b.  Finally, the Cosmed K4b2 system was detached from the subject 

and gentle cool down exercise was allowed.  

 

Calculation of relative energy expenditure:

Graded Exercise Test: 

For each subject, steady state (breath by breath) V&O2 data were averaged over the 

final minute of each step (Excel 10.0). Pinnington et al. (2001) have previously 

reported increased Cosmed K4b2 measures of V&O2 when compared to measures from 

a laboratory metabolic cart. Hence, prior to analysis, Cosmed K4b2 V&O2 data were 

corrected using regression equations that were calculated based on previous research 

conducted in our laboratory using high intensity 1, 3 and 10 min treadmill runs  
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Figure 6.1 Subject at the end of a 400-m sprint. 
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[regression equation: V&O2 = 0.926 ⋅ Cosmed V&O2 – 0.227, r2 = 0.84 (Duffield et al. 

2001)]. A linear regression analysis was used on the collected step test data to 

determine the individual V&O2 – velocity relationship for each subject, using custom 

written AOD determination software (Labview 5.1 National Instruments). This 

analysis allowed for the calculation of AOD for each time trial from calculating the 

difference between the O2 demand for the respective speed (from extrapolation of the 

calculated relationship) and the measured O2 cost.   

 

Track session: 

For each subject, data from the fastest time trial were used in subsequent analysis. 

Cosmed K4b2 breath by breath data were aligned to time trial start time in order to 

exclude data that were not collected during the time trial. The 200-m split times 

allowed the calculation of V&O2 consumed during each 200-m portion of the event. As 

Cosmed K4b2 software reports V&O2 data each breath in ml.min-1, an average V&O2 was 

calculated based on all breaths collected during each individual 200-m segment 

(Excel 10.0). This was then converted into a total VO2 (L) consumed for each 200-m, 

based on the respective time taken to complete the 200-m split. Based on the 

predicted VO2 from the individual V&O2 – velocity relationship determined from the 

GXT, corrected VO2, speed and time were then used to calculate the AOD of each 

200-m component of the time trial (using custom written AOD determination 

software, Labview 5.1 National Instruments). This allowed for a primary 

measurement of anaerobic and aerobic energy contribution to each 200-m through 

out, and a total contribution over the whole time trial. Gastin et al. (1995) provided 

support for the application of AOD methodology to non-constant, all-out high 
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intensity exercise by demonstrating no differences in the calculation of AOD between 

all out sustained high intensity and constant intensity exercise.    

 

 Accumulated [La-]b and estimated PCr degradation, in conjunction with AOD 

measures,  were used as a secondary method to determine anaerobic energy 

contribution based on data collected during a track based time trial. Glycolytic energy 

contribution based on [La-]b accumulation was calculated according to di Prampero 

(1981) as 3.0 ml O2 equivalents.kg-1 body mass for each 1 mMol.l-1 increase in [La-]b 

above pre exercise levels. Phosphocreatine store contribution was calculated as 37.0 

ml O2
.kg-1 muscle mass (di Prampero 1981). Muscle mass was estimated according to 

Martin et al. (1990) using forearm, thigh and calf girths and skinfolds. Therefore, a 

second measure of anaerobic energy contribution (AOD being the first) was obtained 

by the addition of ml O2 equivalents.kg-1 determined from [La-]b and PCr stores 

respectively (as used by Hill 1999). As a result of flaws in the use of [La-]b as a 

quantitative tool for the measurement of anaerobic energy supply (Hermansen and 

Vaage 1977, Green and Dawson 1993), La/PCr measures in the present study were 

incorporated as a secondary, in race measure of anaerobic contribution. Percentage 

anaerobic (and aerobic) energy contribution to each event was then calculated as the 

total estimated anaerobic energy output divided by the total energy utilised during the 

trial. This calculation was conducted for both the AOD measure and also the (La/PCr) 

measure of anaerobic energy supply.  

 

Statistical Analysis: 

Comparison across event distance and within event comparison of total anaerobic 

energy expenditure and relative anaerobic energy percentage contributions for the 
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male athletes were analysed by a one way ANOVA (data from female analysis was 

excluded prior to analysis because of a small sample size). Relationships between 

event performance and measured parameters were analysed by a Pearson’s correlation 

coefficient (female 800-m data were excluded prior to analysis). Significance was set  

a priori at the 0.05 level and all statistical analysis was conducted on SPSS statistical 

software (Version 10).  

 

Results:

Mean (+SD) and range of values for the aerobic and anaerobic energy contribution to 

400-m and 800-m time trials calculated by both AOD and La/PCr methods are 

presented in Table 6.3.  Mean (+SD) values for race time, peak heart rate, peak race 

V&O2, peak [La-]b, AOD, total energy costs and average speed for 400-m and 800-m 

trials respectively are presented in Table 6.4. The interaction and change of the 

relative contribution by the aerobic and anaerobic energy systems throughout the 

duration of the 400-m and 800-m trials are presented in Figures 6.2 and 6.3.  

 
A significant difference (p<0.05) was revealed in the anaerobic energy contribution 

between male 400-m and 800-m trials for both measurement methods (AOD and 

La/PCr), with larger anaerobic energy contributions in the 400-m trial.  No significant 

differences (p>0.05) were revealed between male 400-m and 800-m trials for AOD, 

peak race V&O2, % of peak V&O2, peak [La-]b, peak race heart rate or energy cost 

(ml O2
.kg-1.m-1). 

 

No significant differences (p>0.05) were revealed in the calculated relative anaerobic 

energy contribution due to measurement technique (AOD vs La/PCr) for either male  
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Table 6.3: Mean (+SD) and range of values calculated by accumulated oxygen 

deficit (AOD) and La/PCr methods for the relative aerobic and anaerobic 

percentage energy contribution to both male (n= 11 and 9) and female  

(n=5 and 2) 400-m and 800-m races. 

 
    AOD           La/PCr 
Event % aerobic 

 
% anaerobic % aerobic 

 
% anaerobic 

400-m     
Male 

 
41.3 

(+10.9) 
 

(31 - 60) 
 

58.7 
(+10.9) 

 
(40 – 69) 

35.2 
(+7.1) 

 
(26 – 45) 

64.8 
(+7.1) 

 
(55 – 74) 

Female 
 

44.5 
(+7.6) 

 
(31 – 52) 

 

55.5 
(+7.6) 

 
(48 – 69) 

37.0 
(+6.2) 

 
(30 – 45) 

63.0 
(+6.2) 

 
(54 – 70) 

800-m     
Male 

 
60.3 * 
(+9.0) 

 
(46 - 77) 

 

39.7 * 
(+9.0) 

 
(23 – 54) 

63.4 * 
(+5.2) 

 
(66 – 71) 

36.6 * 
(+5.2) 

 
(29 - 44) 

Female 
 

70.1 
(+16.2) 

 
(59 – 80) 

 
 

29.9 
(+16.2) 

 
(20 – 41)  

 

68.6 
(+3.6) 

 
(67 – 72) 

31.4 
(+3.6) 

 
(28 – 33) 

 
 
Note: * denotes significantly different from 400-m (p<0.05) (no female analysis  

conducted).  
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Table 6.4: Mean (+SD) values for race time, peak race V&O2, % peak V&O2, peak 

race heart rate, % max heart rate, peak blood lactate, accumulated oxygen 

deficit (AOD), energy cost and average speed for male (n=11 and 9) and female 

(n=5 and 2) 400-m and 800-m runs respectively. 

 

 400-m 
Male 

800-m 
Male 

400-m 
Female 

800-m 
Female 

 
Race time (s) 

 
52.2  

(+1.9) 

 
126.0 * 
(+ 5.4) 

 
60.2 

(+4.1) 

 
151.5 
(+4.9) 

 
Peak race V&O2  
(ml.kg-1.min-1) 

 
49.22 

 (+10.39) 

 
55.81  

(+7.96) 

 
42.70  

(+7.38) 

 
50.26 

(+6.33) 
 
% peak V&O2  

 
81.6 

(+8.1) 

 
89.6  

(+4.9) 

 
81.6 

(+3.2) 

 
90.8 

(+9.2) 
 
Peak race HR (bpm) 

 
187  
(+7) 

 
186  
(+6) 

 
193 
(+8) 

 
184 

(+14) 
 
% HR max 
 

 
97  

(+3) 

 
96  

(+3) 

 
98 

(+2) 

 
96 

(+4) 
 
Peak [La-]b (mMol.l-1) 
 

 
13.9 

 (+2.3) 

 
12.4  

(+1.9) 

 
13.3 

(+2.9) 

 
10.2 

(+1.0) 
 
Race AOD 
(ml O2 eq.kg-1) 

 
48.0 

(+14.8) 

 
65.9 

(+18.8) 

 
41.8 

(+10.5) 

 
43.8 

(+29.6) 
 
Energy Cost  
(ml O2

.kg-1.m-1) 

 
0.205 

(+0.027) 

 
0.205 

(+0.019) 

 
0.186 

(+0.022) 

 
0.176 

(+0.003) 
 
Speed  (m.s-1) 
 

 
7.68 

(+0.28) 

 
6.27 * 

(+0.35) 

 
6.64 

(+0.51) 

 
5.29 

(+0.16) 
     
Note: * denotes significantly different from male 400-m (p<0.05).  
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Figure 6.2: Energy system contribution during 400-m track running event. Figure 6.2: Energy system contribution during 400-m track running event. 
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Figure 6.3: Energy system contribution during 800-m track running event. Figure 6.3: Energy system contribution during 800-m track running event. 
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event. However, only the 400-m male trial showed any correlation for anaerobic 

energy contribution between AOD and La/PCr measures (r = 0.82, p<0.01). 

 

 No significant correlations (p<0.05) were evident between either male or female 400-

m race performance and peak race V&O2, peak race heart rate, AOD, % anaerobic 

energy contribution (AOD), peak [La-]b, anaerobic energy total (La/PCr), male % 

anaerobic energy contribution (La/PCr) or peak V&O2. No significant correlations 

(p<0.05) were also evident between male 800-m race performance and peak race 

V&O2, peak race heart rate, AOD, % anaerobic energy contribution (AOD), peak  

[La-]b, anaerobic energy total (La/PCr) or peak V&O2. Finally, performance (race time) 

in the male 800-m and female 400-m trials was negatively correlated with the 

anaerobic energy contribution based on La/PCr measures  (r= - 0.77 and - 0.87 

respectively, p<0.05). 

 

Discussion:

The aim of the current research was to quantify the respective energy system 

contribution in 400-m and 800-m track running events from specific ‘in race’ 

measures. As a secondary objective, the relationships between measured and 

calculated physiological race variables and performance were examined. Results 

indicated a predominance of anaerobic energy supply during the 400-m trial with an 

aerobic metabolic dominance during the 800-m, regardless of measurement technique. 

While this finding held for both genders, male athletes tended to have a greater 

anaerobic energy supply than female athletes for both events, possibly due to either 

the somewhat shorter duration of their respective runs or the higher running velocities 

reached by the male athletes. 
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The present study estimated anaerobic energy contributions from AOD and La/PCr 

measures in the 400-m trial as 59% and 65% for males and 55% and 63% for females 

respectively. Previous data indicated a range between 36% to 72% for male athletes 

(Lacour et al. 1990a, Weyand et al. 1993, Hill 1999 and Spencer and Gastin 2001). 

An anaerobic energy contribution of 62% is the only value reported involving female 

athletes (Hill 1999). Recent research by Hill (1999) and Spencer and Gastin (2001), 

who performed laboratory treadmill runs (rather than track running), reported 68% 

and 57% anaerobic energy contributions respectively for male subjects. The current 

data compare favourably with these estimates, indicating a likely anaerobic energy 

contribution of around 60% to 400-m events.  Anaerobic energy estimates for 800-m 

track events have ranged between 27% and 42%, with Hill (1999) reporting a 42% 

and 38% contribution for males and females respectively, and Spencer and Gastin 

(2001) estimating a 34% contribution for males. Again, the present data fit well with 

the these estimates, with AOD and La/PCr measures indicating a 40% and 37% 

contribution for male 800-m athletes and a 30% and 31% contribution for female 

athletes.  

 

While the overall contribution of the respective metabolic pathways for the supply of 

ATP is of some practical training significance, their interaction and involvement over 

the course of the event is also of importance. Previous research (Bouchard et al. 1991) 

suggested a predicted ‘crossover point’ where the relative dominance of the energy 

systems changes, indicating when aerobic metabolism becomes the predominant 

metabolic supplier. This crossover point has been reported as being 2 min in duration 

(Astrand and Rodahl 1986, Fox 1993). However, based on the results of recent 

published reports, this now seems doubtful. Gastin (2001) and Spencer and Gastin 
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(2001) reported that the crossover occurred within 30 s of the start of exercise and that 

the aerobic energy system was dominant thereafter (as a % of energy supply during 

individual 5 s time intervals).  From our previous 1500-m and 3000-m data (Duffield 

et al. 2002a), it was noted that the crossover point between aerobic and anaerobic 

energy supply occurred by the 200-m mark, essentially 30 – 35 s into the event. As 

seen in Figures 6.2 and 6.3, a crossover point occurs following the completion of 200-

m, essentially during the 200 to 400-m interval, or approximately 40 - 55 s into the 

trial. While comparatively slower than the cross over point reported in the data of 

Spencer and Gastin (2001), when compared to the 1500/3000-m data, the higher 

velocities and hence larger anaerobic energy contributions noted in the current study 

may have delayed the point of dominance of the aerobic system.  Regardless, it is 

evident that the speed of the involvement of the aerobic energy system, even to events 

of a relatively short duration and high intensity, is faster than previously thought to be 

the case.  

 

A potentially important aspect for performance may relate to the speed of the V&O2 

response. Rossiter et al. (2002) have provided evidence for a connection between the 

speed of the V&O2 response and a temporal alignment to the intramuscular breakdown 

of PCr, indicating that a faster degradation of PCr stores may lead to an increased 

speed of the V&O2 response. Thus, high intensity interval training may potentially 

improve both anaerobic ability (via improvements or enhancement of enzymatic 

activity and hence PCr hydrolysis) and aerobic ability (via improvement of the rate of 

energy supply from aerobic metabolism).  While other training stimuli, specific to 

each event, are also important for success (ie. peak running velocity, muscle buffer 

capacity or aerobic capacity), training designed to improve the speed of involvement 
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of each pathway may be of importance to improve 400-m or 800-m track 

performance.  Similarly, pacing strategies employed in 800-m events may benefit 

from such information. As Bishop et al. (2001a) have shown, faster all out starts in 2 

min kayak ergometer performance resulted in an improved performance. Faster 

starting strategies may provide both an increased anaerobic energy contribution plus a 

possible faster V&O2 kinetic response. This has also recently been demonstrated by 

Gardner et al. (2003), where faster V&O2 kinetics were reported in faster self-paced 

starts in all-out 2 min exercise when compared to constant cadence cycle ergometry 

tests.   Hence, faster starting velocities before settling into an even pace for the body 

of the race, may help improve 800-m race performance (in so far as excessive 

accumulation of performance hindering metabolic waste products as a result of 

glycolysis are not present).   

 

No statistical difference (p<0.05) was evident for the energy cost relative to distance 

(ml O2
.kg-1.m-1) between male 400-m and 800-m trials and while not statistically 

analysed, a trend was evident for lowered (more efficient) values for females when 

compared to the male athletes.  Hill (1999), while reporting no difference in the 

energy cost of either 400-m or 800-m events due to gender, made the comment that 

this may change if the respective athletes were matched for speed or duration as 

opposed to distance of the event. Energy costs for male 400-m and 800-m athletes 

here were similar to those reported by Hill (1999) (0.205 and 0.198 ml O2
.kg-1.m-1 

respectively). However, female values were somewhat lower in the present study than 

reported by the same author (0.211 and 0.202 ml O2
.kg-1.m-1 for 400-m and 800-m 

respectively). Similar to results of both Hill (1999) and Lacour et al. (1990a), who 

predicted values based on assumed efficiency data, energy costs here tended to be 
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higher for the shorter, faster events, indicating a lowered efficiency during faster 

velocity runs. 

 

Again, while the overall contribution of the respective metabolic pathway supply of 

ATP has practical training significance, the relationship between physiological 

measures and performance is also of importance. If a physiological measure (or what 

it represents) is a determinant of performance, then regardless of the overall energy 

system contribution, this measure will be an important factor for any training 

program. Correlations between measured and calculated physiological variables and 

400-m or 800-m performance did indicate that the male 800-m and female 400-m trial 

performances were correlated (p<0.05) with the anaerobic contribution calculated 

from La/PCr estimates (r= -0.77 and -0.87). Due to the predominance of the anaerobic 

energy systems in the 400-m event and an extensive utilisation of the anaerobic 

energy suppply in the 800-m event, strong correlations with performance are not 

unexpected. Both Hill (1999) and Lacour et al. (1990a) reported strong correlations (r 

= >0.76) between 400-m performance and peak [La-]b values. Accordingly, the ability 

to utilise the anaerobic capacity may directly relate to high-intensity track 

performance, as the rate at which an athlete can supply ATP via anaerobic sources in 

these types of events will influence the power output and hence velocity maintained 

(Hirvonen et al. 1987, Lacour et al. 1990a, Linossier 1993).   

 

While previous research (Ramsbottom et al. 1993, Craig and Morgan 1998) has 

reported significant relationships between maximal AOD and 800-m running 

performance, there was no correlation between AOD measures of the 800-m (or 400-

m) trial and performance in the current study (r= 0.12, p>0.05). Previous research has 
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compared maximal laboratory based measures of AOD to track performances. These 

measures have utilised longer duration, constant-velocity, exhaustive exercise, often 

with higher treadmill gradients and hence greater muscle mass recruitment. Maximal 

AOD may be correlated to middle distance running performance, however, the 

present study correlated the AOD utilised during the actual trial with subsequent 

performance and found no relationship (r= 0.21, p>0.05). An exercise duration of 120 

s has been reported as the duration required to exhaust the anaerobic capacity (Medbø 

et al. 1988). As such, in the present study, the 400-m event may have been of 

insufficient duration, while the 800-m was possibly not of a sufficient intensity for the 

entire event to induce total exhaustion of the anaerobic capacity. If it were the case 

that the 800-m trial did not result in a maximal use of the AOD, possibly due to the 

nature of the individual time trial, this may explain the lack of a significant correlation 

between time trial (non-maximal) AOD and performance.  

 

Finally, anaerobic energy system contribution calculated from estimates of La/PCr 

utilisation correlated with male 800-m and female 400-m track performances. 

However, both peak [La-]b and anaerobic contribution from AOD measures did not 

correlate significantly to performance for either of the respective track events. 

ANOVA results indicated no significant differences between the calculated anaerobic 

energy contribution between either (male) event, however, only the 400-m measures 

of AOD and La/PCr correlated significantly (p<0.05). [La-]b values reported in 

previous literature for 400-m and 800-m events have ranged between 14 to 18 

mMol.L-1 (Ohkuwa et al. 1984, Lacour et al. 1990a, Hill 1999, Nummela and Rusko 

2000) which are greater than the values recorded in the present study. However, given 

that the present study involved a solo time trial and that previous research has 
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reported post-competition [La-]b values, this result is not unexpected. It is also worth 

mentioning that AOD measures are generally accepted as the criterion measure of 

anaerobic energy expenditure as a result of flaws in the use of [La-]b as a quantitative 

tool for the measurement of anaerobic energy supply (Hermansen and Vaage 1977, 

Green and Dawson 1993). The current research calculated the anaerobic metabolic 

expenditure based upon AOD as the primary measure, which, while still having its 

own inherent assumptions and limitations (Gastin et al. 1995) is currently the most 

popular technique for measurement of anaerobic energy expenditure. As previous 

research has shown a lack of association between measures of [La-]b and anaerobic 

energy system based on AOD (Medbø 1987), La/PCr measures in the present study 

were incorporated as a secondary, in race measure of anaerobic contribution.  

 

In conclusion, the current research determined the aerobic – anaerobic energy system 

contribution (AOD method) to track running events of 400-m (for male and female 

athletes) as 41% - 59% and 45% - 55% and for 800-m trials as 60% - 40% and 70 - 

30% respectively. These data fit well with the results of recent research into the 

energetics of simulated track events of these distances while providing information as 

to both the role and interaction of the respective metabolic pathways throughout either 

event. In addition, physiological parameters that correlated with track performance 

have also been identified, which in conjunction with the data on individual event 

energetics, can be applied to training programs in order to assist in the achievement of 

peak athletic performance.  
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Abstract:  

While sprint track running events, lasting 10 – 25 s, are characterised by an anaerobic 

metabolic dominance from anaerobic sources, no actual track running data exist 

which has quantified the relative energy system contributions. Using previous 

methods employed by our laboratory, including ‘in race’ measures of VO2, 

accumulated oxygen deficit (AOD), blood lactate concentration and estimated 

phosphocreatine degradation (La/PCr), the aerobic – anaerobic energy system 

contributions to 100-m and 200-m events were calculated.  For the 100-m event, 

results indicated a relative aerobic – anaerobic energy system contribution (based on 

AOD measures) of 21% - 79% and 25 – 75% for males and females respectively (9% 

- 91% and 11% - 89% based on La/PCr measures; p<0.05 for both genders for 100-m 

from AOD estimates). For the 200-m, a 28% - 72% and 33% - 67% contribution for 

male and female athletes was estimated (21% - 79% and 22% - 78% based on La/PCr 

measures; NS from AOD estimates). A range of energy system contribution estimates 

for events of these durations has previously been proposed using a variety of 

techniques. The data from the current study also shows different results depending on 

the measurement technique utilised. While AOD measures are often used to estimate 

anaerobic energy contribution, at such high exercise intensities (and brief exercise 

durations) as used in the present study, AOD measures showed larger aerobic energy 

estimates than expected. 
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Introduction:  

While extensive literature characterising the energetic involvement to high intensity 

exercise of 30 s and less in duration exists (Boobis et al. 1983, Bogdanis et al.1995, 

Bogdanis et al. 1998), little applied research exists on the respective contribution of 

the energy systems in short duration, high intensity sporting events. 100-m and 200-m 

track running events, spanning durations of 10 to 25 s, are characterised as supra-

maximal, highly anaerobic events (Hautier et al. 1994). While the involvement of 

aerobic metabolism to events of such a short duration may be minimal, recent data 

have shown that the speed of the interaction of oxidative processes to the overall 

metabolic supply is faster than previously described (Gastin 2001). Despite an 

expectation that these events would be heavily dominated by energy supply from 

phosphocreatine breakdown and anaerobic glycolysis, as shown in Table 7.1, a wide 

range of predicted values has been reported for the respective energy system 

contribution to 100-m and 200-m events.  Previous work by this laboratory (Duffield 

et al. 2002a,b) has quantified the relative metabolic demands of track running events 

from 400-m to 3000-m based on collection of ‘in race’ data. This current study aimed 

to extend that research by the calculation of relative aerobic and anaerobic energy 

system contributions during actual 100-m and 200-m track running events.  

 

As Table 7.1 outlines, data on the relative energy system contribution in actual 100-m 

and 200-m events are sparse. However, several reports exist on the relative energy 

system contributions during laboratory based cycle ergometer and treadmill exercise 

of similar durations. Problems associated with data collected via treadmill and cycle 

ergometry is the lack of specificity for both event and athlete. Generally, either the 

use of a cycle ergometer or use of a constant treadmill running velocity for a fixed  
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Table 7.1: Relative  % aerobic – anaerobic contribution to 100-m and 200-m 
track events and measurement methods used. 

 
 

Source Event Aerobic 
contribution 

Anaerobic 
contribution 

Measurement 
 

Serresse et al. (1988) 
 
 
 
van Ingen Schenau et al. 
(1991)  
 
Ward-Smith (1985) 
 
Peronnet and Thibault (1989) 
 
Bogdanis et al. (1998) 
 

10 s 
 
 
 

100-m 
 
 

100-m 
 

100-m 
 

10 s 
 

3 
 
 
 
4 
 
 
7 
 
8 
 

13 
 

97 
 
 
 

96 
 
 

93 
 

92 
 

87 
 

Cycle ergo – VO2 measured  
  ATP-PCr and glycolysis    
  estimated 
 
Mathematical modelling 
 
 
Mathematical modelling 
 
Mathematical modelling 
 
Cycle ergo–biopsy measures 
 

     
van Ingen Schenau et al. 
(1991)  
 
Ward-Smith (1985) 
 
Peronnet and Thibault (1989) 
 
Bogdanis et al. (1998) 
 
Calbert et al. (1997) 
 
Withers et al. (1991) 
 
Spencer and Gastin (2001) 
 
Medbø and Tabata (1993) 
 

200-m 
 
 

200-m 
 

200-m 
 

20 s 
 

30 s 
 

30 s 
 

200-m 
 

30 s 

8 
 
 

14 
 

14 
 

18 
 

23 
 

28 
 

29 
 

42 

92 
 
 

86 
 

86 
 

82 
 

77 
 

72 
 

71 
 

58 

Mathematical modelling 
 
 
Mathematical modelling 
 
Mathematical modelling 
 
Cycle ergo–biopsy measures 
 
Cycle ergometer - AOD 
 
Cycle ergometer - AOD. 
 
Treadmill – AOD. 
 
Cycle ergometer – AOD.  
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time, and/or a lack of specifically trained track athletes being used as subjects has 

limited the application of these findings to 100-m and 200-m track events. Recently, 

Spencer and Gastin (2001) reported relative energy system contribution of trained 

track athletes to simulated 200-m events. V&O2 was measured during high-speed 

treadmill exercise to simulate the duration of the 200-m event while applying the 

accumulated oxygen deficit (AOD) measures of Medbø et al. (1988) to calculate the 

anaerobic energy contribution. Ward-Smith (1985), Peronnet and Thibault (1989) and 

van Ingen Schenau et al. (1991) have all applied mathematical models of running in 

order to predict the respective aerobic and anaerobic energy involvement for these 

events. These procedures have been based on satisfying the first law of 

thermodynamics and have substituted physiological data where appropriate to 

estimate the energetic contribution of the metabolic pathways to 100-m and 200-m 

events.  

 

While no measured data exist detailing the contribution of the respective metabolic 

pathways involved in actual 100-m and 200-m track events, Hirvonen et al. (1987 and 

1992) reported changes in muscle ATP, PCr and lactate ([La-]m) following completion 

of 40-m to 100-m sprints and at 100-m intervals of a 400-m track event respectively. 

While V&O2 was not measured, based on the reported changes in metabolic substrates 

it is possible to calculate the anaerobic yield, and then convert the calculated 

anaerobic ATP yield into O2 equivalents (ml.kg-1) (Bangsbo 1993). From the data of 

Hirvonen et al. (1987) an anaerobic yield for the 100-m is calculated as 19.9 ml O2 

eq.kg-1, while a calculated anaerobic yield from the data of Hirvonen et al. (1992) for 

the first 100-m of a 400-m event is 12.4 ml O2 eq.kg-1, and for the first 200-m, 20.2 ml 

O2 eq.kg-1.  The reported post run [La-]m concentration was the main source of 
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difference between the respective 100-m measures, with a greater value reported for 

the all-out 100-m run (Hirvonen et al. 1987).       

 

Hence, the aim of the current study was to quantify the relative aerobic and anaerobic 

energy system contribution to 100-m and 200-m track running events. Based on 

previous methods used by this laboratory to measure energy system contributions to 

400, 800, 1500 and 3000-m events, ‘in race’ data collection of V&O2, AOD, blood 

lactate concentration ([La-]b) and estimated phosphocreatine (PCr) degradation was 

utilised to calculate the respective aerobic and anaerobic energy involvement.  

 

Methods:  

Subjects:  

Trained male (n=9) and female (n=6) 100-m and male (n=8) and female (n=5)  

200-m track athletes (descriptive characteristics are presented in Table 7.2) 

volunteered for this study. Each subject gave their written consent prior to engaging in 

any testing procedures. Subjects ranged in ability from Club/State level (100-m n = 

10, 200-m n = 9) to National level (100-m, n = 5, 200-m, n = 5) athletes. Testing was 

performed both in the Exercise Physiology Laboratory at the School of Human 

Movement and Exercise Science, University of Western Australia (UWA) and on an 

outdoor synthetic rubber (Rekortan) 400 m athletic track. Human rights approval was 

granted prior to the commencement of the study by the Human Ethics Committee of 

UWA. 
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Table 7.2: Descriptive characteristics of subjects (mean +SD).  

 

Event n Gender Age  

(y) 

Height 

(cm) 

Mass  

(kg) 

Est. Muscle 

Mass (kg)1

Peak V&O2 

(ml.kg-1.min-1) 

100-m 9 M 25.0 

(+4.5) 

178.0 

(+5.6) 

75.05 

(+7.36) 

45.51 

(+6.57) 

54.03  

(+6.18) 

200-m 8 M 22.3 

(+4.4) 

179.3 

(+4.9) 

71.14 

(+6.31) 

44.30 

(+6.59) 

56.86  

(+4.31) 

100-m 6 F 24.2 

(+5.1) 

172.3 

(+5.4) 

61.06 

(+2.87) 

35.73 

(+4.29) 

43.88 

 (+4.43) 

200-m 5 F 24.0 

(+5.7) 

172.1 

(+6.0) 

62.05 

(+1.69) 

38.44 

(+1.26) 

44.91 

(+4.38) 

1 Calculated according to Martin et al. (1990). 
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Procedure overview:  

All subjects performed four testing sessions, separated by at least 48 h and no more 

than 7 days, with time of day kept constant between testing sessions for each 

participant. Following initial familiarisation (test 1) with both the exercise protocol 

and Cosmed K4b2 portable gas analysis system, a second testing session involved a 

graded incremental (motorised) treadmill step test and a run to volitional exhaustion. 

Included in this session were anthropometric measures for the estimation of muscle 

mass  (Martin et al. 1990), consisting of body mass, height, forearm, thigh and calf 

girths and thigh and calf skinfolds. The final two testing sessions involved 

participants performing a time trial run over their chosen athletic distance (either 100- 

m or 200-m) on an outdoor 400 m synthetic athletic track. Subjects were asked to 

refrain from the ingestion of food or caffeine 2 – 3 h prior to all testing sessions and 

from engaging in physical exercise in the 24 h prior to testing.  All testing took place 

during the competition phase of the local athletic season.  Outdoor track testing 

sessions were postponed if climatic conditions were too extreme (40oC < Temp < 

15oC, wind > 4m.s-1 or raining).  

 

Graded Exercise Test (GXT):  

Following a standardised warm up of 5 min treadmill running (9-10 km·h-1) and a  

5 min stretching period, subjects performed 5 – 6 steps of 4 – 5 min duration, 

separated by recovery periods of 4 – 6 min (Spencer and Gastin 2001).  The treadmill 

was maintained at a constant 1% gradient in order to account for the energy cost 

involved in over ground running (Jones and Doust 1996), with initial velocities of 9 – 

10 km·h-1 and final velocities of 14 – 15 km·h-1 (40% - 95% peak V&O2). During the 

exercise test, expired air was analysed with a breath by breath Cosmed K4b2 portable 
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gas analyser (Rome, Italy). Calibration of the Cosmed turbine with a 3 L syringe and 

gas analysers with an alpha verified beta calibration gas (BOC gases, Perth, Australia) 

both occurred in line with manufacturer’s instructions at the commencement of each 

individual step of the GXT.  

 

Following the completion of the warm up and initial calibration procedures the Polar 

Heart rate monitor (Finland) and Cosmed K4b2 base harness were arranged on the 

subject and the Cosmed K4b2 system attached to the subject’s torso. Subjects then 

stepped onto the moving belt of the treadmill at the selected initial speed. At the 

completion of the step, the treadmill was stopped, Cosmed K4b2 measurement was 

ceased and re-calibration procedures (as previously mentioned) were conducted prior 

to the commencement of the next step.  Following completion of the GXT, subjects 

were allowed a recovery period of 10 –15 min before completing an incremental run 

to volitional exhaustion in order to elicit peak V&O2. This run began at the penultimate 

treadmill velocity achieved by the subject during the previous step test and increased 

by 1 km·h-1 each minute until the subject reached volitional exhaustion. Peak V&O2 

was attained when the subject could not continue with the exercise test and an average 

of the highest values attained over any one-minute period was used as the peak V&O2 

value.  

 

Track Sessions: 

On arrival, subjects engaged in a standardised warm up consisting of several laps 

jogging, 20 min stretching and 4 x 90 -100-m “run throughs” at increasing speeds. 

Following stretching, the Polar Heart rate monitor and Cosmed K4b2 base harness 

were arranged on the subject and the Cosmed K4b2 system attached to the subject’s 
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torso. Subjects then performed the run throughs before calibration procedures were 

employed (as previously described for GXT). Before commencement of the time trial, 

a pre race capillary blood sample from an ear lobe was obtained for the measurement 

of [La-]b (Accusport blood lactate analyser, Boehringer Mannheim, Germany). Once 

prepared, measurement of V&O2 commenced, following which subjects proceeded to 

the start line.  The period from the commencement of Cosmed K4b2 measurement to 

the start of the run was timed in order to locate the exact start of the time trial on the 

data file. Prior to commencement of the trial, subjects were given standard 

instructions pertaining to the need for maximal effort throughout the trial. At the start 

line, subjects were given the standard starting commands, at which point they 

approached the start line and then began the time trial (Figure 7.1 shows a subject at 

the start of the 100-m event, while Figure 7.2 shows a subject during a 100-m event). 

Electronic infra-red timing systems (customised system, School of HM and ES, 

UWA) were located at the respective start lines (100-m and 200-m) and common 

finish line and movement of the subject through the starting infra-red beam initiated 

the timing mechanism. The timing system enabled the measurement of times and 

calculation of speed for both the 100-m trial and each 100-m of the 200-m trial. 

Following completion of the time trial, Cosmed K4b2 measurement was ceased and 1, 

3, 5 and 7 min capillary blood samples from the ear lobe were obtained for the 

measurement of post exercise [La-]b.  Finally, the Cosmed K4b2 system was then 

detached from the subject and a gentle cool down was allowed.  
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Figure 7.1 Subject in the starting blocks at the start of a 100-m sprint. 
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Figure 7.2 Subject performing a 100-m sprint while wearing the Cosmed K4b2 

portable gas analysis system. 
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Calculation of Relative Energy expenditure:  

Graded Exercise Test:  

For each subject, steady state (breath by breath) V&O2 data was averaged over the final 

minute of each step (Excel 10.0). Pinnington et al. (2001) have previously reported 

increased Cosmed K4b2 measures of V&O2 when compared to a laboratory metabolic 

cart. Hence, prior to analysis, Cosmed K4b2 V&O2 data were corrected using regression 

equations that were calculated based on recent research conducted in our laboratory 

using high intensity 1, 3 and 10 min treadmill runs [regression equation: V&O2 = 0.926 

⋅ Cosmed V&O2 – 0.227, r2 = 0.84, (Duffield et al. 2001)]. A linear regression analysis 

was used on the collected step test data to determine the individual V&O2 – velocity 

relationship for each subject, using custom written AOD determination software 

(Labview 5.1 National Instruments). This analysis allowed for the measurement of 

AOD for each time trial from calculating the difference between the predicted V&O2 

for the respective speed (from extrapolation of the calculated relationship) and the 

measured V&O2.   

 

Track Session: 

For each subject, data from the fastest time trial were used in subsequent analysis. 

Cosmed K4b2 breath by breath data were aligned to run start time in order to exclude 

data that were not collected during the time trial. The 100-m portion times, obtained 

from the electronic timing system, allowed the calculation of V&O2 consumed during 

each 100-m portion of the event. As Cosmed K4b2 software reports V&O2 data each 

breath in ml.min-1, an average V&O2 was calculated based on all breaths collected 

during each individual 100-m segment (Excel 10.0). This was then converted into a 
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total VO2 (L) consumed for each 100-m based on the respective time taken to 

complete the 100-m portion. Based on the individual V&O2 – velocity relationship 

determined from the graded step test, corrected VO2, speed and time were used to 

calculate the AOD of each 100-m component of the race (using custom written AOD 

determination software, Labview 5.1 National Instruments). This allowed for a 

measurement of an aerobic and anaerobic energy contribution to each 100-m through 

out the time and a total contribution over the whole run. Gastin (1995) provides 

support for the application of AOD methodology to non-constant maximal exercise, 

demonstrating no differences in the calculation of AOD between all out supra 

maximal and constant intensity exercise.    

 

Accumulated [La-]b and estimated PCr degradation, in conjunction with AOD 

measures,  were used as a secondary method to determine anaerobic energy 

contribution based on data collected during the track based time trial. Glycolytic 

energy contribution based on [La-]b accumulation was calculated according to di 

Prampero (1981) as 3.0 ml O2 eq.kg-1 body mass for each 1 mMol.l-1 increase above 

pre exercise levels. Phosphocreatine store contribution was calculated as 37.0 ml O2 

eq.kg-1 muscle mass (di Prampero 1981). Muscle mass was estimated according to 

Martin et al. (1990) based on forearm, thigh and calf girths and skinfolds. Therefore, a 

second measure of anaerobic energy contribution (AOD being the first) was obtained 

by the addition of ml.kg of O2 eq determined from [La-]b and PCr stores respectively 

(as used by Hill 1999). Percentage anaerobic (and aerobic) energy contribution to 

each event was calculated as the total estimated anaerobic energy output divided by 

the total energy utilised during the event. This calculation was conducted for both 

AOD measures and also the La/PCr measure of anaerobic energy supply.  
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Statistical analysis:  

Comparison across event distance and gender was analysed by a two way ANOVA 

(event x gender), with post-hoc analysis performed using Tukey tests where 

necessary.  Within event comparison of total anaerobic energy expenditure and 

relative anaerobic percentage contribution based on methodology used were analysed 

by a one way ANOVA. Relationships between event performance and measured 

parameters were analysed by a Pearson’s correlation coefficient. Significance was set 

a priori at the 0.05 level and all statistical analysis was conducted on SPSS statistical 

software (Version 10).  

 

Results:  

Mean (+SD) and range of values for the aerobic and anaerobic contribution to 100-m 

and 200-m track races calculated by both AOD and La/PCr methods are presented in 

Table 7.3.  Mean (+SD) values for race time, peak heart rate, peak race V&O2, % peak 

V&O2, peak [La-]b, AOD, La/PCr anaerobic total, energy cost and average speed for 

100-m and 200-m events respectively are presented in Table 7.4.  

 

ANOVA results revealed significant differences (p<0.05) between 100-m and 200-m 

events for male athletes in the % anaerobic energy contribution (La/PCr) with larger 

values recorded in the 200-m trial (Table 7.3). No significant differences (p>0.05), as 

a result of gender, in the anaerobic energy contribution were noted for either event, 

however, males tended to show a greater anaerobic energy involvement in both the  
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Table 7.3: Mean (+SD) and range of values calculated by AOD and La/PCr 

methods for the relative aerobic and anaerobic percentage energy contribution 

to both male (n= 9 and 8) and female (n= 6 and 5) 100-m and 200-m trials. 

 
 

     AOD    La/PCr 
Event % aerobic 

 
% anaerobic % aerobic 

 
% anaerobic 

100-m     
Male 

 
20.6 

(+7.9) 
 

(13 - 35) 
 

79.4 
(+7.9) 

 
(65 – 87) 

8.9  
(+3.3) 

 
(6 – 14) 

91.1 * 
(+3.3) 

 
(86 – 94) 

Female 
 

25.0 
(+7.4) 

 
(17 – 33) 

 

75.0 
(+7.4) 

 
(67 – 83) 

10.9 
(+5.8) 

 
(6 – 19) 

89.1 * 
(+5.8) 

 
(81 – 94) 

200-m     
Male 

 
28.4 

(+7.9) 
 

(17 - 40) 
 

71.6 
(+7.9) 

 
(60 – 83) 

20.7  
(+8.5) 

 
(14 – 35) 

79.3 # 
(+8.5) 

 
(65 - 86) 

Female 
 

33.2 
(+8.0) 

 
(26 – 45) 

 
 

66.8 
(+8.0) 

 
(55 – 74)  

 

22.0 
(+7.7) 

 
(15 – 28) 

78.0 
(+7.7) 

 
(72 – 85) 

 
* Significantly different (p<0.05) to AOD measures. 

# Significantly different (p<0.05) to male 100-m. 
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Table 7.4: Mean (+SD) values for race time, peak race V&O2, % peak V&O2, peak 

race heart rate, % max heart rate, peak blood lactate, accumulated oxygen 

deficit (AOD), La/PCr anaerobic total, energy cost and average speed for male 

(n=9 and 8) and female (n= 6 and 5) 100-m and 200-m trials respectively. 

 

 100-m 
Male 

200-m 
Male 

100-m 
Female 

200-m 
Female 

 
Race time (s) 

 
11.5  

(+0.4) 

 
23.8 * 
(+ 1.1) 

 
13.1 

(+0.5) 

 
26.8 # 
(+1.2) 

 
Peak race V&O2  
(ml.kg-1.min-1) 

 
17.85 

 (+8.53) 

 
32.19 * 
(+7.31) 

 
13.92 

(+7.04) 

 
26.59 

(+12.25) 
 
% peakV&O2  

 
33.0  

(+12.9) 

 
56.6 * 
(+13.2) 

 
31.7 

(+18.3) 

 
59.2 

(+27.5) 
 
Peak race HR (bpm) 

 
175  

(+10) 

 
186  

(+11) 

 
189 

(+11) 

 
190 

(+11) 
 
% HR max 
 

 
92  

(+5) 

 
93  

(+4) 

 
99 

(+1) 

 
99 

(+1) 
 
Peak [La-]b  
(mMol.l-1) 
 

 
9.0 

 (+1.5) 

 
10.4  

(+3.0) 

 
8.7 

(+1.7) 

 
10.8 

(+2.3) 

 
Race AOD  
(ml O2 eq.kg-1) 

 
17.4  

(+4.4) 

 
28.4 

(+3.7) 

 
12.4 

(+2.9) 

 
22.5 

(+3.0) 
 
La/PCr anaerobic total 
(ml O2 eq.kg-1) 

 
45.9 

(+5.1) 

 
50.1 

(+9.4) 

 
45.2 

(+5.2) 

 
52.6 

(+7.4) 
 
Energy Cost  
(ml O2

.kg-1.m-1) 

 
0.218 

(+0.046) 

 
0.198 

(+0.012) 

 
0.166 * 
(+0.035) 

 
0.169 

(+0.014) 
 
Speed  (m.s-1) 
 

 
8.6 

(+0.2) 

 
8.4 

(+0.4) 

 
7.7 

(+0.3) 

 
7.4 

(+0.5) 
     
* Significantly different (p<0.05) to 100-m male. 

# Significantly different (p<0.05) to 100-m female. 
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100-m and 200-m (Table 7.3). Significant differences (p<0.05) were revealed in the 

energy cost of the 100-m trial between male and female athletes, with larger energy 

costs recorded for male athletes. Also, male peak race V&O2 and % peak V&O2  

was significantly larger in the 200-m than 100-m event (p<0.05).  No significant 

differences (p>0.05) were revealed between 100-m and 200-m events for AOD, % 

anaerobic energy contribution (AOD), peak [La-]b, anaerobic energy total (La/PCr) 

(Table 7.4) or peak VO2 for either gender. 

 

Differences were evident between the measurement techniques for the calculated 

relative anaerobic energy contribution to the 100-m event in both genders, with AOD 

estimates significantly less (p<0.05) than La/PCr measures. While no significant 

differences were noted between AOD and La/PCr measures of anaerobic energy 

contribution for the 200-m trial, p values approached significance (p = 0.08 and 0.06 

for males and females respectively). In conjunction, weak to moderate, non-

significant (p>0.05) correlations between AOD and La/PCr measures of anaerobic 

involvement were noted (r = 0.60, 0.10 and 0.53, 0.37 for male and female 100-m and 

200-m respectively).  

 

No significant correlations (p>0.05) were found between either 100-m or 200-m 

performance and peak race V&O2, AOD, % anaerobic energy contribution (AOD) 

(except female 200-m), peak [La-]b, anaerobic energy total (La/PCr) or % anaerobic 

energy contribution (La/PCr) for either gender. A strong (p<0.05) correlation between 

the energy cost and male 200-m performance (r = 0.85) was recorded. A moderate 

correlation (near significance, p = 0.06) between energy cost and the male 100-m trial 

(r = 0.64) was also noted. Finally, anaerobic energy contribution calculated from 
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AOD measures showed a strong negative correlation to race performance for female 

200-m runs (r = -0.96, p<0.01).  

 

Discussion:  

While sprint track events are heavily reliant upon anaerobic metabolism (Hirvonen et 

al. 1987), the actual quantification from measured physiological data of the respective 

energy pathway involvement in these events, particularly during track running is non- 

existent. This current study aimed to extend previous methods of in race data 

collection (Duffield et al. 2002a,b) to calculate the relative aerobic and anaerobic 

energy system contribution to 100-m and 200-m track running. Results indicated a 

significant difference (p<0.05) between measurement techniques of anaerobic 

metabolism for the 100-m, with the anaerobic energy contribution estimated as 79% 

and 75% for male and female athletes from AOD measures while La/PCr estimates 

calculated a 92% and 89% contribution. For the 200-m event AOD anaerobic energy 

contribution was 72% and 67% while La/PCr estimates indicated an 80% and 78% 

role (male and female respectively; NS between methods).    

 

Previous research is varied in both the applications of methodologies to measure 

anaerobic metabolism and the results derived from such measures. While 

mathematical modelling has outlined a very low role of aerobic metabolism in both 

100-m (4 – 8%) and 200-m events (8 –14%) (Ward-Smith 1985, Peronnet and 

Thiabault 1989, van Ingen Schneau et al. 1991), measured physiological data, 

particularly for the 200-m event (both treadmill and 30 s cycle ergometer efforts) 

records a greater oxidative role (28% +) (see Table 7.1). As differences in results 

obtained from the respective measurement techniques exist in the present research, the 
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data from our current study conform to estimates from both measured and predicted 

research data.  Estimates based on La/PCr measures from the current study show 

similarities to the mathematical modelling results of Ward-Smith (1985), Peronnet 

and Thibault (1989) and Withers et al. (1991), in that the anaerobic energy 

contribution to 100-m and 200-m events is estimated as around or above 90% and 

80% respectively. Conversely, AOD data from the present study show almost 

identical results for the anaerobic energy contribution to 200-m events as Spencer and 

Gastin (2001) reported, indicating a comparatively increased role of oxidative 

metabolism (200-m; 71% anaerobic).  Other data collected from maximal exercise of 

10 s duration have shown a 97% anaerobic energy dominance (Serrese et al. 1988), 

while 200-m (20 s +) and 30 s duration exercise has been reported as being between 8 

– 42 % anaerobic (Table 7.1). While the ability of the athlete, performance effort and 

measurement method used will alter the final estimation of the respective anaerobic 

contribution, such a large variance in estimated anaerobic energy contribution makes 

quantifying the energetics of the events and associated planning of training programs 

difficult.  

 

Anaerobic yields (ml O2 eq.kg-1) calculated from the reported changes in ATP, PCr 

and [La-]m (assuming 25% active muscle mass, Medbø and Tabata 1993) showed 

similarities with the present AOD anaerobic yield for 100-m and 200-m events 

(Hirvonen et al. 1987 and 1992). The calculated anaerobic yield for a 100-m sprint of 

19.9 ml O2 eq.kg-1 (Hirvonen et al. 1987) and first 200-m of a 400-m, 20.1 ml O2 

eq.kg-1 (Hirvonen et al. 1992) were similar to the AOD values calculated here of 17.4 

and 28.4 ml O2 eq.kg-1 respectively. In contrast, a greater discrepancy is seen when 
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comparing the anaerobic yield values calculated from La/PCr measures of 45.9 and 

52.6 ml O2 eq.kg-1 (100-m and 200-m respectively). 

 

A problem associated with the quantification of energy system involvement in events 

of such short duration is obtaining an accurate measurement, particularly of the 

involvement of the anaerobic energy systems. While AOD measures based on the 

linear extrapolation of sub-maximal O2 demands have become popular for estimating 

anaerobic energy system involvement, this method is not without criticism (Bangsbo 

et al.1993).  In particular, the prediction of the oxygen demand at supra-maximal 

exercise intensities based on sub-maximal exercise, assumes the relationship between 

exercise intensity and oxygen demand remains linear beyond maximal exercise. 

Breaches of this assumption have previously been demonstrated (Hansen et al. 1988, 

Luhtanen et al. 1990) with greater efficiencies reported at sub-maximal compared to 

supra maximal exercise intensities. Hence, the accurate application of AOD measures 

to 100-m and 200-m events, or the prediction of the O2 demand for very short duration 

exercise at very high intensities (potentially 150 – 250% V&O2 max) from a plot of sub 

maximal data, is in doubt. Due to changes in the mechanical efficiency in running as 

the intensity increases, AOD measures have been reported to underestimate the 

anaerobic energy contribution (Luhtanen et al. 1990). Accordingly, the anaerobic 

energy contributions calculated from AOD measures in the present research are 

comparatively lower than expected for events of such a short duration, however, they 

do show similarities to the anaerobic yield calculated from direct muscle metabolite 

measures (Hirvonen et al. 1987 and 1992).  
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Anaerobic energy contribution estimates based on La/PCr methods appear similar to 

data published over similar time frames (see Table 7.1). Also (accounting for the 

differences in exercise duration), La/PCr calculations show similarities to the 

anaerobic contributions calculated from muscle metabolite data in 10 and 20 s 

maximal efforts of 87% and 82% respectively (Bogdanis et al. 1998). However, flaws 

in the use of [La-]b as a quantifiable measure of anaerobic metabolism are also well 

documented (Hermansen and Vaage 1977).  Hence, the difficulties that arise in the 

measurement of anaerobic energy contributions in maximal but non-exhaustive 

exercise of such a short duration, again limit the precise estimation of the relative 

energy system involvement.  

 

 Previously Hill (1998) has reported the use of a Non Linear Regression model, based 

on measures of accumulated VO2, velocity and time, to predict the O2 demand and the 

AOD of supra-maximal exercise. Based on repeated trials of exhaustive exercise at 

different supra-maximal intensities, Hill (1998) used iterative non linear functioning 

to predict the O2 demand and AOD without the extrapolation of O2 demand from sub 

maximal work loads. While we attempted to utilise this method in the current study, 

the lack of similarity between intra-subject trials due to differing environmental 

conditions (wind, temperature) and hence differences in performance between trials 

resulted in unrealistically high AOD values (range = 90 – 180 ml O2 eq.kg-1). 

However, future research and methodological adjustments may yet successfully apply 

Hill’s (1998) concept to measure AOD in high-intensity, short duration exercise. 

 

Gastin (2001), in a summary analysis of research on the interaction of the respective 

energy systems has estimated a 94% - 6% anaerobic – aerobic contribution to 10 s of 
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exhaustive exercise. By 20 s the respective reliance has shifted to an 82% - 18% split, 

which fits with results based on La/PCr estimates of anaerobic energy system 

involvement in the present study. Gastin (2001) also outlined a cross over point 

(between 20 – 30 s) during an exercise bout where aerobic metabolism becomes the 

predominant source of ATP supply.  While Spencer and Gastin (2001) and previous 

research from our laboratory (Duffield et al. 2002a,b) have supported this finding, as 

the duration of the current events investigated were 11 – 13 s and 22 – 26 s 

respectively, the duration of the runs were insufficient to see a dominant response of 

the oxidative energy system. 

   

While no data exist outlining the energy cost (EC) of 100-m and 200-m track events 

from measured physiological data, previous work by Lacour et al. (1990a), Hill 

(1999) and recently from our laboratory (Duffield et al. 2002a,b) has estimated the EC 

of the 400 m event.  Estimates of 0.205 ml.kg-1.m-1 have been reported by both Hill 

(1999) and Duffield et al. (2002a,b), while Lacour et al. (1990a), probably due to a 

higher calibre of athlete, estimated an EC of 0.275 ml.kg-1.m-1. All three studies have 

shown a corresponding increase in the EC as the intensity of the exercise increases 

and distance is reduced. While the current 100-m - 200-m male data fit this trend for 

an increased EC (0.218 and 0.198 ml.kg-1.m-1 respectively), the 200-m EC is lower 

than 400 m data reported for athletes of a similar ability (Hill 1999, Duffield et al. 

2002a,b). Speculative reasons for this irregularity may be the higher [La-]b 

accumulation in the 400 m event, causing a comparatively greater level of muscular 

fatigue and hence a decreased efficiency in the 400 m event (resulting in a higher EC 

than the 200-m event).  Female 100-m and 200-m EC were almost identical, with the 

EC for the 200-m event slightly greater than the 100-m event (0.169 and 0.166 ml.kg-
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m-1 respectively).  Again, speculation as to why this was the case may possibly 

involve the comparatively limited opportunity for involvement of oxidative 

metabolism during the 100-m as compared to the 200-m event.  

 

Despite the concerns previously raised regarding the validity of applying AOD 

methodology to exercise of such a high intensity and short duration, anaerobic energy 

contribution calculated from AOD measures did correlate strongly to female 200-m 

performance. Anaerobic energy contributions showed a strong correlation with faster 

200-m performance for female athletes, however this finding was not replicated in the 

100-m event nor for 100-m or 200-m male events. Other significant correlations 

included moderate to strong correlations between EC and male 100-m and 200-m 

performance, however this can be explained as a result of race time, as the longer the 

duration of the event the greater the amount of energy supplied.  

 

In conclusion, the current study determined the relative aerobic – anaerobic energy 

system contribution (based on the AOD method, for male and female athletes) as 21% 

- 79% and 25% - 75% for 100-m track events and 28% - 72% and 33% - 67% for 200-

m events. In comparison, the calculated relative anaerobic contribution from La/PCr 

measures showed a greater anaerobic energy system contribution.  While these 

estimates were based on data measured during actual 100-m and 200-m track events, 

the limitations involved in the application of methods of estimating the involvement 

of anaerobic metabolism partially restrict the accuracy of these findings. While this 

research is the first to actually measure the energetics during actual track events of 

these distances and awaits further confirmation, the data obtained here for AOD and 
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La/PCr estimates is consistent (larger and smaller respectively) with estimates based 

on previous laboratory findings and mathematical modelling of such athletic events. 
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Abstract: 

The present study examined the V&O2 response to middle-distance track running 

events of 800 m, 1500 m and 3000 m and investigated the relationship between the 

speed of the    V&O2 response (τ1) and subsequent race performance. Trained 3000-m 

(n=8), 1500-m (n=10) and 800-m (n=8) male track athletes performed a laboratory 

graded exercise test (incorporating a run at 14 km·h-1) and multiple race time trials. 

For each subject, a bi-exponential model fit from 20 s was used to categorise the V&O2 

response for the best performed track run and also the treadmill run at 14 km·h-1. 

Faster time constant (τ1) values were noted the shorter the track event, with values of 

14.0, 18.5 and 20.8 s for 800-, 1500- and 3000-m events respectively. ANOVA results 

revealed that differences in τ1 were significant (p<0.05) for the 800- and 3000-m, but 

not for the 800- and 1500-m (p=0.06) or 1500- and 3000-m events (p=0.15). Only 

1500-m race performance was significantly correlated to race τ1 (r = 0.71).  Values for 

τ1 at an absolute velocity treadmill run (14 km·h-1) did not differ significantly between 

different events and were not correlated to race performance for any event.  From 

pooled data for all three events, significant correlations (p<0.01) were noted between 

τ1 and the speed over the first 800-m (r = -0.54 to -0.68).  In conclusion, there was a 

trend for faster τ1 values the shorter the track event. The significant correlation 

between τ1 and initial starting velocity suggests this can be attributed to the faster 

staring velocity of the shorter track events, rather than any differences perse.  
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Introduction: 

The characteristics of the V&O2 response to different exercise intensities provide an 

insight into the limitations of the physiological regulation of oxygen transport and 

utilisation, particularly with increases in exercise intensity and fitness (Hagberg et al. 

1980, Casaburi et al. 1987). The speed at which V&O2 rises to a peak asymptotic value 

during exercise of high metabolic demand will regulate the accumulation of an 

oxygen deficit and the production of metabolic waste products.  As such, an 

understanding of the limitations of oxygen delivery and utilisation at severe exercise 

intensities (associated with V&O2 peak) may help assist the preparation of athletes who 

compete in short to moderate duration, maximal aerobic events, such as middle-

distance track running.  

 

The modelling of the V&O2 response to square-wave transition exercise from a resting 

state has been shown to be dependent on the specific exercise intensity (Whipp and 

Wasserman 1972, Barstow and Mole 1991). While descriptions for the respective 

exercise intensities may vary between researchers (Gaesser and Poole 1996, Özyener 

et al. 2001), exercise intensities below Critical Power (CP) (moderate-intensity) have 

been characterised as exhibiting a mono-exponential increase in V&O2 to a predicted 

steady-state, following a short delay attributed to cardio-pulmonary adjustments 

(Whipp and Ward 1990). The V&O2 response to heavy-intensity exercise (above CP, 

but below V&O2 peak) is more complex, with a delay in the attainment of a steady-state 

V&O2 as a result of the continued rise in V&O2, termed the slow component (SC) 

(Barstow 1994, Whipp 1994). As a consequence, the V&O2 response to heavy exercise 

is typically described by a bi-exponential fit. It has been suggested that during severe 
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(at or below V&O2 peak) exercise of 2 – 3 min duration, the V&O2 response is again best 

characterised by a mono-exponential model fit (Özyener et al. 2001).  

 

While much of the research investigating on-transient V&O2 kinetics has utilised 

exercise intensities between moderate (below CP) and very heavy (above CP but 

below V&O2 peak), there is little published research on the V&O2 response to severe-

intensity exercise (Hughson et al. 2000, Hill et al. 2003, Scheuermann and Barstow 

2003). To date, there is conflicting research on the characteristics of the V&O2 response 

to severe exercise intensities; particularly the speed of the primary V&O2 response (τ1) 

(Scheuermann and Barstow 2003). It has been reported that with increases in exercise 

intensity there is no difference (Margaria et al. 1965, Scheuermann and Barstow 

2003), or a slowing (Koppo et al. 2004) in the speed of the V&O2 response, while 

Hughson et al. (2000) argued that their reported lower τ1 values for higher exercise 

intensities indicated a slowed V&O2 response. Furthermore, the best model to 

characterise the V&O2 response in severe-intensity exercise, (eg., a mono-, three-phase 

or semi-logarithmic model) and the interpretation of the resulting data has also been 

questioned (Hughson et al. 2000, Özyener et al. 2001, Scheuermann and Barstow 

2003).  

 

The lack of published research on the V&O2 response to severe-intensity exercise is 

surprising given that many popular athletic events, such as middle-distance track 

running, may be run at velocities associated with or above V&O2 peak. Furthermore, the 

V&O2 response during such events may be an important factor in determining 

performance. Increases in severe-intensity (2-min maximal) kayak ergometer 

performance have been reported with faster, all-out starts when compared to even-
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pacing strategies (Bishop et al. 2001). While not directly measuring the V&O2 kinetic 

response, the improved performance was associated with a greater V&O2 as a result of 

the higher intensity start. This may lead to a hypothesis that performance in maximal, 

predominantly aerobic exercise may at least partly be associated with the speed of the 

V&O2 response. 

 

 

While it is of interest to apply the modelling techniques of square-wave exercise to 

athletic scenarios, problems arise in regard to the violation of certain assumptions.  As 

modelling techniques assume a constant power output, significant changes in running 

velocity during the course of a middle-distance track running event may lead to the 

incorrect application of modelling techniques, increasing the associated residual error. 

However, middle-distance races are typically performed at a relatively constant pace 

(apart from the start).  Furthermore, the lack of controlled laboratory conditions 

reduces the ability to perform multiple trials of a similar performance, hence, the risk 

of a low signal to noise ratio is increased.  

 

Acknowledging the above limitations, from breath-by-breath V&O2 data collected 

during middle-distance track running trials, the purpose of the present study was 

twofold. First, to examine the V&O2 response to middle-distance track running events 

and second, to determine the relationship between τ1 (both during track run and 

treadmill exercise) and subsequent race performance.   
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Methods: 

Subjects: 

Trained male 800-m (n=8), 1500-m (n=10) and 3000-m (n=8) track athletes 

volunteered for this study (descriptive characteristics are presented in Table 8.1). 

Each subject gave their written consent prior to engaging in any testing procedures, 

with ethics approved by the Human Ethics Committee, University of Western 

Australia (UWA). Subjects ranged in ability from Club-level to State-level athletes. 

Testing was performed both in the Exercise Physiology Laboratory at the School of  

Human Movement and Exercise Science (HM and ES), UWA and on an outdoor 

synthetic rubber (Rekortan) 400-m athletic track. 

 

Procedure Overview: 

All subjects performed three testing sessions, separated by at least 48 h and no more 

than 7 days, with each testing session scheduled at the same time of day for each 

participant. The initial session involved a graded exercise test (GXT) and a run to 

volitional exhaustion (Spencer and Gastin 2001). The other two testing sessions 

involved participants performing similar time-trial runs over their chosen athletic 

distance (either 800 m, 1500 m or 3000 m) on an outdoor 400-m synthetic athletic 

track. Subjects were asked to refrain from the ingestion of food or caffeine 2 h prior to 

all testing sessions and to report to the testing session in a 24 h rested state.  All 

testing took place during the competition phase of the local athletic season.  Outdoor 

track testing sessions were postponed if climatic conditions were too extreme (40oC < 

Temp < 15oC, wind > 4 m·s-1 or raining). 
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Table 8.1: Mean (+ SD) descriptive characteristics of subjects. 

 

 

Race 

Distance 

n Age  

(y) 

Mass  

(kg) 

Height  

(cm) 

Treadmill  

V&O2 peak  

(mL·kg-1·min-1) 

800 m 8 20  

+ 3 

67.5  

+ 5.4 

179.6 

+ 6.3 

62.29  

+ 3.78 

1500 m 10 25  

+ 6 

69.9 

 + 7.7 

179.3 

 + 8.2 

66.16  

+ 4.92 

3000 m 8 25  

+ 6 

70.5  

+ 7.8 

179.0 

 + 7.8 

68.58 * 

 + 4.49 

 

Note:  * denotes significantly different from 800-m value (p<0.05). 
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Graded Exercise Test: 

Following a standardised warm up of 5 min treadmill running (9 - 10 km·h-1) and a 5 

min stretching period, subjects performed 6 steps of 5 min duration, separated by 

recovery periods of 5 min.  The treadmill gradient was maintained at a constant 1% 

slope in order to account for the energy cost involved in over ground running (Jones 

and Doust 1996), with initial velocities commencing at 10 - 12 km·h-1 and final 

velocities culminating at 16 -18 km·h-1 (30% - 90% V&O2 peak). During the exercise 

test, expired air was analysed with a breath-by-breath portable gas analyser (Cosmed 

K4b2, Rome, Italy). Calibration of both the Cosmed turbine and gas analysers 

occurred (in line with manufacturer’s instructions) at the commencement of each 

individual step of the GXT.  

 

Following the completion of the warm up and initial calibration procedures, the heart 

rate monitor (Polar Accurex Plus, Finland) and Cosmed K4b2 base harness were 

arranged on the subject and the Cosmed K4b2 system attached to the subject’s torso. 

Subjects then stepped onto the moving belt of the treadmill at the selected initial 

speed. At the completion of the step, the treadmill was stopped, Cosmed K4b2 

measurement ceased and re-calibration procedures (as previously mentioned) were 

conducted prior to the commencement of the next step.  Following completion of the 

final step, subjects were allowed a recovery period of 10 -15 min before completing 

an incremental run to volitional exhaustion in order to elicit V&O2 peak. This run began 

at the penultimate treadmill velocity achieved by the subject during the GXT and 

increased by 1 km·h-1 each minute until the subject reached volitional exhaustion. An 

average of the highest values attained over any one-minute period was used as the     

V&O2 peak value.  
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Track sessions: 

Subjects performed two trials of their respective middle-distance event, which were 

separated by at least 48 h and no more than 7 days.  As a result of differences in 

performance between track sessions, only the better performance track trial was 

selected for further analysis.  On arrival, subjects engaged in a standardised warm up 

consisting of 2 x 400-m jogging and 10-min stretching. Following stretching, the heart 

rate monitor and Cosmed K4b2 base harness were arranged on the subject and the 

Cosmed K4b2 system attached to the subject’s torso. Subjects then performed 4 x 90 – 

100 m runs at increasing speeds before calibration procedures were employed. Before 

commencement of the time trial, a pre-race capillary blood sample from an ear lobe 

was obtained for the measurement of blood lactate ([La-]b ) concentration; analysis for 

[La-]b was performed with an Accusport blood lactate analyser (Boehringer 

Mannheim, Germany). Once ready, measurement with the Cosmed K4b2 system 

commenced at the central testing position located at the finish line, following which, 

subjects proceeded to the respective start line for the 800-m, 1500-m or 3000-m.  The 

period from the commencement of Cosmed K4b2 measurement to the start of the time 

trial was timed in order to locate the exact start of the run on the data file. Prior to 

commencement of the trial, subjects were given standard instructions pertaining to the 

need for maximal effort throughout the trial. At the start line, subjects waited for 30 s 

to allow for a baseline V&O2 measurement to be recorded, before being given the 

standard starting commands, at which point they approached the start line and then 

began the time trial. Electronic timing gates (customised system, School of HM and 

ES, UWA) were located at the 200-m (half lap), 400-m (finish line) and 1500-m start 

line (for the 1500-m) and movement of the subject through the start gate initiated the 

timing mechanism. The timing system enabled the measurement of speed and split 
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times for each 200-m as well as for the whole run. Following completion of the time 

trial, Cosmed K4b2 measurement ceased and capillary blood samples from the ear 

lobe were obtained 1, 3, 5 and 7 min post-exercise for the measurement of [La-]b.  

Finally, the Cosmed K4b2 system was then detached from the subject and a gentle 

cool down was allowed. These procedures were followed for each of the two track 

testing sessions for all subjects.  

 

Data Analysis: 

From the GXT, a common velocity (14 km·h-1) was chosen for which all subjects had 

completed a minimum duration of 5 min, which was then used to obtain a direct 

comparison of τ1 between athletes at a common (absolute) velocity. Based on the 

velocity - V&O2 relationship, the accumulated oxygen deficit (AOD) during the track 

run was calculated as the difference between the predicted and actual V&O2 (Medbø et 

al. 1988). From the two track testing sessions, the best performance trial was selected 

for further analysis, with race V&O2 peak calculated as the highest average value over 1 

min. For the selected treadmill velocity (14 km·h-1) and selected track trial, breath-by-

breath data aligned from the start of exercise were smoothed using standing 5-s 

averages to enhance the underlying characteristics. An iterative, non-linear regression 

technique was used to fit the time course of the V&O2 response.  Both a two-component 

exponential fit from 20 s (equation 1) and a three-component exponential fit (equation 

2) were used to model the V&O2 response data (Bell et al. 2001, Özyener et al. 2001).  

 

V&O2(t) = V&O2(b) + A1 . (1- e –( t - td1)/τ1) + A2 . (1- e –(t -  td2)/τ2)    (

V&O2(t) = V&O2(b) + A0 . (1- e – t/τ0) + A1 . (1- e –(t - td1)/τ1) + A2 . (1- e –(t - td2)/τ2) (eq 2). 
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Where V&O2(t) is the V&O2 at any given time; V&O2(b) is the pre-race V&O2 baseline 

value; A0, A1 and A2 are the asymptotic amplitudes; τ0, τ1 and τ2 are the time 

constants (initial, primary and slow) and td1 and td2 are the time delays for each 

respective phase. 

 

Statistical Analysis: 

A one-way ANOVA was used to determine significant differences between 800-m, 

1500-m and 3000-m events and during the first 800-m in each respective event for    

V&O2 response parameters, running velocity and % treadmill V&O2 peak reached. 

Pearson’s correlation coefficients were used to assess the relationship between τ1, 

performance and velocity over each 200 m (first 800 m) for each event and between 

race τ1, 14 km·h-1 treadmill τ1 and race performance for each event. Significance was 

set a priori at p = 0.05. 

 

Results:

As a result of a lower mean square error than the three-component model, the two-

component model was chosen as the preferred model for both track and treadmill 

data. Mean (+SD) track run results recorded during each event (800-, 1500- and 3000-

m) are presented in Table 8.2, while mean (+SEM) V&O2 response results for track run 

and treadmill runs at 14 km·h-1 are presented in Table 8.3. The 95% Confidence 

Intervals (CI) calculated for τ1 for each track run were 4.5, 2.5 and 2.7 s for the 3000-

m, 1500-m and 800-m respectively. An example of the V&O2 response from an 

individual athlete for each event is presented in Figure 8.1, with associated residual 

plots presented in Figure 8.2. Mean (+SD) race velocity throughout the duration of 

each event is presented in Figure 8.3.   
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Table 8.2: Mean (+SD) race time, average speed (km·h-1 and % velocity 

associated with V&O2 peak (% v-V&O2 peak)), 0 – 200 m speed, blood lactate 

concentration ([La-]b), race accumulated oxygen deficit (AOD), race V&O2 (% 

treadmill  peak) for 800-m (n = 8), 1500-m (n =10) and 3000-m athletes (n = 8). 

 

 800-m 1500-m 3000-m 

Race time (s) 124.8 + 6.2 263.0 + 8.5 * 577.8 + 23.6 *# 

Average speed (km·h-1) 22.6 + 1.3 20.7 + 0.7 * 18.7 + 0.7 * # 

Average speed (% v-V&O2 peak) 109 + 6 98 + 3 * 88 + 2 * # 

Race 0 – 200 m speed (km·h-1) 25.3 + 1.1 22.4 + 1.4 * 21.3 + 2.4 * 

Race peak [La-]b (mmol·L-1) 12.9 + 2.8 11.5 + 1.9 8.6 + 2.1 * 

Race AOD (mL O2 eq·kg-1) 65.9 + 18.8 71.0 + 24.1 78.1 + 23.4 

Race V&O2 peak (% peak) 93 + 5 96 + 3  98 + 2 * 

Note:  * denotes significantly different from 800-m value (p<0.05). 

 # denotes significantly different from 1500-m value (p<0.05). 

 
 
 
 
 
 
 
 
 



                                                                                   VVVOOO222    RRReeessspppooonnnssseee   tttooo   TTTrrraaaccckkk   RRRuuunnnnnniiinnnggg                                       225

 

 

 

Table 8.3: Mean (+SEM) race V&O2 baseline (V&O2(b)), phase amplitudes (A1, A2), 

time constants (τ1, τ2) time delays (td1, td2), total amplitude (A(tot)) and 14 km·h-1 

treadmill τ1 from a bi-exponential model fit for 800-m (n = 8), 1500-m (n =10) 

and 3000-m (n = 8) athletes. 

 

 800-m 1500-m 3000-m 

Race V&O2(b)  (mL·min-1) 797 + 70 1498 + 125 * 1218 + 99 * 

Race A1 (mL·min-1) 3003 + 138 2790 + 101 3119 + 184 

Race τ1 (s) 14.0 + 1.0 18.5 + 1.1 20.8 + 2.0 * 

Race A2 (mL·min-1) 113 + 18 258 + 61 314 + 91 

Race τ2 (s) 91 + 11 76 + 12 55 + 10 

Race td2 (s) 109 + 9 126 + 63 126 + 15 

Race A(tot) (mL·min-1) 3913 + 178 4562 + 96  4652 + 194 * 

14 km·h-1 τ1 (s) 23.2 + 1.3 21.7 + 1.2 22.1 + 1.1 

Note:  * denotes significantly different from 800-m value (p<0.05). 
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Figure 8.1: V&O2 on-transient response for representative subjects for the 800-m, 

1500-m and 3000-m track events.  

Figure 8.1: V&O2 on-transient response for representative subjects for the 800-m, 

1500-m and 3000-m track events.  
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Figure 8.2: Individual residual plots corresponding to the fitting of V&O2 response 

in Figure 8.1. 

Figure 8.2: Individual residual plots corresponding to the fitting of V&O2 response 

in Figure 8.1. 
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ANOVA results revealed significant differences between τ1 for the 800- and 3000-m, 

but not between the 800- and 1500-m (p = 0.06) or 1500- and 3000-m events (p = 

0.23) (Table 8.3). A tendency was noted for faster τ1 values the shorter the event 

distance.  ANOVA results also revealed significant differences between 800-m and 

both 1500- and 3000-m athletes for race V&O2(b), and % peak V&O2 reached (Table 

8.2). Race 0 – 200-m, 200 – 400-m and 400 – 600-m speed was significantly faster in 

the 800-m and 1500-m events in comparison to the 3000-m event (p<0.05), but not 

significantly different between the 800-m and 1500-m (p=0.06). Peak race V&O2 was  

obtained during the final minute of the 800- and 1500-m events, and during the 

seventh min in the 3000-m event.  

 

Race τ1 was significantly correlated to 1500-m race performance (r = 0.71, p<0.05), 

but not to either 800-m or 3000-m performance (r = 0.49 and 0.40 respectively). 

Values for τ1 from 14 km·h-1 treadmill runs did not differ significantly between 

athletes (p>0.05) (Table 8.3) and were not correlated to race performance for any 

event (p>0.05).  From pooled data for all three events, significant correlations 

(p<0.01) were noted between τ1 and the speed over 0 – 200 m (r = -0.54), 200 – 400 

m (r = -0.60), 400 m – 600 m (r = -0.72) and 600 m – 800 m (r = -0.68). Significant 

correlations (p<0.01) were also recorded between performance and race speed over 

200 – 400 m, 400 m – 600 m and 600 – 800-m for all events (r = -0.60 to -0.76).  In 

the 800-m event, A1 was negatively correlated with AOD (r= -0.80) (p<0.05). 

 

Discussion:

Despite an increasing amount of literature on the V&O2 response to severe-intensity 

exercise, no research characterising the V&O2 response to middle-distance track 
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running is currently available. Furthermore, it is unknown if characteristics of the V&

O2 response, particularly the speed of the V&O2 response (τ1), are associated with race 

performance. In the current study, a tendency was noted for faster τ1 values with 

shorter event duration, with significant differences noted between 800-m and 3000-m 

events (p<0.05). However, when τ1 values for athletes from the respective events 

were compared at a common (absolute) running velocity (14 km·h-1), no significant 

differences were present. Track run τ1 values were only significantly correlated with 

race performance in the 1500-m, while for pooled data race τ1 was correlated with 

initial running velocities, which in turn were correlated with race performance.  

 

The current τ1 values are consistent with previously published data within similar 

exercise intensity ranges (Demarle et al. 2001, Billat et al. 2002). Furthermore, the 

results for slower τ1 values with longer distance track events (and correspondingly 

slower running velocities) is consistent with the data of Hughson et al. (2000), who 

reported slower τ1 values for exercise intensities at 57% and 96%, when compared to 

125% V&O2 peak. Billat et al. (2002) have also reported a trend for faster τ1 values for 

(faster) constant-velocity track runs at intensities associated with 95% when compared 

to 90% V&O2 peak. However, the difference in exercise intensity was not great enough 

for the differences in τ1 to reach significance. In contrast, both Sheuermann and 

Barstow (2003) and earlier work by Margaria et al. (1965) report no significant 

difference for τ1 between a range of exercise intensities from the LT up to 125% V&O2 

peak. While Sheuermann and Barstow (2003) reported no significant differences in τ1 

between 90%, 100% and 110% V&O2 peak, a tendency was evident for faster primary 

phase τ values with higher severe-intensity exercise. A possible explanation for the 
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discrepancies in the literature may be due to the difference in exercise intensities used 

by the respective studies. Hughson et al. (2000) compared 96% to 125% V&O2 peak, 

while Sheuermann and Barstow (2003) and Billat et al. (2002) compared between 

90% and 110% and 90% to 95% V&O2 peak respectively. The higher exercise intensity 

(and greater difference in intensity) used by Hughson et al. (2000), which is similar to 

the starting speeds reported in the present study, may account for the significant 

differences reported for τ1. Grassi et al. (1996) have previously reported confirmation 

of a metabolic model controlling muscle V&O2 in humans, in which the rate of ATP 

resynthesis, which is directly proportional to the rate of PCr splitting, is responsible 

for muscle V&O2.  Furthermore, Rossiter et al. (2002) reported a temporal alignment 

between the rate of PCr degradation and the on-transient V&O2 kinetics. Therefore, 

during severe-intensity exercise, a higher metabolic load resulting from higher 

starting exercise intensities may be responsible for a faster V&O2 response, particularly 

in the first 200-m of the current study, where the exercise intensities, similar to 

Hughson et al. (2000), are higher than previous research (100 – 122% V&O2 peak).  

  

While Hughson et al. (2000) reported slower τ1 values for lower exercise intensities, 

they argue that this does not imply a faster V&O2 response with increases in exercise 

intensity. Instead they applied a semi-logarithmic function to τ1 based on the predicted 

V&O2 of the severe exercise intensity, arguing that the adaptation to the required V&O2 

is relatively slower as exercise intensity increases. As such, they report a slower V&O2 

response at higher intensities, from which they infer a limitation due to the inability of 

the cardiovascular system to deliver oxygen at the required rate. In contrast, 

Scheuermann and Barstow (2003) argue that a three-component exponential model is 

sufficient to model the V&O2 response and as such, the actual adaptation to exercise as 
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measured by τ1 should be satisfactory. Hence, they argue that regardless of the 

predicted exercise V&O2, the V&O2 response should be modelled on the actual 

adjustment to severe exercise.  

 

While the implication that the faster velocities in the 800-m (and to a lesser degree the 

1500-m) are associated with faster τ1 values, certain limitations of the study need to be 

addressed. First, as the data were obtained from actual track running events, it was 

difficult to totally regulate pre-race activity. Although a baseline measurement was 

attempted, pre-race movement was inevitable, as athletes were moving to their 

respective start lines and preparing to run (even at the start line). As a result, 

significant differences were evident in the baseline measures, with a lower V&O2(b) in 

the 800-m than in the 1500-m or 3000-m events.  Burnley et al. (2002 a, b) have 

reported that following 6 min of recovery, a prior bout of either heavy (6 min) or 

sprint (30 s) exercise, while not significantly increasing V&O2(b), increased A1 and 

reduced A2 without any slowing of the primary V&O2 kinetics. They reported a residual 

acidosis and greater recruitment of motor units at the onset of the second bout of 

exercise as the cause of the altered V&O2 response. In the present study, the elevated    

V&O2(b) would be transient due to movement of subjects to the respective start lines. 

However, it is highly unlikely this movement of light - moderate intensity resulted in 

any residual acidosis or invoked extra muscle fibre recruitment and as such it is 

unlikely the increase in V&O2(b) would be responsible for differences in τ1 (although 

no [La-]b values were recorded at the start line).  

 

Other limitations to the data collected concern the self-selected race velocity, which 

was not square-wave in nature and the one-off test effort. This may have potentially 
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caused problems with the modelling of the V&O2 response. However, by applying 

multiple models to find the best fit we feel confident that the bi-exponential model 

from 20 s adequately represented the true V&O2 response to these track-running events. 

Furthermore, as presented in Figure 8.3, both the 1500-m and 3000-m track runs, 

despite faster initial starting velocities (particularly 0 – 200-m), showed fairly 

consistent 200-m velocities throughout the respective runs, maintaining a similar 

exercise profile as constant-load exercise. Finally, the 95% CI calculated for τ1 for 

each event were 4.5, 2.5 and 2.7 s for the 3000-m, 1500-m and 800-m respectively. 

While the 3000-m event 95% CI are relatively large, the 95% CI values for the 1500-

m and 800-m events are within an acceptable range of 2 – 3 s (Lamarra et al. 1987), 

indicating that τ1 values showed acceptable small variability within each event. 

 

Values for both A1 and A2 in the current study show similarities to previous data 

reported during severe-intensity exercise (Demarle et al. 2001, Billat et al. 2002, Hill 

et al. 2003). However, phase amplitudes (A1 and A2) showed no difference between 

events. This is consistent with Billat et al. (2002) who reported no difference in A1 or 

A2 values between exercise intensities associated with 90% and 95% V&O2 peak and 

Hughson et al. (2000) who reported no difference in A1 values between 96% and 

125% V&O2 peak.  Previously, Sheuermann and Barstow (2003) have reported 

significantly larger A1 values for exercise intensities at 110% compared to 90% V&O2 

peak. The variation in results between studies may be due to a combination of the 

differences in intensities of the exercise bouts used and the respective exercise bout 

duration. Longer duration (severe) exercise at a lower intensity (associated with 110% 

V&O2 peak for 182 s v 90% V&O2 peak for 264 s) may result in differences in A1 

(Sheuermann and Barstow 2003), while exercise at a higher intensity for a shorter 
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duration (126% V&O2 peak for 70 s v 96% V&O2 peak for 150 s) may not result in A1 

differences (Hughson et al. 2000).  In the current study, each of the track events was 

of a sufficient intensity and duration to elicit a V&O2 response above 90% V&O2 peak. As 

such, consistent with pervious research (Hughson et al. 2000, Billat et al. 2002), the 

respective phase amplitudes were independent of the exercise intensity and did not 

significantly differ between the three track events. 

  

In the 800-m event, A1 was negatively correlated with AOD.  As the AOD represents 

the metabolic supply from a combination of anaerobic processes, predominantly at the 

commencement of exercise, the greater V&O2 during the primary phase may be 

associated with a reduced anaerobic contribution in the early stages of the event. As 

such, a greater A1 may ameliorate the need for excessive anaerobic metabolic supply 

at the commencement of severe-intensity exercise.  

 

While the relationships between physiological measures and peak middle-distance 

running performance may involve a multi-factorial approach, a topic that has not 

received attention in this area is the relationship between the V&O2 response during the 

event and subsequent race performance. Although 1500-m performance was 

associated with race τ1 (r = 0.71), no other event τ1 or V&O2 response variable showed 

a correlation with race performance. However, data from the present study also 

indicated that faster τ1 values were recorded for running events with faster starting 

velocities and that overall, faster τ1 values were associated with faster starting 

velocities (r = -0.54 to -0.78). The mechanism/s regulating the speed of the V&O2 rise 

during the primary phase have been linked to intra-muscular factors, including the 

rate of PCr degradation (Rossiter et al. 2002). As Hirvonen et al. (1987) have reported 
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faster PCr splitting rates during faster sprinting velocities, it is possible that the faster 

starting velocities in the current study, possibly invoked by a greater neuromuscular 

activation, in turn produced a faster PCr breakdown and an associated faster τ1.  As 

such, it is possible that an important factor associated with middle-distance race 

performance is the faster starting speed, which may be indirectly responsible for a 

faster V&O2 response. However, only in the 1500-m event was the speed of the V&O2 

response correlated with subsequent race performance.  

 

Importantly, it must be noted that race speeds were self-selected and as such, athletes 

with better performances may have faster starts than slower performed athletes (r = -

0.60 to -0.76).  Thus, the association between τ1 and race performance may not be 

causal, in that it manifests as a result of better athletes starting faster and performing 

better due to other factors (including anaerobic energy supply, buffer capacity or peak 

velocity), rather than the V&O2 response. In order to elucidate whether athletes with 

better performances actually have a faster V&O2 response, the relationship of within 

event performance and τ1 at a selected absolute treadmill speed (14 km·h-1) was 

investigated. Unfortunately LT was not measured in the current study, hence a 

standard relative workload for all athletes was not determined. However, complete 

data were available for all athletes at 14 km·h-1 and as all had completed a duration of 

5 min at this speed, it was therefore selected as a workload with which to compare the 

V&O2 response between faster and slower performed athletes within each event. No 

significant differences (p>0.05) were evident between events for τ1 at 14 km·h-1 and 

no relationships (p<0.05) were noted between race performance and τ1 at 14 km·h-1 

within any event. Therefore, while a faster race start and an associated faster V&O2 

response may be associated with better race performance, faster kinetics may not 
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cause better performances, as (at a given running velocity) the V&O2 response of better 

performed athletes was not faster than athletes with slower performances.   

 

In conclusion, during actual on track 800-m, 1500-m and 3000-m middle-distance 

running events, a trend was noted for faster τ1 values the shorter the event distance. 

Faster initial running velocities were correlated with faster on-transient V&O2 

responses and performance, with only performance in the 1500-m event significantly 

associated to faster τ1 values. The relationship between τ1 and initial race velocity 

suggests that those individuals with a fast start had both a faster τ1 and a better 

performance. While this may not be a causal relationship, the initial velocity is highly 

associated with middle-distance performance, possibly via a speeding of the oxidative 

response.  
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   INFORMATION SHEET   INFORMATION SHEET
 

The Relative Energy Contribution to Track Running Events Between  
100m and 3000m. 

 
Purpose of the Study:
To quantify the percentage of energy contributed from both the aerobic and anaerobic 
energy systems to track running, for distances between 100-m and 3000-m. Also, to 
compare different methods for the measurement of anaerobic energy expenditure.  
 
 
Procedures:
All participants will be required to complete three testing sessions, with one located 
within laboratory surrounds and other two on an athletic track. Each session will be 
separated by at least a week and no more than two. The initial session will consist of a 
series of 5 - 9 sub-maximal treadmill runs at intensities ranging from 50% to 95% of 
maximal oxygen consumption. This session will be performed in the laboratory of the 
School of Human Movement and Exercise Science (UWA). The second and third 
testing sessions will involve a simulated race over a chosen athletic distance. At all 
testing sessions, oxygen uptake will be measured by way of a portable oxygen 
consumption measuring system (Cosmed K4b2).  This system weighs approximately 
800g and is worn with a harness in a backpack fashion, allowing mobility and 
preventing any interference while running.   In conjunction with oxygen uptake, blood 
lactate will be measured following each track testing session (which involves taking a 
micro-sample of blood from the earlobe via a small prick with a sterilised lancet and 
collection in a capillary tube).  Prior to all testing, familiarisation sessions for 
exercising with the required equipment will be organised.  For certain subjects, from 
whom prior consent will have been sought, during one track testing session a pre and 
post muscle biopsy will be taken. The muscle biopsy will involve the administering of 
a local anaesthetic to the biopsy area, followed by a small incision, made through the 
skin and underlying fascia (but not the muscle). A biopsy needle will then be inserted 
through the incision and into the muscle, in order to remove a small piece of muscle 
tissue.  Finally the incision will be closed with steristrips, without the requirement of 
stitches. Muscle biopsies may be taken for the further analysis of muscle metabolites. 
This process may result in slight discomfort  (a mild “cork”), which may last for the 
following 1-3 days. This may be accompanied by local temporary bruising (although 
normally rare), along with the very small risk of superficial nerve damage in the skin 
(caused by the incision), which, if present, may cause a temporary loss of sensation to 
the area. However, in our experience, this is also extremely rare. Training and 
exercise should not be unduly restricted for the first few days following the procedure. 
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Prior consent will be gained for any visual recording of any testing session 
(photographs/videos etc.) from the subjects involved and these recordings will remain 
under confidential storage and will only be published with the express permission of 
the subject involved.  

Prior consent will be gained for any visual recording of any testing session 
(photographs/videos etc.) from the subjects involved and these recordings will remain 
under confidential storage and will only be published with the express permission of 
the subject involved.  
  
Subject Benefit:Subject Benefit:
Subjects will receive information pertaining to their individual energetic contribution 
to their respective event.  Subjects will be given a breakdown of their percentage 
aerobic and percentage anaerobic contribution to each event. Along with this 
information, subjects will gain an indication of optimal and standard contributions, in 
order to help improve athletic training and performance.  All subjects who participate 
will also receive a measure of their maximal oxygen consumption (termed VO2max), a 
measure of their anaerobic threshold, determination of their different individual 
physiological training zones and finally a breakdown of their race velocity changes. 
Those subjects who participate in muscle biopsies will also receive information 
pertaining to their muscle fibre type composition. 
 
 
Time Commitments:
Each testing session will take approximately two hours and will be organised for a 
time that is convenient for both subject and investigator.  Sessions will be separated 
by at least a week.  Testing sessions will be held at either the School of Human 
Movement and Exercise Science (laboratory session) or Perry Lakes Athletic Track 
(track sessions).     
 
 
Contact Details:
If subjects have any queries through out the testing procedures, they can contact the 
researchers on: 
 
Rob Duffield c/- School of Human Movement and Exercise Science. 
 ph- 9380 8003 or 9380 2361 (bh) 
       0438 897 349 (ah)  
 robd@cyllene.uwa.edu.au 
 
  or 
 
A/Prof Brian Dawson c/- School of Human Movement and Exercise Science 
 ph- 9380 2276 or 9380 2361 (bh)  
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 School of Human Movement and Exercise Science 

The University of Western Australia 
35 Stirling Highway, Crawley WA 6009 
Location: Parkway Entrance #3, Nedlands 

Phone +61 8 9380 2361 
Fax +61 8 9380 1039 

Email robd@cyllene.uwa.edu.au 

 
 
 
CONSENT FORM 

 
The Relative Energy Contribution to Track Running Events Between 100m and 3000m.
 
Investigator Responsibilities - Participants Rights
 
1) As a subject you are free to withdraw your consent to participate at any time. 
 
2) The researchers will answer any questions you may have in regard to the study at 
any time. 
 Questions concerning the study can be directed to: 
 
 
 Rob Duffield     Dr Brian Dawson 
 School of Human Movement   School of Human Movement 
 UWA      UWA 
 ph 9380 8003 or 9380 2361 (bh)    ph 9380 2276  or 9380 2361(bh) 
      0438 897 349 (ah)  
 
 
I, (print your name)____________________________ have read the above 
information and any questions I have asked have been answered to my satisfaction. 
 
I agree to participate in this project, realising I can withdraw at any time. 
 
I also agree that research data gathered for this study may be published providing my 
name and confidential details are not used. 
 
 
 
__________________         ______________                __________ 
Signature of participant (and parent/guardian if under 18 years of age)  Date  
 
 
__________________            __________ 
Signature of investigator                      Date 
 

 The Committee for Human Rights at the University of Western Australia requires that 
all participants are informed that, if they have any complaint regarding the manner, in 
which a research project is conducted, it may be given to the researcher or, alternatively 
to the Secretary, Committee for Human Rights, Registrar’s Office, University of 
Western Australia, Crawley, WA 6009 (telephone number 9380-3703). All study 
participants will be provided with a copy of the Information Sheet and Consent Form 
for their personal records. 
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Muscle Analysis Procedures 
 
 
Freeze Drying: 
 
• Take samples (max n = 10) from –80oC & place in LN2 (esky) 
• Quickly weigh individual samples (to obtain wet weight) 

• Place foam base on scale & zero scale 
• Weigh sample in cryules 
• Weigh an empty cryule (difference = wet weight of muscle sample) 
• Place sample back in LN2 
 

• Pack freeze drying flask full with dry ice 1 h before weighing samples 
• Remove ~ half of dry ice 
• Place weighed muscle samples in flask & seal 
• Cryules must have punctured lids & sides 
 

• Place flask in ‘special’ esky full of dry ice & cover with wet towel 
• Attach flask to freeze dryer (surrounded by dry ice) 

• Aim to start ~ 9:00am, top up dry ice ~ 1:00pm & 5:00pm 
• Pick up following morning (aim for 24 h of freeze drying) 
 

• Ensure flask has returned to room temp (dry ice evaporated) 
• Turn off freeze dryer & remove flask 
• Place samples in air tight container with dessicant 
• Label container & place in –20oC 
• Store in this fashion for a maximum of 5 days 
 
 
Muscle ‘grinding’ (freeze dried samples) 
 
• Muscle samples need ~ 1 h to come to room temperature before weighing 
• Weigh sample without condensation (to obtain dry weight) 

• Place weighing paper on scale & zero scale 
• Place sample on weigh paper 
• Weigh sample (= dry weight) 

 
• Calculate % of wet weight (should be ~23%) 

• If not, this could indicate that freeze drying has not been successful 
 
• Use tweezers to break up sample as finely as possible 

• Do not crush sample 
• Remove connective tissue & blood 
• Attempt to keep only the white muscle fibres 
• No longer than 15 min per sample (weigh & dissection) 
• Avoid moisture contact with muscle (i.e., wear gloves, face mask – no 

breathing) 
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• Post weigh sample (= dry weight of just muscle fibres) 
• Divide sample into different eppendorfs 

• ‘Pointed eppendorf’ (1.5 mL) = pH ~ 2 mg muscle 
• ‘Rounded eppendorf’ (2 mL) = metabolites ~ 4 mg muscle 
• Place any ‘extra’ muscle in metabolite eppendorf or a spare eppendorf 
 

• Weigh samples (weight used to calculate volumes)  
• Store at –20oC in an air tight container with dessicant 
• Eppendorfs need to have punctured lids  

• Muscle sample must be exposed to the ‘dry air’ 
 
 
Metabolite Extraction 

 
• It is recommended that tissue extraction should occur ASAP post freeze drying 
• Ensure pipettes are calibrated & checked prior to this stage (record volumes) 
• Keep samples at –20oC (freeze or dry ice while homogenising) 

• In ‘eppendorf rack’ in esky with dry ice, check with thermometer 
 

• Prior to extraction process prepare muscle extraction buffer & store at –20oC 
• Extraction buffer last for 1 wk 

 
• Preparation of extraction buffer  
 
 Wt per Vol. Wt per Vol. 250 mL 
6% PCA 5.154 mL of 70% HClO4 / 100 mL 12.885 mL / 250 mL 
1 mM EDTA 0.07445 g / 200 mL 0.09306 g / 250 mL 
40% Ethanol 51.1658 mL / 100 mL 127.9145 mL / 250 mL 
1 mM NaF 0.0336 / 200 mL  0.042 / 250 mL 
 
 
• Label two eppendorfs for each sample and place on dry ice 
• Remove buffer from fridge, shake vigorously & place in 10 mL container on dry 

ice 
 
• Add pre-cooled extraction buffer: 1/80 dilution or a minimum of 300 µL  

(What ever is the largest value i.e., 5 mg muscle sample =  400 µL buffer) 
 
• Homogenise for 45 s on 15 s off x 3-4 times (in eppendorf rack at –20oC) 
• Centrifuge for 10 min at 5000 rpm 
• Pipette out supernatant into new eppendorf (already chilled at –20oC) 

• Don’t touch muscle clump 
• Add 6% PCA to muscle sample eppendorf (add ½ volume of extraction buffer) 

• (6% PCA = 5.154 mL of 70% HClO4 in 100 mL DDI) 
• (i.e., if buffer = 250 mL, then add 125 mL PCA) 
• Store PCA at –20oC  in esky with samples (perform this action quickly) 
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• Vortex 2-3 times for 1 min then place back at –20oC 
• Following vortex, centrifuge all samples for 10 min at 5000 rpm 
• Pipette out supernatant & add to second eppendorf 
• Discard original eppendorf with ‘muscle clump’(in biohazard bin) 
 
• As PCA is very acidic, need to adjust pH to ~ 7.0 

• Check pH, use litmus paper (only need small drop of solution ~ 1 µL) 
• Add K2CO3 (2 M) ~ 20 µL (give 2-3 shakes & leave lid open) 
• Allow to stand for ~ 5 min on crushed ice while you add K2CO3 to other 

samples 
• Vortex again & check pH 
• Repeat until pH is approximately 7.0 
• Centrifuge for 10 min at 5000 rpm 
• Store K2CO3 in fridge (must be made daily) 

• Remove supernatant & place in a pre-cooled eppendorf (-20oC) 
• Be careful not to disturb perchlorate ions (white pellet in bottom) 
• Now ready to add buffer for metabolites 

• Alternatively, muscle extracts can be stored at –80oC until analysed 
 

Analysis 

• Ensure cuvettes  are labelled prior to starting, also paraffin film covers for each 
cuvette  
• 2 for ATP / PCr assay 
• 2 for ADP / Cr assay 
• 2 for La- assay 
• 4 for each standard 
 

• Use different colour pens, write on ‘ridged bit’ 
• Use 3 mL cuvettes for ATP / ADP / PCr / Cr & 1 mL cuvettes for La- 
• Add volume of buffer to each cuvette (see specific protocols) 
• Add volume of metabolites (‘extras’) (see specific protocols) 

• Prepare metabolite ‘extras’ that day or measure powders day before & freeze 
• Then add DDI on analysis day, freeze remaining for next session (only freeze 

once) 
 
• Add muscle (40 µL) 
• Add enzyme volume (see specific protocols) 

• (i.e., if ratio 1:20, = 1 part enzyme to 19 parts DDI) 
• doesn’t have to be exact, can be over concentrated (enzymes will be dormant) 
• Cover cuvette with paraffin film & shake 
 

• Analyse samples 
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AssaysAssays 

ATP & PCr Assay 
 
Buffer: 250mL 
 
 Stock MW Vol. (ind) Ind Conc. Wt per 100 mL Wt in 250 mL 
Tris HCI 50 mM 157.56  25 mM 0.7878 1.9695 
Tris Base 50 mM 121.1       1.5 mL 25 mM 0.6055 1.5138 
Mg CI2 2 mM 203.3  1 mM 0.0407 0.1018 
 

 
• In beaker place 100 mL DDI, add 3 powders then add DDI to 230 mL 
• Need to adjust pH to 8.1 

• Use pH electrode to check 
• Add NaOH (1:10 dilution) to increase pH 
• Re-check pH (continue until pH = 8.1) 
 

• Measure in volumetric flask & add DDI to exact mark (bottom of meniscus on 
line) 

• Remove buffer to storage beaker, label & date & store in fridge (4oC) 
 
Metabolites: 
 
 Stock MW Vol. (ind) In Conc. Wt per 5 mL Wt per 10 mL 
DTT 50 mM 154.2 30 µL 0.5 mM 0.03855 0.771 
NADP 5 mM 787.4 30 µL 50 mM 0.01968 0.3936 
Glucose 6 mM 180.16 50 µL 100 mM 0.0054 0.0108 
A’P5A 0.6 mM 916.4 50 µL 10 mM 0.00082 (1.5 mL) 0.00164 (3 mL) 
Add last (CK)       
ADP 6 mM 501.3 50 µL 100 mM 0.01504 0.03008 
• Add: muscle sample (40 µL) & DDI (1190 µL) 
• Note: metabolite volume (i.e., 10 mL) is for one session, therefore make double 

when conducting two session per week (freeze in between sessions) 
 
• Make standards at a prior time 

• May be made in one batch & frozen in individual eppendorfs  
 
Enzymes: 
 
 Time delay Vol. (ind) Wt per Vol. 
G-6P-DH  15–20 min 20 µL 1 : 50 
HK (= ATP) 40 min 20 µL 1 : 20 
CK (= PCr) 90 min 20 µL 8 mg / 1 mL 
 
• Transport to flurometer  

• Samples set in 30oC for 20 min prior to analysis 
 
• Note: the timing of the samples & standards must be made the same 
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• All components except for enzymes are pipetted into 3 mL cuvettes • All components except for enzymes are pipetted into 3 mL cuvettes 
• First reading taken (340 nm excitation & 460 nm emission) • First reading taken (340 nm excitation & 460 nm emission) 

  
  
ADP / Cr Assay ADP / Cr Assay 
  
Buffer: 250 mL (pH = 7.5)Buffer: 250 mL (pH = 7.5) 
 
 Stock MW Vol. (ind) Wt per100 mL Vol. Wt per 250 mL Vol. 
Imidazole 80 mM 68.08  0.6808 1.702 
Imidazole HCL 20 mM 68.08       1.5 mL 0.6808 1.702 
Mg CL2 10 mM 203.3  0.2033 0.50825 
 
• Place DDI in beaker & add powders, then add remaining DDI 
• Need to adjust pH to 7.5 

• Add NaOH to increase pH 
• Check pH with electrode 

• Measure in volumetric flask & add DDI to exact mark (bottom of meniscus on 
line) 

• Remove buffer to storage beaker, label & date & store in fridge (4oC) 
 
Metabolites: 
 
 Stock MW Vol. (ind) Ind Conc. Wt per Vol. Wt per 15 mL 
KCL 1800 mM 74.55 50 µL 30 mM 0.67095 (5 mL) 2.01285 
NADH 0.6 mM 709.4 50 µL 10 mM 0.00426 (10 mL) 0.00639 
PEP 1.5 mM 465.3 50 µL 25 mM 0.00698 (10 mL) 1.0047 
ATP 12 mM 605.2 50 µL 200 mM 0.0363 (5 ml) 0.1089 
 
• Add muscle sample (40 µL) & DDI (1200 µL) 
• Note: metabolite volume (i.e., 10 mL) is for one session, therefore make double 

when conducting two session per week (freeze in between sessions) 
 
• Make standards at a prior time 

• May be made in one batch & frozen in individual eppendorfs 
 

Enzymes: 
 
 Time delay Vol. (ind) Wt per Vol. Wt per 1 mL 
LDH (= Pyr) 10-15 min 20 µL 1 : 10 500 mL / 500 mL 
PK (= ADP)  5 min 20 µL 1 : 2 100 mL / 900 mL 
CK (=Cr) 60 min 20 µL 5 mg / 500 µL 10 mg / 1 mL 
 
• Transport to flurometer  

• Samples set in 30oC for 20 min prior to analysis 
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La- Assay La- Assay 
  
Buffer:Buffer: (pH = 9.0), 50 mL (keep in fridge) 
 
 Stock MW Vol. (ind) Wt per 50 mL Vol. Wt per 50 mL 
Hydrazine 0.4 M   0.972 mL 0.972 mL 
Glycine 0.5 M         715 µL 1.875 g 1.875 g 
EDTA 5.0 mM 3.72.24  0.0936 0.0936 
 
• Place DDI in beaker & add powders, then add remaining DDI 
• Need to adjust pH to 9.0 

• Add NaOH to increase pH, or HCl to decrease pH 
• Check pH with electrode 
 

• Measure in volumetric flask & add DDI to exact mark (bottom of meniscus on 
line) 

• Remove buffer to storage beaker, label & date & store in fridge 
 
Metabolites: 
 
 Stock MW Vol. (ind) Wt per Vol. Wt per Vol. (4 mL) 
NAD 40.12 mM  75 µL 0.0283 (1 mL) 0.1132 (4 mL) 
 
• Add muscle sample (100 µL) & DDI (100 µL) 
 
Enzymes: 
 
 Time delay Vol. (ind) Wt per Vol. Wt per Vol. (500 µL) 
LDH 12-15 min 10 µL 1 : 4  125 µL / 375 µL 
 
• Make ‘zero’ or ‘blank’ (i.e., everything except muscle) 
• Lactate concentration = (reading from spec) x 6.22 x 10 x dilution factor 
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Effect of wearing an ice cooling jacket on repeat sprint performance 

in warm/humid conditions. 
 

Robert Duffield 1*, Brian Dawson1, David Bishop1,Martin Fitzsimons2 and 
Steven R. Lawrence2

 

1 Exercise Physiology Laboratory, Department of Human 
Movement and Exercise Science, University of Western Australia

2 Western Australian Institute of Sport. 
 

This study examined the effect of cooling the skin with an ice jacket before and 
between exercise bouts (simulating quarter/half time breaks) on prolonged repeat 
sprint exercise performance in warm/humid conditions. Following familiarisation, 
seven trained male hockey players, performed two testing sessions comprising an 
80 min intermittent, repeat sprint cycling exercise protocol inside a climate 
chamber (30oC and 60% RH). On one occasion a (5 min) skin cooling procedure 
was implemented, with subjects wearing an ice cooling jacket prior to and during 
recovery periods (2x 5 min and 1x 10 min) in the test. Measures of performance 
(work completed and power output on each sprint), heart rates, blood lactate 
concentrations, core (rectal) and skin temperatures, sweat loss, perceived exertion, 
ratings of thirst, thermal discomfort and fatigue were obtained. In the cooling 
condition, chest temperature, thermal discomfort and rating of thirst were all 
significantly lower (p<0.05), but no statistical significance (p>0.05) was observed 
between conditions for measures of performance, heart rate, blood lactate 
concentration, core or mean skin temperature, perceived exertion, sweat loss, or 
ratings of fatigue. It was concluded that the intermittent use of an ice cooling 
jacket before and during repeat sprint cycling in warm/humid conditions did not 
improve performance, perhaps because the short periods for which the jackets 
were worn did not allow for sufficient cooling to occur.  

 
 
 
 
 
 
 
 
 
 
 
 
 

(Now published in: British Journal of Sports Medicine 2003;37: 164 – 169).  
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Accuracy and reliability of a Cosmed K4b2 portable gas analysis system. 

 
Robert Duffield*, Brian Dawson, Hugh Pinnington, Patricia Wong. 

 
Exercise Physiology Laboratory, Department of Human Movement and Exercise 

Science. University of Western Australia. 
 
The purpose of this study was to assess the validity and reliability of a 
Cosmed K4b2 portable telemetric gas analysis system. Twelve, 
physically fit male subjects performed a testing session consisting of an 
easy 10 minute run, a hard 3 min run and a 1 min sprint, on a motorised 
treadmill, with  rest periods of 10 min separating each run, on four 
occasions.  Sessions were identical with the exception of the apparatus 
used to measure VO2. During two testing (test-retest) sessions the 
Cosmed K4b2 portable gas analysis system was used; in another, a 
laboratory Metabolic cart was used and in one session, both systems 
were used to measure VO2 simultaneously. The results indicated that 
during the simultaneous measurement, due to unknown reasons, 
Cosmed K4b2 values for VO2 and VCO2 were excessively increased 
(13% and 12%) in comparison to Cosmed K4b2 measurements in 
isolation. Comparison of Cosmed K4b2 and Metabolic cart 
measurements in isolation revealed significantly (p<0.05) increased 
measures of VO2, VCO2, FeCO2 (except FeCO2 at 10min) and lower 
measurement of FeO2 for each test duration by the Cosmed system. No 
significant differences (p>0.05) were seen between Cosmed and 
metabolic cart measures for VE for any exercise duration. Comparison 
of the test-retest Cosmed measurements revealed that the K4b2 system 
showed good repeatability of measurement for measures of VE,  VO2, 
VCO2, FeO2 and FeCO2 (ICC=0.6–0.9). In conclusion, a Cosmed K4b2 

portable gas analysis system showed a systematic error of inflated 
measurement for both VO2 and VCO2, however, satisfactory reliability 
of the system was exhibited. 

 
 

 
 

 
 
 
 

 
 
 
 

 
(In press: Journal of Science and Medicine in Sport) 
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ENERGY SYSTEM CONTRIBUTION TO 1500-m AND 3000-m ENERGY SYSTEM CONTRIBUTION TO 1500-m AND 3000-m 
TRACK RUNNING EVENTS TRACK RUNNING EVENTS 

  
Rob DuffieldRob Duffield and Brian Dawson. 

Department of Human Movement and Exercise Science, University of Western Australia, Australia. 
 
An appreciation of the metabolic demands required during any particular exercise activity is important 
for the correct application of training programs to ensure peak performance. While the energetic 
contribution to middle distance track running (1500-m and 3000-m) has been the topic of some 
research, to date, no real conformity exists over the quantified contribution of each energy system to 
these events.  
 
Ten trained male 1500-m and eight trained male 3000-m track athletes of (mean + SD) age 24.7 (+6.1) 
and 25.7 (+7.8) y, height 179.3 (+8.2) and 179.0 (+7.8) cm, mass 69.84 (+7.73) and 70.49 (+7.82) kg, 
and VO2 peak 66.16 (+4.92) and 68.58 (+4.49) ml.kg.min-1 volunteered for this study.  Subjects 
performed four testing sessions, the initial (familiarisation) and second testing session were conducted 
in a laboratory and involved a graded incremental treadmill step test and a run to volitional exhaustion. 
The final two sessions involved participants performing a time trial run over their preferred athletic 
distance (either 1500-m or 3000-m) on an outdoor 400-m synthetic athletic track. Oxygen consumption 
(Cosmed K4b2 portable gas analysis system), heart rates (Polar HR monitor) and peak post time trial 
blood lactate concentration (Accusport) were measured. Based on the individual VO2 – velocity 
relationship determined from the graded step test, time trial VO2, speed and time were used to calculate 
the O2 deficit of each 200-m portion of the trial. This allowed an estimate of an aerobic and anaerobic 
contribution to each 200-m throughout the time trial (including the first 100-m in a 1500-m) and a total 
contribution over the whole run.  The overall relative anaerobic energy contribution was calculated as 
the total estimated anaerobic energy output divided by the total energy utilised during the event.  
 
Results indicated that the contribution of the anaerobic and aerobic energy systems to 1500-m and 
3000m track running events were 23% - 77% and 14% - 86% respectively.   Figure 1 shows a 
breakdown of the contribution of aerobic and anaerobic energy supply throughout the 1500-m. 
 
 

Figure 1: Energy Contribution to 1500m
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In conclusion, as expected, the results show a predominant supply of energy for 1500-m and 3000-m 
track events from aerobic metabolism. While no research has been presented for 3000-m events, 
previous studies and texts have estimated anaerobic energy supply to a 1500-m race as between 10 – 
49%. The current study suggests that the anaerobic contribution to a 1500-m is approximately 25% of 
the total supply and that the anaerobic contribution to a 3000m is further reduced.  

In press: Journal of Sports Sciences. 
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Energy contribution to 400-m and 800-m track running events. 

 
R.Duffield*, B.Dawson and C.Goodman. 

 
School of Human Movement and Exercise Science 

University of Western Australia. 
 
Understanding the metabolic demands of any athletic event is important for the 
correct application of training programs to achieve peak performance. This research 
attempted to quantify the relative energy system contribution to 400m and 800m track 
running events in a simulated race (field) setting. Following protocol and equipment 
familiarisation, eleven trained male 400-m and nine trained male 800-m track athletes 
performed three testing sessions, consisting of an initial laboratory (treadmill) 
incremental step test, and two time trials over their preferred athletic distance. V&O2 
(K4b2 Cosmed portable gas analysis system), heart rates (Polar HR monitor) and peak 
post trial blood lactate concentration (Accusport) were measured. Based on individual 
V&O2 – velocity relationships determined from the laboratory session and based on 
best trial V&O2, speed and time were used to determine the O2 deficit for each 200-m 
component of the race. This allowed an estimate of both the aerobic and anaerobic 
energy system contributions throughout the trial and overall contributions to the entire 
run. Results indicated that the aerobic – anaerobic energy system contribution to the 
400-m and 800-m track events were 41 - 59% and 60 – 39% respectively. While field 
based, the data presented shows similarities to previous data collected in laboratory 
environments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In press: Journal of Sports Science 
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Comparison of V&O2 kinetics during 800-m, 1500-m and 3000-m track 

running events in trained athletes. 
R.Duffield*, D.Bishop, B.Dawson. 

 
School of Human Movement and Exercise Science. 

University of Western Australia. 
 
Comparison of the V&O2 kinetics of well-trained athletes during actual track running 
was performed. Pulmonary gas exchange was measured breath by breath (Cosmed 
K4b2 portable gas analysis system) during 1 trial in six 800-m, seven 1500-m and five 
3000-m male track runners during track races over their respective distances. 
Following the fit of a mono-exponential model to the raceV&O2 response, comparison 
of event V&O2 kinetics (ANOVA) and correlations (pooled data n = 18) betweenV&O2 
kinetics and speed over each 200-m for the first 800-m from all events was 
performed. Differences for the V&O2 time constant (τ) between the 800, 1500 and 3000 
m showed no statistical significance (17, 24, 34 s respectively, p>0.05). Correlations 
between τ and speed over 0-200-m, 200-400-m, 400-600-m and 600-800-m were r = -
0.88, -0.63, -0.67 (p<0.05) and -0.45 (p>0.05) respectively. While the only significant 
difference in τ was between the 800-m and 3000-m events (p<0.05), there was a trend 
for an accelerated V&O2 response (lower τ) with shorter event duration (hence faster 
running velocity).  Correlations also indicated a high degree of association between 
the velocity of the first 200-m and faster V&O2 kinetics (decreased τ). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Under review: Journal of Sports Sciences. 
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The effect of an active recovery on muscle metabolism and team-

sport specific repeated-sprint ability 
 

Spencer Matt1,2, Bishop David1, Dawson Brian1,  
Goodman Carmel1 and Duffield Rob1. 

 
1 The School of Human Movement and Exercise Science,  

The University of Western Australia. 
2 The Western Australian Institute of Sport. 

Introduction 
Although repeated-sprint ability (RSA) has been investigated extensively over the 
past ten years, little is known about RSA specific to the demands of field-based team-
sports. Through time-motion analysis of international field-hockey competition, we 
have reported that a repeated-sprint protocol involving 6 x 4-s sprints, with ~ 20 s 
recovery between sprints would represent an intense protocol for assessing RSA in 
elite field-hockey players1. In addition, greater than 90% of the recovery time 
performed within the repeated-sprint bouts was of an active nature1. An active 
recovery has been shown to promote faster clearance of blood lactate2 and improve 
power output recovery during a subsequent exercise bout3. Moreover, an active 
recovery is reported to increase peak power and total work during a cycle test of RSA 
(8 x 6-s sprints, 30 s recovery between sprints), compared to a passive recovery4. The 
purpose of this study was to investigate the effect of an active versus a passive 
recovery on performance and muscle metabolism during a more team-sport specific 
test of RSA. 
Methods 
Nine moderately-trained males (Mean ± SD: age: 25 ± 7 y, body mass: 79.8 ± 8.2 kg, 
VO2max: 55.1 ± 6.8 mL·kg-1·min-1) performed a graded exercise test to determine 
VO2max and lactate threshold, followed by four RSA cycle tests (6 x 4-s sprints, every 
25 s), completed in a randomised order. Two RSA tests were performed with an 
active recovery (AR; cycling at 60 W, ~30% VO2max) and two with a passive recovery 
(PR). Needle biopsy samples were taken from the vastus lateralis muscle pre-test, 
immediately post-test and post-21 s of recovery to determine muscle lactate ([La-]) 
and phosphocreatine ([PCr]) concentration. Two RSA tests were undertaken for each 
experimental condition in order to obtain all the required biopsy samples (n = 6 for 
muscle data). 
Results 
Compared to PR, AR resulted in a greater power decrement (5.6 ± 1.8 v 7.4 ± 2.2 %, 
P = 0.005) and lower peak power for the sixth sprint (15.3 ± 1.5 v 14.9 ± 1.5 W·kg-1, 
P = 0.02; Fig. 1) during the RSA test. There was, however, no significant difference 
in work decrement (P = 0.1) or relative total work (J·kg-1; P = 0.6) between the two 
trials. The percent of resting [PCr] was non-significantly lower immediately post-test 
(32.6 ± 10.6 v 45.3 ± 18.6%; P = 0.06; effect size (ES) = 0.8) and post-21 s of 
recovery (54.6 ± 9.6 v 71.7 ± 14.1%; P = 0.06; ES = 1.2) during AR compared to PR. 
Muscle [La-] was significantly higher immediately post-test during AR compared to 
PR (71.7 ± 12.3 v 55.2 ± 15.7mmol·kg-1 dm, P = 0.048), whereas there was no 
difference post-21 s of recovery (55.0 ± 11.3 and 48.4 ± 16.7 mmol·kg-1 dm, 
respectively; P = 0.2). There was a trend towards faster decrease in [La-] during AR 
compared to PR(0.79 ± 0.41 v 0.38 ± 0.44 mmol·s-1, P = 0.16; ES = 1.0). 
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Discussion/Conclusions 
The results of this study show that performance during a team-sport specific test of 
RSA is impaired when an active recovery is completed between sprints. The 
decrement in performance may be associated with decreased [PCr] resynthesis as a 
result of increased lactate metabolism during the active recovery trial. 
References 
1. Spencer, M., et al. (2002). Journal of Science and Medicine in Sport. 5:102. 
2. Weltman, A., et al. (1979). Journal of Applied Physiology. 47:677-682. 
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Association between selected in-race and laboratory physiological 
measures with middle-distance track running performance. 

 
R.Duffield, B.Dawson and D.Bishop. 

 
School of Human Movement and Exercise Science. 

University of Western Australia. 
 
Little data is available describing the association between in-race physiological 
measures and track-running performance. Hence, the purpose of the present research 
was to correlate selected physiological parameters obtained during track-running time 
trials of 400 to 3000 m and a laboratory graded exercise test (GXT) with respective 
event performance (time).  Participants were trained male 3000-m (n=8), 1500-m 
(n=11), 800-m (n=9) and 400-m (n=11) track athletes, ranging in ability from club to 
state level. Physiological variables included breath-by-breath VO2 max (GXT), peak 
time trial VO2 (Cosmed K4b2), treadmill velocity associated with VO2 max (v-VO2 max), 
peak post-trial blood lactate concentration (Accusport), accumulated oxygen deficit 
(AOD), % anaerobic energy contribution and speed of the VO2 response (τ). Results 
indicated that 3000-m performance was correlated with v-VO2 max (r= -0.89, p<0.05), 
while VO2 max and peak race VO2 were correlated with 1500-m performance (r = -0.69 
and -0.68, p<0.05). Race τ was correlated with 800-m performance (r = 0.67, p<0.05) 
and approached significance for 1500-m performance (r = 0.58, p = 0.07). No other 
physiological parameters showed any association (p>0.05) with respective event 
performance. In conclusion, while no single physiological measure was universally 
associated with event performance in all events, some individual measures did 
correlate with respective event performances. Not surprisingly, aerobic physiological 
measures were best associated with performance for track events of 800-m and above. 
These included v-VO2 max (3000-m), VO2 max and peak trial VO2 (1500-m) and the 
speed of the VO2 response (800-m).  
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The purpose of this study was to examine the relationship between the VO2 response, 
muscle and blood metabolites and performance during exhaustive exercise. Seventeen 
active females performed a graded exercise test (GXT) to determine VO2peak (Cosmed 
K4b2) and lactate threshold (LT) followed 48 h later by an endurance test until 
exhaustion (ET; at 85% VO2peak intensity). Muscle biopsies and capillary blood 
samples were obtained prior to and after the ET to determine changes in muscle ATP, 
pH, lactate and PCr and blood pH and lactate. ET breath-by-breath data was fit to a 
mono-exponential model, with the slow component (SC3-6min) calculated as the 
difference between the VO2 at the 3rd and 6th min. The mean time to exhaustion 
during the ET was 16 (+6) min.  There were no significant correlations between the 
SC3-6min and the accumulation of muscle or blood metabolites, or time until 
exhaustion (P>0.05), however the SC was correlated with LT (r=0.53:P<0.05). There 
was also a significant correlation between the speed of the VO2 response (τ) and 
change in blood lactate concentration (∆[La-]b) (r=0.60; P<0.05). In turn, both ∆[La-]b 
and ∆pHb were negatively correlated with time to exhaustion (r=-0.59, -0.64; P<0.05). 
There were also significant correlations between the O2 deficit and ∆ATP and ∆[pH]b 
(r=0.64, 0.51; P<0.05). Our results show a disassociation between the amplitude of 
the SC and change in muscle/blood metabolites or time to exhaustion. This suggests 
that the SC is not a determinant of high-intensity exercise tolerance. Furthermore, our 
results suggest that the accumulation of muscle metabolites is not responsible for the 
observed SC during high-intensity exercise. 
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Effects of high-intensity interval training on the VO2 response during 

heavy exercise. 
 

J.Edge, D.Bishop and R.Duffield. 
 

School of Human Movement and Exercise Science. 
University of Western Australia. 

 
The present study examined the effect of interval training on the VO2 response during 
constant-load exercise. Prior to, and following training, eleven active females 
performed a graded exercise test (GXT) to determine VO2peak (Cosmed K4b2) and 
lactate threshold (LT) followed 48 h later by a 6 min cycle test (CT; at pre-training 
peak VO2 intensity). Training involved high-intensity intervals performed 3 x per wk 
for 8 wks. CT breath-by-breath data from 0 to 6 min was fit to a mono-exponential 
model, with the slow component (SC3-6min) calculated as the difference between the 
VO2 at the 3rd and 6th min.  Training resulted in significant improvements in VO2peak 
(2.34 +0.37 – 2.78 +0.30 L.min-1), power at VO2peak (170 +26 – 204 +25 W) and 
power at LT (113 +17 – 136 +20 W) (P<0.05). While there was no significant 
difference in the speed of the VO2 response (τ) (57.2 +14.6 – 59.9 +8.7 s; P>0.05), 
there was a significant increase in VO2 at 3 min (P<0.05) and a trend for a greater 
amplitude (A1) (1444 +611 – 1927 +364 L; P=0.07) following training. There was 
also a significantly greater SC3-6min post-training (138 +102 – 313 +141; P<0.01). The 
increased A1 and VO2 at 3 min indicates a greater delivery of O2 during the early 
stages of the CT after training. In contrast to previous findings, there was a significant 
increase in the SC3-6min following training. The present results suggest that large 
increases in VO2peak may allow a larger SC3-6min  to be expressed. 
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VE  10min      VO2  10min     
Cosmed Cosmed 

rpt 
avge cart cos 

sync 
cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

69.16 61.93 65.54 59.40 63.04 65.20  3.45 3.09 3.27 2.77 3.43 2.67 
58.92 65.43 62.17 60.00 63.53 60.20  3.22 3.31 3.27 2.89 3.91 2.80 
68.68 66.80 67.74 58.00 68.91 63.6  3.52 3.23 3.37 2.73 4.02 2.82 
68.38 74.25 71.32 61.50 77.03 78.00  3.41 3.57 3.49 3.43 4.29 3.26 
72.21 72.46 72.33 80.10 87.85 82.40  3.74 3.88 3.81 3.39 4.47 3.31 
75.62 79.95 77.79 67.30 80.52 72.90  3.89 4.01 3.95 3.06 4.71 3.34 
63.87 61.84 62.86 60.80 62.84 70.30  3.04 3.24 3.14 2.87 3.55 3.16 
58.14 53.94 56.04 57.00 54.13 52.00  2.95 3.17 3.06 2.63 3.56 2.46 
64.01 67.84 65.92 53.70 65.46 63.93  2.81 2.65 2.73 2.49 3.34 2.55 
56.39 54.83 55.61 58.60 55.54 54.60  3.27 2.96 3.11 2.64 3.23 2.31 
69.08 67.56 68.32 72.30 72.59 69.20  3.59 3.42 3.51 3.06 3.95 2.86 
66.05 66.59 66.32 59.40 70.08 60.20  3.20 3.05 3.13 2.40 3.78 2.46 

             
             

VE  3min      VO2 3 min     
             

Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

117.24 106.01 111.63 88.70 102.74 107.30  4.74 4.79 4.76 3.95 4.88 4.00 
107.61 100.51 104.06 92.30 95.96 80.50  5.09 4.69 4.89 4.19 5.71 3.88 
93.06 104.29 98.67 107.80 99.74 101.80  4.95 4.64 4.79 4.21 5.07 3.95 
111.47 112.41 111.94 106.80 112.77 116.40  4.72 4.79 4.76 4.48 5.14 4.38 
123.21 111.65 117.43 141.70 130.73 123.70  5.00 4.76 4.88 4.60 5.44 4.43 
123.67 122.06 122.87 115.50 123.92 118.30  5.24 5.41 5.32 4.87 6.09 4.81 
96.26 107.17 101.72 112.80 102.82 118.40  3.88 4.61 4.25 3.96 4.51 4.36 
91.15 96.82 93.99 98.70 83.17 81.90  4.05 4.17 4.11 3.82 4.53 3.45 
87.83 91.66 89.75 85.80 86.61 85.20  3.11 3.40 3.25 3.01 3.64 2.87 
87.11 82.08 84.60 92.60 85.94 87.50  4.67 4.50 4.59 4.16 4.65 3.71 
113.54 108.49 111.02 112.50 112.59 107.50  4.85 4.64 4.75 4.37 5.18 4.22 
97.77 105.44 101.61 92.90 101.67 93.50  3.98 4.30 4.14 3.45 4.42 3.40 

             
             
             

VE  1min      VO2  1min     
Cosmed Cosmed 

rpt 
avge cart cos 

sync 
cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

72.70 63.20 67.95 58.00 73.17 63.80  3.29 3.21 3.25 2.54 4.29 2.34 
90.63 56.13 73.38 56.10 66.24 59.20  4.92 2.91 3.92 2.46 4.02 2.43 
84.37 85.65 85.01 80.50 87.24 81.2  4.03 3.67 3.85 3.21 4.62 2.96 
73.83 74.05 73.94 81.60 80.75 81.00  3.54 3.76 3.65 3.67 4.05 2.78 
96.20 97.35 96.78 122.50 106.40 94.20  3.84 3.86 3.85 3.59 4.39 3.10 
95.60 98.97 97.29 82.40 95.88 84.40  4.13 4.10 4.12 3.09 4.62 3.35 
60.98 63.78 62.38 70.20 69.03 68.90  3.07 3.07 3.07 2.66 3.60 3.09 
74.37 73.17 73.77 70.00 71.17 67.90  3.05 3.25 3.15 2.38 3.55 2.44 
78.30 62.79 70.55 66.80 80.29 74.90  2.17 2.18 2.17 2.26 2.71 1.96 
71.77 70.33 71.05 65.20 64.93 61.60  3.74 3.22 3.48 2.59 3.51 2.23 
77.32 78.93 78.13 76.20 86.27 80.40  3.58 3.28 3.43 2.81 4.30 2.85 
76.75 81.37 79.06 68.20 75.61 69.30  2.90 2.91 2.90 2.34 3.48 2.34 
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VCO2 10 min     
Cosmed Cosmed 

rpt 
avge cart cos sync cart sync

3.30 2.96 3.13 2.74 3.21 2.55 
3.00 3.05 3.03 2.81 3.61 2.62 
3.17 3.08 3.12 2.62 3.42 2.49 
3.22 3.33 3.28 3.26 3.97 3.07 
3.55 3.53 3.54 3.34 4.04 3.17 
3.58 3.68 3.63 3.13 4.02 3.01 
2.88 3.13 3.00 2.77 3.60 3.09 
2.67 2.77 2.72 2.45 3.23 2.33 
2.87 2.75 2.81 2.58 3.45 2.72 
2.89 2.75 2.82 2.41 2.96 2.17 
3.10 3.02 3.06 2.79 3.50 2.57 
3.06 2.86 2.96 2.36 3.29 2.28 

      
      

VCO2  3 min     
Cosmed Cosmed 

rpt 
avge cart cos sync cart sync

5.12 5.07 5.10 4.24 5.20 4.37 
5.52 5.11 5.31 4.63 6.04 4.05 
4.89 4.97 4.93 4.62 4.88 3.91 
5.44 5.48 5.46 5.66 6.09 5.13 
5.41 5.00 5.20 5.45 5.99 4.95 
5.66 5.58 5.62 5.15 5.98 4.86 
4.24 5.19 4.72 4.81 5.75 5.26 
4.10 4.28 4.19 4.06 4.77 3.64 
4.11 4.35 4.23 3.89 4.60 3.66 
4.52 4.35 4.43 3.96 4.52 3.74 
5.30 4.93 5.12 4.71 5.52 4.40 
4.51 4.65 4.58 4.00 4.85 3.80 

      
      

VCO2  1 min     
Cosmed Cosmed 

rpt 
avge cart cos sync cart sync

2.85 2.59 2.72 1.99 3.39 1.85 
3.71 2.24 2.97 1.89 3.28 1.98 
3.42 3.50 3.46 2.98 3.97 2.34 
3.05 2.97 3.01 2.94 3.43 2.13 
3.60 3.68 3.64 3.58 4.10 2.81 
3.83 3.75 3.79 2.93 4.07 2.84 
2.44 2.62 2.53 2.15 3.01 2.31 
2.77 2.87 2.82 2.08 3.29 2.15 
2.01 1.86 1.93 1.81 2.42 1.61 
3.18 2.93 3.06 2.07 3.02 1.91 
2.78 2.75 2.77 2.17 3.48 2.21 
2.71 2.63 2.67 1.97 3.03 1.89 
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FeO2 10 min      FeCO2 10min     
Cosmed Cosmed 

rpt 
avge cart cos 

sync 
cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

15.98 15.99 15.98 16.30 15.55 16.90  4.82 4.82 4.82 4.61 5.14 3.91 
15.53 15.91 15.72 16.16 14.88 16.35  5.13 4.92 5.02 4.69 5.72 4.36 
15.91 16.15 16.03 16.29 15.28 16.62  4.65 4.61 4.63 4.51 5.01 3.91 
16.00 16.18 16.09 15.43 15.44 16.82  4.75 4.52 4.64 5.30 5.20 3.94 
15.80 15.67 15.74 16.73 15.94 16.97  4.95 4.91 4.93 4.18 4.64 3.85 
15.87 16.00 15.94 16.38 15.26 16.46  4.78 4.64 4.71 4.66 5.03 4.14 
16.22 15.72 15.97 16.26 15.26 16.48  4.55 5.09 4.82 4.56 5.77 4.40 
15.95 15.21 15.58 16.40 14.49 16.26  4.63 5.17 4.90 4.30 6.00 4.47 
16.52 16.99 16.76 16.27 15.78 16.91  4.52 4.09 4.31 4.80 5.31 4.26 
15.28 15.60 15.44 16.53 15.22 16.77  5.16 5.06 5.11 4.12 5.36 3.97 
15.88 15.99 15.93 16.80 15.62 16.90  4.53 4.51 4.52 3.86 4.86 3.71 
16.13 16.41 16.27 16.92 15.68 16.92  4.67 4.33 4.50 3.97 4.74 3.79 

             
             

FeO2 3 min      FeCO2 3 min     
Cosmed Cosmed 

rpt 
avge cart cos 

sync 
cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

16.82 16.35 16.59 16.43 16.11 17.15  4.41 4.83 4.62 4.78 5.10 4.07 
16.12 16.17 16.15 16.30 14.90 16.08  5.17 5.12 5.14 5.02 6.34 5.03 
15.62 16.41 16.02 16.96 15.88 17.08  5.29 4.81 5.05 4.28 4.94 3.84 
16.56 16.54 16.55 16.52 16.19 17.05  4.92 4.92 4.92 5.30 5.44 4.40 
16.80 16.62 16.71 17.58 16.68 17.28  4.43 4.52 4.47 3.84 4.62 4.00 
16.62 16.47 16.54 16.68 16.03 16.88  4.61 4.61 4.61 4.46 4.87 4.11 
16.82 16.51 16.66 17.28 16.29 17.11  4.44 4.89 4.66 4.27 5.63 4.44 
16.47 16.60 16.53 17.03 15.42 16.69  4.54 4.46 4.50 4.11 5.78 4.45 
17.15 17.00 17.08 17.22 16.50 17.39  4.72 4.79 4.75 4.54 5.35 4.29 
15.60 15.48 15.54 16.50 15.54 16.70  5.23 5.33 5.28 4.28 5.30 4.27 
16.57 16.59 16.58 17.00 16.26 16.99  4.71 4.58 4.65 4.19 4.95 4.09 
16.75 16.78 16.76 17.11 16.49 17.22  4.66 4.45 4.55 4.31 4.81 4.07 

             
             

FeO2  1 min      FeCO2 1 min     
Cosmed Cosmed 

rpt 
avge cart cos 

sync 
cart 
sync 

 Cosmed Cosmed 
rpt 

avge cart cos 
sync 

cart 
sync 

16.53 16.05 16.29 16.77 15.32 17.44  3.95 4.14 4.05 3.43 4.68 2.90 
15.77 15.99 15.88 16.78 15.10 17.00  4.13 4.02 4.08 3.37 4.99 3.34 
16.30 16.69 16.49 17.02 15.78 17.46  4.10 4.13 4.11 3.71 4.60 2.88 
16.27 16.07 16.17 16.63 16.07 17.68  4.17 4.05 4.11 3.60 4.29 2.63 
16.99 17.00 16.99 18.02 16.86 17.72  3.78 3.82 3.80 2.93 3.89 2.99 
16.67 16.86 16.76 17.24 16.23 17.10  4.05 3.83 3.94 3.56 4.28 3.37 
16.11 16.27 16.19 17.32 15.90 16.70  4.04 4.15 4.10 3.06 4.40 3.36 
16.91 16.60 16.75 17.64 16.01 17.45  3.76 3.96 3.86 2.97 4.66 3.17 
18.20 17.57 17.88 17.71 17.63 18.43  2.60 3.00 2.80 2.70 3.05 2.15 
15.89 16.43 16.16 17.14 15.68 17.44  4.47 4.21 4.34 3.17 4.69 3.10 
16.51 16.91 16.71 17.44 16.14 17.57  3.64 3.53 3.58 2.84 4.08 2.75 
17.20 17.43 17.31 17.63 16.45 17.71  3.57 3.27 3.42 2.89 4.04 2.72 
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 Test - Retest - Cosmed 

K4b2
     

         
    VO2     
 Subject   Test 1 Test 2 Diff Indiv 

Means
d2

 1   3.45 3.09 0.37 3.27 0.14 
 2   3.22 3.31 -0.08 3.27 0.01 
 3   3.52 3.23 0.29 3.37 0.09 
 4   3.41 3.57 -0.17 3.49 0.03 
 5   3.74 3.88 -0.14 3.81 0.02 
 6   3.89 4.01 -0.12 3.95 0.01 
 7   3.04 3.24 -0.20 3.14 0.04 
 8   2.95 3.17 -0.22 3.06 0.05 
 9   2.81 2.65 0.15 2.73 0.02 
 10   3.27 2.96 0.30 3.11 0.09 
 11   3.59 3.42 0.17 3.51 0.03 
 12   3.20 3.05 0.15 3.13 0.02 
  

1 
   

4.74 
 

4.79 
 

-0.06 
 

4.76 
 

0.00 
 2   5.09 4.69 0.40 4.89 0.16 
 3   4.95 4.64 0.31 4.79 0.10 
 4   4.72 4.79 -0.06 4.76 0.00 
 5   5.00 4.76 0.23 4.88 0.06 
 6   5.24 5.41 -0.16 5.32 0.03 
 7   3.88 4.61 -0.73 4.25 0.53 
 8   4.05 4.17 -0.12 4.11 0.01 
 9   3.11 3.40 -0.29 3.25 0.08 
 10   4.67 4.50 0.17 4.59 0.03 
 11   4.85 4.64 0.21 4.75 0.04 
 12   3.98 4.30 -0.32 4.14 0.10 
  

1 
   

3.29 
 

3.21 
 

0.08 
 

3.25 
 

0.01 
 2   4.92 2.91 2.01 3.92 4.05 
 3   4.03 3.67 0.37 3.85 0.14 
 4   3.54 3.76 -0.22 3.65 0.05 
 5   3.84 3.86 -0.02 3.85 0.00 
 6   4.13 4.10 0.03 4.12 0.00 
 7   3.07 3.07 0.00 3.07 0.00 
 8   3.05 3.25 -0.20 3.15 0.04 
 9   2.17 2.18 -0.01 2.17 0.00 
 10   3.74 3.22 0.51 3.48 0.26 
 11   3.58 3.28 0.31 3.43 0.09 
 12   2.90 2.91 0.00 2.90 0.00 
 Sum   136.64 133.70 2.94  6.32 
 Average   3.80 3.71 0.08   
 SD   0.77 0.75 0.42   
         
 Limits of Agreement (SD 

x 1.96) 
 LoA= 0.82   

 Bias = average of mean 
diffs 

 Bias = 0.08   

     2 x SD= 0.83   
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Test - Retest - Cosmed 
K4b2

      

   VE      
Subject   Test 1 Test 2 Diff Indiv 

Means
d2  

1   69.16 61.93 7.24 65.54 52.40  
2   58.92 65.43 -6.51 62.17 42.43  
3   68.68 66.80 1.88 67.74 3.55  
4   68.38 74.25 -5.87 71.32 34.45  
5   72.21 72.46 -0.25 72.33 0.06  
6   75.62 79.95 -4.32 77.79 18.69  
7   63.87 61.84 2.03 62.86 4.11  
8   58.14 53.94 4.20 56.04 17.64  
9   64.01 67.84 -3.82 65.92 14.63  
10   56.39 54.83 1.56 55.61 2.44  
11   69.08 67.56 1.52 68.32 2.31  
12   66.05 66.59 -0.53 66.32 0.29  

 
1 

   
117.24 

 
106.01 

 
11.23

 
111.63

 
126.03 

 

2   107.61 100.51 7.11 104.06 50.48  
3   93.06 104.29 -11.23 98.67 126.06  
4   111.47 112.41 -0.94 111.94 0.88  
5   123.21 111.65 11.56 117.43 133.65  
6   123.67 122.06 1.61 122.87 2.59  
7   96.26 107.17 -10.91 101.72 118.98  
8   91.15 96.82 -5.67 93.99 32.16  
9   87.83 91.66 -3.82 89.75 14.63  
10   87.11 82.08 5.03 84.60 25.33  
11   113.54 108.49 5.05 111.02 25.50  
12   97.77 105.44 -7.68 101.61 58.95  

 
1 

   
72.70 

 
63.20 

 
9.50 

 
67.95 

 
90.28 

 

2   90.63 56.13 34.49 73.38 1189.88  
3   84.37 85.65 -1.28 85.01 1.63  
4   73.83 74.05 -0.22 73.94 0.05  
5   96.20 97.35 -1.15 96.78 1.33  
6   95.60 98.97 -3.37 97.29 11.36  
7   60.98 63.78 -2.80 62.38 7.83  
8   74.37 73.17 1.20 73.77 1.43  
9   78.30 62.79 15.52 70.55 240.76  
10   71.77 70.33 1.44 71.05 2.07  
11   77.32 78.93 -1.60 78.13 2.57  
12   76.75 81.37 -4.62 79.06 21.38  

Sum   2993.29 2947.73 45.56  2478.81  
Average   83.15 81.88 1.27    

SD   19.01 19.43 8.32    
         

Limits of Agreement (SD 
x 1.96) 

 LoA= 16.30    

Bias = average of mean 
diffs 

 Bias = 1.27    

    2 x SD= 16.63    
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Test - Retest – 
Cosmed K4b2

       

   VCO2      
Subject   Test 1 Test 2 Diff Indiv 

Means
d2  

1   3.30 2.96 0.35 3.13 0.12  
2   3.00 3.05 -0.05 3.03 0.00  
3   3.17 3.08 0.09 3.12 0.01  
4   3.22 3.33 -0.11 3.28 0.01  
5   3.55 3.53 0.02 3.54 0.00  
6   3.58 3.68 -0.10 3.63 0.01  
7   2.88 3.13 -0.24 3.00 0.06  
8   2.67 2.77 -0.10 2.72 0.01  
9   2.87 2.75 0.12 2.81 0.01  
10   2.89 2.75 0.14 2.82 0.02  
11   3.10 3.02 0.08 3.06 0.01  
12   3.06 2.86 0.20 2.96 0.04  

 
1 

   
5.12 

 
5.07 

 
0.05 

 
5.10 

 
0.00 

 

2   5.52 5.11 0.41 5.31 0.17  
3   4.89 4.97 -0.09 4.93 0.01  
4   5.44 5.48 -0.04 5.46 0.00  
5   5.41 5.00 0.41 5.20 0.17  
6   5.66 5.58 0.08 5.62 0.01  
7   4.24 5.19 -0.95 4.72 0.91  
8   4.10 4.28 -0.18 4.19 0.03  
9   4.11 4.35 -0.24 4.23 0.06  
10   4.52 4.35 0.18 4.43 0.03  
11   5.30 4.93 0.37 5.12 0.14  
12   4.51 4.65 -0.14 4.58 0.02  

 
1 

   
2.85 

 
2.59 

 
0.26 

 
2.72 

 
0.07 

 

2   3.71 2.24 1.47 2.97 2.16  
3   3.42 3.50 -0.08 3.46 0.01  
4   3.05 2.97 0.07 3.01 0.01  
5   3.60 3.68 -0.08 3.64 0.01  
6   3.83 3.75 0.08 3.79 0.01  
7   2.44 2.62 -0.18 2.53 0.03  
8   2.77 2.87 -0.10 2.82 0.01  
9   2.01 1.86 0.15 1.93 0.02  
10   3.18 2.93 0.24 3.06 0.06  
11   2.78 2.75 0.03 2.77 0.00  
12   2.71 2.63 0.08 2.67 0.01  

Sum   132.44 130.25 2.19  4.23  
Average   3.68 3.62 0.06    

SD   1.00 1.03 0.34    
         

Limits of Agreement (SD 
x 1.96) 

 LoA= 0.67    

Bias = average of mean 
diffs 

 Bias = 0.06    

    2 x SD= 0.68    
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3000-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

LB M 19 172 59.00 69.50 4.10 3.86 94 9.26 566 192 185 96
JK M 21 183 73.20 62.84 4.68 3.94 84 9.50 590 190 191 100
SM M 26 186 84.00 62.00 5.20 5.10 98 9.52 592 187 184 98
RB M 23 188 73.10 73.00 5.40 4.81 89 9.21 561 181 174 96
GL M 24 180 69.70 66.15 4.61 4.59 99 10.10 610 189 189 100
HM M 27 183 67.50 69.70 4.71 4.66 99 9.14 554 190 184 97
MC M 28 175 75.10 71.59 5.38 5.41 101 10.02 602 180 180 100
NF M 38 165 62.20 73.89 4.58 3.78 83 9.07 547 181 178 98

Mean 25.7 179.0 70.49 68.58 4.83 4.52 93.38 9.48 577.7 186.3 183.1 98.1
SD 5.8 7.8 7.8 4.49 0.45 0.60 7.15 0.39 23.6 4.8 5.6 1.7

KM F 24 171 63.30 56.56 3.58 3.51 98 12.00 720 190 188 99
GG F 28 167 56.60 47.36 2.72 2.94 107 11.10 670 196 196 100

Mean 26.0 169.0 59.96 51.96 3.15 3.23 102.50 11.55 695.0 193.0 192.0 99.5
SD 2.8 2.8 4.72 6.51 0.61 0.40 6.36 0.64 35.4 4.2 5.7 0.7
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AOD Lactate/PCr
Acc VO2 AOD % aerobic %anaerobic  O2 cost  O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic  O2 cost  O2 Cost

(ml.kg-1) ml.kg.-1m-1 ml.kg.-1s-1 Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

544.33 83.89 86.64 13.46 0.209 1.110 8.50 7.3 21.9 21.7 43.6 7.42 0.196 1.039
495.86 69.59 87.69 12.31 0.188 0.958 12.10 10.9 32.7 21.36 54.1 9.83 0.183 0.932
520.63 66.07 88.74 11.26 0.196 0.991 10.20 9.0 27.0 21.70 48.7 8.55 0.190 0.962
503.81 157.50 76.18 23.82 0.220 1.179 10.20 9.0 27.0 21.70 48.7 8.81 0.184 0.985
575.83 65.62 89.77 10.23 0.214 1.052 8.20 7.0 21.0 22.60 43.6 7.04 0.206 1.015
559.65 15.59 97.29 2.71 0.192 1.038 6.90 5.7 17.1 21.70 38.8 6.48 0.199 1.080
604.66 106.52 85.02 14.98 0.237 1.181 5.90 4.7 14.1 21.77 35.9 5.60 0.214 1.064
446.01 140.32 76.07 23.93 0.195 1.072 6.80 5.6 16.8 21.32 38.1 7.87 0.161 0.885

531.35 88.14 85.93 14.09 0.206 1.073 8.60 7.40 22.20 21.73 43.93 7.00 0.192 0.995
50.34 24.40 7.05 7.05 0.017 0.081 2.10 2.10 6.31 0.39 6.25 1.50 0.02 0.07

568.49 47.46 92.29 7.71 0.205 0.855 6.20 5.0 15.0 20.4 35.4 5.87 0.201 0.839
458.97 21.05 95.61 4.39 0.160 0.716 9.90 8.7 26.1 22.3 48.4 9.54 0.169 0.757

513.73 34.26 93.95 6.05 0.183 0.786 8.05 6.85 20.55 21.38 41.93 7.60 0.19 0.80
77.44 18.67 2.35 2.35 0.032 0.098 2.62 2.62 7.85 1.34 9.19 1.80 0.02 0.06
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           0-200          200-400           400-600          600-800           800-1000         1000-1200         1200-1400         1400-1600
aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic
45.40 54.59 85.49 14.51 94.34 5.66
46.47 53.53 74.75 25.25 82.16 17.84 88.22 11.78 90.88 9.12 92.70 7.30 93.06 6.94 94.87 5.13

57.21 42.79 85.45 14.55 87.49 12.51 98.53 1.47
47.85 52.15 68.54 31.46 69.62 30.38 73.26 26.74 75.13 24.87 78.57 21.43 79.17 20.83 80.43 19.57
38.74 61.26 76.66 23.34 87.32 12.68 87.76 12.24 90.78 9.22 94.21 5.79 98.11 1.89 100.00 0.00
78.48 19.52 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 82.01 17.99 100.00 0.00 100.00 0.00
40.36 59.64 74.90 25.10 81.26 18.74 86.79 13.21 88.20 11.80 89.73 10.27 91.15 8.85 93.33 6.67
32.70 67.30 70.32 29.68 77.92 22.08 77.67 22.33 79.60 20.40 75.23 24.77 79.64 20.36 74.35 25.65

47.14 52.57 74.63 25.37 83.40 16.60 85.59 14.41 87.43 12.57 85.71 14.29 90.78 9.22 91.64 8.36
14.78 15.49 12.95 12.95 9.32 9.32 8.52 8.52 8.88 8.88 7.24 7.24 8.32 8.32 10.21 10.21

76.24 23.76 87.58 12.42 83.17 16.83 91.47 8.53 88.17 11.83 92.25 7.75 93.42 6.58 98.10 1.90
55.31 44.39 85.65 14.35 92.41 7.59 98.45 1.55 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00

65.78 34.08 86.62 13.39 87.79 12.21 94.96 5.04 94.09 5.92 96.13 3.88 96.71 3.29 99.05 0.95
14.80 14.59 1.36 1.36 6.53 6.53 4.94 4.94 8.37 8.37 5.48 5.48 4.65 4.65 1.34 1.34
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        1600-1800         1800-2000        2000-2200         2200-2400         2400-2600         2600-2800         2800-3000
aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic
91.32 8.68 92.10 7.90 84.24 15.76
91.25 8.75 98.17 1.83 92.33 7.67 96.72 3.28 91.25 8.75 92.70 7.30 86.75 13.25

100.00 0.00 96.51 3.49 100.00 0.00 78.72 21.28
81.34 18.66 82.02 17.98 84.41 15.59 83.21 16.79 82.41 17.59 79.38 20.62 75.91 24.09
96.59 3.41 97.94 2.06 98.07 1.93 98.98 1.02 96.97 3.03 95.66 4.34 89.44 10.56
100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00
93.00 7.00 90.91 9.03 92.71 7.29 93.13 6.87 92.55 7.45 86.67 13.93 82.94 17.06
90.63 9.37 83.65 16.35 82.01 17.99 83.82 16.18 82.11 17.89 80.16 19.84 69.82 30.18

92.02 7.98 93.10 6.89 91.59 8.41 93.20 6.80 90.88 9.12 90.65 9.43 83.48 16.52
5.81 5.81 7.19 7.19 7.18 7.18 6.96 6.96 7.37 7.37 8.73 8.78 9.15 9.15

95.36 4.64 93.03 6.97 97.27 2.73 99.15 0.85 97.27 2.73 99.93 0.07 92.72 7.28
100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00

97.68 2.32 96.52 3.49 98.64 1.37 99.58 0.43 98.64 1.37 99.97 0.04 96.36 3.64
3.28 3.28 4.93 4.93 1.93 1.93 0.60 0.60 1.93 1.93 0.05 0.05 5.15 5.15
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Speed (km.h-1) Avge
0-200 200-400 400-600 600-800 800-10001000-12001200-14001400-16001600-18001800-20002000-22002200-2400 2400-26002600-28002800-3000 km.h-1 m.s-1

24.87 18.95 17.89 18.46 15.00 19.50 19.11 5.31
21.18 18.95 18.95 18.46 18.00 18.00 18.00 18.00 18.00 17.56 18.00 17.56 18.00 18.00 18.46 18.34 5.09

20.57 19.46 19.20 17.35 16.55 17.56 16.55 21.18 18.55 5.15
19.67 18.79 18.89 19.14 19.20 19.08 19.20 19.14 19.20 18.85 18.99 19.04 19.30 19.07 20.63 19.21 5.34
20.40 18.46 17.47 17.51 17.34 17.56 17.47 17.30 17.56 17.39 17.10 17.22 17.06 17.60 18.46 17.73 4.92
19.45 19.62 19.62 19.89 19.67 19.94 19.46 19.94 19.67 19.46 19.10 19.20 18.89 19.14 18.99 19.47 5.41
20.40 18.89 18.56 17.87 17.87 17.39 17.39 17.34 17.47 17.82 17.47 17.43 17.06 18.09 18.37 17.96 4.99
20.00 19.62 18.95 19.25 18.95 20.22 19.83 21.42 10.00 19.51 19.67 19.40 19.78 20.17 21.56 19.22 5.34

20.85 19.27 18.77 18.80 18.51 18.77 18.46 18.64 17.19 17.77 18.39 18.20 18.35 18.37 19.64 18.70 5.19
1.86 0.72 0.65 0.87 0.90 1.13 1.01 1.59 3.28 1.53 1.02 0.96 1.16 1.19 1.30 0.65 0.18

15.65 15.00 15.65 15.00 15.65 15.00 15.00 14.40 15.00 15.00 14.69 14.40 14.64 14.40 15.32 14.99 4.16
18.32 17.87 17.31 16.90 16.40 16.17 15.85 15.58 15.35 15.45 15.35 15.38 15.22 15.28 15.92 16.16 4.49
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1500-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

LB M 19 172 59.00 69.50 4.10 3.91 95 4.13 253.00 192 183 95
JK M 21 183 73.20 62.84 4.68 4.09 87 4.23 263.00 190 188 98
SM M 26 186 84.00 62.00 5.20 4.75 91 4.22 262.00 187 186 99
SS M 22 175 68.70 64.26 4.37 3.97 91 4.40 280.00 200 191 96
RB M 23 188 73.10 73.00 5.40 4.95 92 4.13 253.00 181 172 95
LW M 26 181 71.90 64.95 4.67 4.32 93 4.27 267.00 191 192 100
AT M 27 192 77.90 69.07 5.32 5.08 95 4.16 256.00 195 195 100
NF M 38 165 62.20 73.89 4.58 4.37 95 4.18 258.00 181 173 96
DV M 29 177 65.80 59.40 3.91 3.80 97 4.30 270.00 197 196 99
MD M 16 174 62.50 62.65 3.90 3.88 99 4.28 268.00 196 196 100

Mean 24.7 179.3 69.84 66.16 4.61 4.31 93.50 4.23 263.00 191.0 187.2 97.8
SD 6.1 8.2 7.73 4.92 0.56 0.47 3.44 0.09 8.52 6.5 8.9 2.1

LH F 17 168 51.00 51.74 2.64 2.66 101 5.20 320.00 189 185 98
HO F 21 182 66.60 52.50 3.49 3.36 96 5.25 325.00 193 193 100
GG F 28 167 56.62 40.61 2.70 2.64 97 5.10 310.00 185 185 100
GC F 16 163 49.12 46.94 2.30 2.36 102 5.12 312.00 197 192 97

Mean 20.5 170.0 55.84 49.75 2.78 2.76 99.00 5.17 316.75 191.0 188.8 98.8
SD 5.4 8.3 7.85 5.48 0.50 0.43 2.94 0.07 6.99 5.2 4.3 1.5
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AOD Lactate/PCr
Acc VO2 AOD % aerobic %anaerobic  O2 cost O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic O2 cost  O2 Cost

(ml.kg-1) ml.kg.-1m-1 ml.kg.-1s-1 Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

235.01 73.38 76.21 23.79 0.206 1.219 11.20 10.0 30.0 22.00 52.0 18.12 0.191 1.134
204.76 71.51 74.12 25.88 0.184 1.050 14.00 12.8 38.4 21.36 59.8 22.59 0.176 1.006
215.51 77.97 73.43 26.57 0.196 1.120 13.60 12.4 37.2 22.30 59.5 21.64 0.183 1.050
246.27 68.09 78.34 21.66 0.210 1.123 11.00 9.8 29.4 22.00 51.4 17.27 0.198 1.063
234.77 106.44 68.81 31.19 0.227 1.349 8.20 7.0 21.0 21.70 42.7 15.39 0.185 1.097
209.80 111.44 65.31 34.69 0.214 1.203 13.60 12.4 37.2 21.39 58.6 21.83 0.179 1.005
232.56 44.94 83.81 16.19 0.185 1.084 12.00 10.8 32.4 23.06 55.5 19.26 0.192 1.125
234.72 62.25 79.04 20.96 0.198 1.151 11.60 10.4 31.2 21.32 52.5 18.28 0.191 1.113
238.51 28.94 89.18 10.82 0.178 0.991 10.10 8.9 26.7 23.05 49.8 17.26 0.192 1.068
257.83 65.22 79.81 20.19 0.215 1.205 9.20 8.0 24.0 23.1 47.1 15.45 0.203 1.138

230.97 71.02 76.80 23.20 0.201 1.150 #DIV/0! 11.48 10.28 30.83 22.14 52.98 19.11 0.201 1.074
16.44 24.75 6.94 6.94 0.016 0.101 #DIV/0! 1.94 1.94 5.81 0.93 4.16 1.94 0.009 0.049

220.34 21.76 91.01 8.99 0.161 0.757 10.20 9.0 27.0 14.3 41.3 15.79 0.174 0.818
210.56 40.84 83.75 16.25 0.168 0.774 10.50 9.3 27.9 21.0 48.9 18.86 0.173 0.798
223.00 18.07 92.50 7.50 0.161 0.778 10.40 9.2 27.6 22.3 49.9 18.29 0.182 0.880
187.81 63.88 74.62 25.38 0.168 0.807 11.20 10.0 30.0 19.4 49.4 20.82 0.158 0.760

210.43 36.14 85.47 14.53 0.164 0.779 10.58 9.38 28.13 16.84 45.34 18.30 0.172 0.814
16.00 21.02 8.18 8.18 0.004 0.021 0.43 0.43 1.30 3.59 5.71 3.56 0.010 0.050
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           0-100          100-300           300-500          500-700          700-900         900-1100         1100-1300         1300-1500
aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic
45.51 54.49 64.48 35.52 74.12 25.88 80.51 19.49 78.09 21.91 85.14 14.86 80.65 19.35 83.99 16.01
36.46 63.54 63.87 36.13 75.69 24.31 82.29 17.71 78.31 21.69 75.91 24.09 76.41 23.59 81.68 18.32
21.25 78.75 60.06 39.94 72.42 27.58 76.45 23.55 80.34 19.66 86.73 13.27 82.42 17.58 81.39 18.61
28.76 71.24 60.64 39.36 74.94 25.06 82.59 17.41 92.78 7.22 85.72 14.28 92.61 7.39 83.19 16.81
29.98 70.02 57.02 42.98 71.65 28.35 67.08 32.92 76.98 23.02 80.30 19.70 77.01 22.99 70.51 29.49
19.63 80.37 55.84 44.16 65.51 34.49 68.28 31.72 69.67 30.33 73.17 26.83 70.51 29.49 71.29 28.71
41.24 58.76 77.08 22.92 87.29 12.71 88.74 11.26 90.76 9.24 91.49 8.51 89.17 10.83 82.64 17.31
29.31 70.69 70.93 29.07 77.71 22.29 78.92 21.08 85.94 14.06 90.67 9.33 89.33 10.67 83.01 16.99
37.83 62.17 74.68 25.32 88.00 12.00 90.40 9.60 97.51 2.49 100.00 0.00 100.00 0.00 98.01 1.99
33.25 66.75 61.64 38.36 80.41 19.59 84.33 15.67 87.49 12.51 92.03 7.97 90.07 9.93 86.11 13.89

32.32 67.68 64.62 35.38 76.77 23.23 79.96 20.04 83.79 16.21 86.12 13.88 84.82 15.18 82.18 17.81
8.25 8.25 7.28 7.28 6.95 6.95 7.70 7.70 8.54 8.54 8.06 8.06 8.93 8.93 7.65 7.65

32.91 67.09 71.37 28.63 90.79 9.21 99.95 0.05 100.00 0.00 100.00 0.00 100.00 0.00 100.00 0.00
24.42 75.58 58.51 41.49 85.61 14.39 89.10 10.90 91.15 8.85 96.18 3.82 97.54 2.46 96.64 3.36
31.53 68.47 81.19 18.81 95.12 18.81 95.12 4.18 100.00 0.00 100.00 0.00 100.00 0.00 99.08 0.92
15.69 84.31 57.00 43.00 71.16 28.84 80.98 19.02 85.88 14.12 91.26 8.74 85.97 14.03 79.71 20.29

26.14 73.86 67.02 32.98 85.67 17.81 91.29 8.54 94.26 5.74 96.86 3.14 95.88 4.12 93.86 6.14
7.90 7.90 11.44 11.44 10.43 8.33 8.18 8.30 6.97 6.97 4.14 4.14 6.71 6.71 9.54 9.54
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Speed (km.h-1) Avge
   0-100 100-300 300-500 500-700 700-900 900-1100 1100-1300 1300-1500 km.h-1 m.s-1

25.35 23.30 22.57 20.45 21.36 19.41 20.75 20.22 21.68 6.02
22.75 21.11 21.05 19.78 20.93 19.78 20.93 19.15 20.69 5.75
24.80 23.68 21.82 20.69 19.94 18.70 19.46 18.65 20.97 5.82
21.43 20.34 19.57 18.95 17.56 19.46 18.46 20.00 19.47 5.41
23.68 22.43 20.69 22.36 20.39 20.28 20.51 22.02 21.55 5.98
22.50 19.89 19.61 19.73 20.06 19.78 20.63 20.42 20.33 5.65
23.53 20.87 20.69 20.57 20.63 20.33 21.36 22.15 21.27 5.91
19.81 20.55 20.64 21.18 20.99 20.87 21.05 21.82 20.86 5.80
22.78 19.78 20.22 20.57 19.25 19.41 19.15 19.94 20.14 5.59
23.23 22.36 21.17 19.89 19.41 18.46 19.20 19.50 20.40 5.67

22.99 21.43 20.80 20.42 20.05 19.65 20.15 20.39 20.73 5.76
1.58 1.41 0.92 0.93 1.11 0.73 0.99 1.23 0.68 0.19

22.08 19.80 18.10 16.50 16.07 15.35 15.31 16.04 17.41 4.84
19.35 17.96 16.90 16.36 16.55 15.86 15.72 15.72 16.80 4.67
19.18 18.89 17.73 17.06 16.82 16.55 16.67 17.31 17.53 4.87
21.70 19.89 18.11 16.40 16.04 15.89 15.93 16.49 17.56 4.88
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800-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

SS M 22 175 68.70 64.26 4.37 3.77 86 2.10 130 200 184 92
AD M 17 183 73.00 63.81 4.72 4.32 92 2.01 121 197 197 100
BD M 20 170 61.00 64.00 3.92 3.4 87 2.06 126 189 176 93
MS M 18 179 65.00 57.00 3.67 3.41 93 2.14 134 192 184 96
MiS M 16 179 63.00 59.50 3.63 3.12 86 2.10 130 192 185 96
JK M 21 183 68.00 62.84 4.68 3.77 81 1.59 119 190 185 97
MD M 21 181 68.10 57.50 3.92 3.73 95 1.59 119 190 190 100
AT M 27 192 77.90 69.07 5.32 4.92 92 2.05 125 193 183 95
MD M 16 174 62.55 62.65 3.90 3.64 93 2.10 130 196 190 97

Mean 20 180 67.80 62.25 4.24 3.79 89 1.97 126 193 186 96
SD 4 6 5.60 3.78 0.57 0.54 5 0.22 5 4 6 3

LH F 17 168 51.00 51.74 2.64 2.6 98 2.35 155 189 174 92
KH F 19 170 62.70 59.00 3.72 3.11 84 2.28 148 196 194 99

Mean 18 169 56.90 55.37 3.18 2.86 91 2.32 152 193 184 96
SD 1 1 8.27 5.13 0.76 0.36 10 0.05 5 5 14 5
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AOD Lactate/PCr
Acc VO2 AOD % aerobic %anaerobic O2 cost  O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic  O2 cost  O2 Cost

(ml.kg-1) ml.kg.-1m-1 ml.kg.-1s-1 Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

92.15 79.56 53.66 46.34 0.215 1.321 12.2 11.0 33.0 22.0 55.0 37.38 0.184 1.132
101.2 61.20 62.32 37.68 0.203 1.342 10.2 9.0 27.0 22.5 49.5 32.85 0.188 1.245
81.15 94.26 46.26 53.74 0.219 1.392 9.0 7.8 23.4 23.3 46.7 36.53 0.160 1.015
107.68 51.69 67.57 32.43 0.199 1.189 13.4 12.2 36.6 21.2 57.8 34.93 0.207 1.235
103.73 88.57 53.94 46.06 0.240 1.479 13.1 11.9 35.7 19.8 55.5 34.86 0.199 1.225
91.56 63.09 59.20 40.80 0.193 1.300 16.0 14.8 44.4 22.6 67.0 42.26 0.198 1.332
82.55 60.00 57.91 42.09 0.178 1.198 15.6 14.4 43.2 23.3 66.5 44.62 0.186 1.253
115.03 33.64 77.37 22.63 0.186 1.189 13.2 12.0 36.0 23.1 59.1 33.92 0.218 1.393
110.27 61.09 64.35 35.65 0.214 1.318 8.7 7.5 22.5 23.1 45.6 29.26 0.195 1.199

98.37 65.90 60.29 39.71 0.205 1.303 12.4 11.2 33.5 22.3 55.9 36.62 0.193 1.225
12.12 18.83 9.04 9.04 0.019 0.099 2.6 2.6 7.9 1.2 7.8 5.21 0.016 0.109

101.32 22.94 81.54 18.46 0.155 0.802 10.1 8.9 26.7 14.3 41.0 28.81 0.178 0.918
91.83 64.76 58.64 41.36 0.196 1.058 10.2 9.0 27.0 20.2 47.2 33.94 0.174 0.939

96.58 43.85 70.09 29.91 0.176 0.930 10.2 9.0 26.9 17.2 44.1 31.37 0.176 0.929
    

    

    



        AAAppppppeeennndddiiixxx   EEE   
   

345

   

           0-200          200-400           400-600          600-800 Speed (km.h-1) Avge
aerobic anaerobic aerobic anaerobic aerobic anaerobic aerobic anaerobic 0-200 200-400 400-600 600-800 km.h-1 m.s-1

25.37 74.63 54.83 45.17 63.35 36.65 69.07 30.93 25.17 22.29 21.49 19.72 22.2 6.2
41.36 58.64 70.89 29.11 68.20 31.80 66.75 33.25 25.14 21.68 23.37 22.70 23.2 6.5
25.14 74.86 49.03 50.97 59.02 40.98 63.30 36.70 25.53 23.37 21.62 20.34 22.7 6.3
34.42 65.58 69.55 30.45 79.36 20.64 84.24 15.76 23.45 20.40 19.73 19.05 20.7 5.7
28.35 71.65 52.34 47.66 62.29 37.71 72.94 27.06 25.53 21.49 19.94 18.00 21.2 5.9
45.45 54.55 60.74 39.26 64.09 35.91 63.75 36.25 25.70 24.74 23.22 23.24 24.2 6.7
37.36 62.64 58.43 41.57 69.00 31.00 68.78 31.22 26.66 25.53 22.64 22.36 24.3 6.7
49.47 50.53 85.43 14.57 85.55 14.45 87.79 12.21 24.00 22.93 22.64 22.36 23.0 6.4
45.05 54.95 68.85 31.15 71.93 28.07 69.86 30.14 22.64 21.29 21.00 21.21 21.5 6.0

36.89 63.11 63.34 36.66 69.20 30.80 71.83 28.17 24.87 22.64 21.74 21.00 22.56 6.27
9.14 9.14 11.42 11.42 8.59 8.59 8.62 8.62 1.26 1.68 1.34 1.82 1.27 0.35

49.18 50.28 84.41 15.59 92.84 7.16 97.76 2.24 21.30 18.40 17.91 16.94 18.6 5.2
36.42 63.58 60.35 39.65 67.93 32.07 71.84 28.16 21.29 19.90 18.95 17.66 19.5 5.4

42.80 56.93 72.38 27.62 80.39 19.62 84.80 15.20 21.30 19.15 18.43 17.30 19.04 5.29
9.02 9.40 17.01 17.01 17.61 17.61 18.33 18.33 0.01 1.06 0.74 0.51 0.57 0.16
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400-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

DS M 27 178 71.50 62.45 4.47 3.72 83 50.10 192 189 98
BD M 20 170 61.00 64.00 3.92 2.80 72 51.90 189 180 95
MS M 18 179 65.00 57.00 3.67 3.17 86 54.30 192 193 100
MiS M 16 179 63.00 59.50 3.63 1.84 81 54.90 192 192 100
JS M 26 176 68.80 56.22 3.80 2.61 69 49.70 177
SS M 22 175 68.70 64.26 4.37 3.19 81 55.00 200 179 90
JS M 19 179 67.00 3.15 49.88 197
JK M 21 183 68.00 62.84 4.68 4.36 92 51.50 190 180 95
TB M 29 181 82.85 56.48 4.68 4.19 90 52.10 189 185 98
TJ M 21 177 67.35 62.90 4.28 3.40 80 52.00 199 195 98
MD M 21 181 68.10 57.50 3.92 3.17 81 52.90 190 190 100

Mean 22 178 68.30 60.32 4.14 3.24 82 52.21 193 187 97
SD 4 4 5.63 3.30 0.40 0.71 7 1.92 4 7 3

SA F 30 173 61.60 59.00 3.74 3.19 85 54.30 190 190 100
LH F 17 168 51.00 51.74 2.64 2.14 81 63.00 189 179 95
EC F 19 169 61.10 2.41 60.70 200 200 100
SD F 18 177 56.76 42.28 2.40 2.02 85 65.00 208 202 97
KW F 22 180 64.35 50.03 3.22 2.69 84 56.60 198 196 99
KH F 19 170 62.70 59.00 3.72 2.84 77 62.10 196 194 99

Mean 21 173 59.59 52.41 3.14 2.55 82 60.28 197 194 98
SD 5 5 4.91 6.99 0.61 0.44 3 4.06 7 8 2
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AOD Lactate/PCr
AOD % aerobic %anaerobic  O2 cost  O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic  O2 cost O2 Cost

ml.kg.-1m-1 ml.kg.-1s-1
Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

35.28 52.83 47.17 0.187 1.493 18.5 17.3 51.9 22.7 74.6 65.37 0.285 2.278
67.05 31.27 68.73 0.244 1.880 12.2 11.0 33.0 23.3 56.3 64.86 0.217 1.672
42.61 45.90 54.10 0.197 1.450 13.4 12.2 36.6 21.2 57.8 61.52 0.235 1.730
81.90 20.68 79.32 0.258 1.881 15.2 14.0 42.0 19.8 61.8 74.32 0.208 1.515
48.68 31.70 68.30 0.178 1.434 16.2 15.0 45.0 23.72 68.7 75.26 0.228 1.837
54.78 36.67 63.33 0.216 1.573 13.2 12.0 36.0 22 58.0 64.65 0.224 1.631
40.00 45.24 54.76 0.183 1.465 11.7 10.5 31.5 25.9 57.4 63.46 0.226 1.813
30.00 60.59 39.41 0.190 1.478 12.9 11.7 35.1 22.6 57.7 55.58 0.260 2.016
49.40 44.07 55.93 0.221 1.695 9.9 8.7 26.1 23.03 49.1 55.79 0.220 1.690
48.67 39.74 60.26 0.202 1.553 17.7 16.5 49.5 22.5 72.0 69.17 0.260 2.002
40.15 45.03 54.97 0.183 1.381 12.4 11.2 33.6 23.31 56.9 63.37 0.225 1.698

48.00 41.25 58.75 0.205 1.571 13.9 12.7 38.2 22.73 60.9 64.84 0.235 1.807
14.80 10.98 10.98 0.027 0.174 2.7 2.7 8.0 1.53 7.7 7.10 0.023 0.217

60.00 31.20 68.80 0.218 1.606 15.5 14.3 42.9 21.67 64.6 70.35 0.229 1.690
29.22 52.96 47.04 0.155 0.986 9.7 8.5 25.5 14.3 39.8 54.75 0.182 1.154
36.23 48.96 51.04 0.177 1.170 15.1 13.9 41.7 22.45 64.2 64.86 0.247 1.629
38.95 48.38 51.62 0.189 1.161 12.4 11.2 33.6 22.19 55.8 60.44 0.231 1.420
40.00 43.45 56.55 0.177 1.250 16.7 15.5 46.5 22.57 69.1 69.20 0.250 1.763
46.19 42.20 57.80 0.200 1.287 10.2 9.0 27.0 20.17 47.2 58.31 0.202 1.303

41.77 44.53 55.47 0.186 1.243 13.27 12.07 36.20 20.56 56.8 62.99 0.223 1.493
10.50 7.61 7.61 0.022 0.206 2.93 2.93 8.80 3.19 11.4 6.21 0.027 0.240
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           0-200          200-400 Speed (km.h-1) Avge
aerobic anaerobic aerobic anaerobic 0-200 200-400 km.h-1 m.s-1

38.98 61.02 63.43 36.57 31.03 26.76 28.90 8.03
21.47 78.53 37.87 62.13 28.89 26.67 27.78 7.72
37.49 62.51 50.99 49.01 27.46 25.62 26.54 7.37
17.58 82.42 22.82 77.18 27.91 24.91 26.41 7.34
18.34 81.66 40.99 59.01 30.05 27.89 28.97 8.05
24.21 75.79 45.50 54.50 27.69 24.74 26.22 7.28
29.44 70.56 57.53 42.47 30.00 27.82 28.91 8.03
41.92 58.08 77.27 22.73 29.21 26.75 27.98 7.77
33.35 66.65 51.83 48.17 28.01 27.17 27.59 7.66
28.60 71.40 48.54 51.46 28.34 26.76 27.55 7.65
34.10 65.90 52.34 47.66 28.87 25.62 27.25 7.57

29.59 70.41 49.92 50.08 28.86 26.43 27.64 7.68
8.39 8.39 14.07 14.07 1.13 1.07 1.00 0.28

16.28 83.72 49.99 50.01 28.80 24.24 26.52 7.37
38.87 61.13 63.36 36.64 24.00 21.82 22.91 6.36
33.58 66.42 60.62 39.38 25.00 22.57 23.79 6.61
35.82 64.18 57.57 42.43 22.71 20.17 21.44 5.96
32.07 67.93 50.81 49.19 26.67 24.32 25.50 7.08
28.33 71.67 52.64 47.36 24.16 22.36 23.26 6.46

30.83 69.18 55.83 44.17 25.22 22.58 23.90 6.64
7.96 7.96 5.52 5.52 2.19 1.56 1.84 0.51
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200-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

DS M 27 178 71.50 62.45 4.47 2.79 62 23.40 192 169 88
MS M 18 179 65.00 57.00 3.67 1.40 38 24.50 192
EM M 29 178 73.55 54.11 3.98 2.83 71 25.60 190 175 92
JS M 26 176 68.80 56.22 3.80 2.01 53 22.70 194
JS M 19 179 67.00 2.26 23.20 200
TJ M 21 177 67.35 62.90 4.28 1.82 43 24.60 199 182 92
SR M 20 191 85.20 52.20 4.45 2.47 56 23.60 191 191 100
BE M 18 176 70.70 53.13 3.77 2.73 73 22.40 200 189 95

Mean 22 179 71.14 56.86 4.06 2.29 57 23.75 194 186 93
SD 4 5 6.31 4.31 0.34 0.52 13 1.07 4 11 4

SB F 31 177 63.35 41.00 2.70 0.35 13 26.00 174 174 100
SC F 19 168 60.65 41.54 2.54 1.63 64 27.50 190 100
KW F 22 180 64.35 50.03 3.22 1.95 61 25.80 198 196 99
MR F 29 167 60.80 47.05 2.87 2.15 75 28.50 191 191 100
EC F 19 169 61.10 2.19 26.20 200 197 98

Mean 24 172 62.05 44.91 2.83 1.65 53 26.80 191 190 99
SD 6 6 1.69 4.38 0.29 0.76 28 1.16 10 11 1
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AOD Lactate/PCr
Acc VO2 AOD % aerobic %anaerobic  O2 cost  O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic  O2 cost O2 Cost

(ml.kg-1) ml.kg.-1m-1 ml.kg.-1s-1 Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

15.91 22.08 41.88 58.12 0.190 1.624 11.2 10.0 30.0 22.5 52.5 76.74
6.60 32.77 16.79 83.21 0.197 1.607 6.4 5.2 15.6 21.2 36.8 84.79 0.217 1.771
14.59 28.78 33.64 66.36 0.217 1.694 7.2 6.0 18.0 20.3 38.3 72.39 0.264 2.064
8.77 29.56 22.88 77.12 0.192 1.689 11.7 10.5 31.5 23.7 55.2 86.29 0.320 2.819
10.96 26.72 29.09 70.91 0.188 1.624 7.3 6.1 18.3 25.9 44.2 62.32 0.276 2.378
12.45 29.41 29.74 70.26 0.209 1.702 12.0 10.0 30.0 22.5 52.5 80.83 0.325 2.640
9.01 32.82 21.54 78.46 0.209 1.772 12.5 11.3 33.9 25.3 59.2 86.79 0.341 2.891
11.45 24.79 31.59 68.41 0.181 1.618 14.6 13.4 40.2 22.0 62.2 84.45 0.368 3.288

11.22 28.37 28.39 71.61 0.198 1.666 10.4 9.1 27.2 22.9 50.1 79.33 0.302 2.550
3.10 3.72 7.87 7.87 0.012 0.058 3.0 2.9 8.8 1.9 9.4 8.51 0.052 0.518

7.86 21.7 26.71 73.29 0.148 1.137 10.7 9.5 28.5 23.2 51.7 70.44 0.298 2.291
11.15 21.15 34.53 65.47 0.162 1.175 8.4 7.2 21.6
9.80 26.25 27.18 72.82 0.180 1.397 12.4 11.2 33.6 22.6 56.2 85.14 0.330 2.557
16.23 18.85 46.27 53.73 0.175 1.231 8.8 7.6 22.8 19.9 42.7 72.46 0.295 2.068
11.32 24.75 31.38 68.62 0.180 1.377 13.7 12.5 37.5 22.5 60.0 84.12 0.356 2.720

11.27 22.54 33.21 66.79 0.169 1.263 10.8 9.6 28.8 22.0 52.6 78.04 0.320 2.409
3.10 2.95 7.97 7.97 0.014 0.118 2.3 2.3 6.8 1.5 7.4 7.67 0.029 0.288
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           0-100          100-200 Speed (km.h-1) Avge Speed
aerobic anaerobic aerobic anaerobic 0-100 100-200 km.h-1 m.s-1

30.00 70.00 46.39 53.61 30.25 31.30 30.78 8.55
5.63 94.37 18.02 81.98 28.99 30.15 29.57 8.21
19.73 80.27 40.17 59.83 28.35 27.91 28.13 7.81
11.40 88.60 24.62 75.38 30.48 33.03 31.76 8.82
18.57 81.43 30.32 69.68 30.63 31.17 30.90 8.58
16.38 83.62 34.91 65.09 29.51 28.13 28.82 8.01
8.90 91.10 24.96 75.04 31.30 29.75 30.53 8.48
18.68 81.32 34.97 65.03 31.89 32.43 32.16 8.93

16.16 83.84 31.80 68.21 30.18 30.48 30.33 8.42
7.59 7.59 9.20 9.20 1.18 1.86 1.40 0.39

15.96 84.04 24.95 75.05 27.54 27.73 27.64 7.68
26.52 73.48 32.33 67.78 26.35 25.90 26.13 7.26
12.93 87.07 31.39 68.61 28.13 27.69 27.91 7.75
37.57 62.43 47.16 52.84 25.71 22.15 23.93 6.65
14.54 85.46 38.72 61.28 27.82 27.15 27.49 7.63

21.50 78.50 34.91 65.11 27.11 26.12 26.62 7.39
10.44 10.44 8.41 8.42 1.03 2.34 1.65 0.46
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100-m

Subject Gender Age Height Weight VO2 peak Race VO2 % of max race time max HR race max % of max
(ml.kg.-1min-1) (L.min-1) peak (s) HR

DS M 27 178 71.50 62.45 4.47 2.39 53 12.00 192 161 84
RC M 31 172 79.00 42.90 3.39 0.60 18 11.30 181 177 97
EM M 29 178 73.55 54.11 3.98 0.51 13 11.70 190 178 94
SD M 26 173 81.30 52.44 4.25 1.87 44 11.69 192 164 86
SR M 20 191 85.20 52.20 4.45 1.71 39 11.70 191 190 99
NB M 24 176 64.00 49.68 3.18 0.68 21 11.30 186 172 92
BE M 18 176 70.70 53.13 3.77 1.27 34 11.10 200 181 91
TJ M 21 177 67.35 62.90 4.28 1.53 36 12.10 199 187 94
TB M 29 181 82.85 56.48 4.68 1.46 32 11.30 189 168 89

Mean 25 178 75.05 54.03 4.05 1.34 32 11.5 191 175 92
SD 5 6 7.36 6.18 0.51 0.64 13 0.3 6 10 5

SB F 31 177 63.35 41.00 2.70 0.15 6 13.00 174 170 97
SC F 19 168 60.65 41.54 2.54 1.37 53 13.10 190 190 100
KJ F 25 173 56.08 39.78 2.23 1.04 47 13.50 186
KW F 22 180 64.35 50.03 3.22 0.93 29 12.70 198 196 99
MR F 29 167 60.80 47.05 2.87 1.04 37 13.80 191 191 100
EC F 19 169 61.10 0.57 12.28 200 199 99

Mean 24 172 61.06 43.88 2.71 0.85 34 13.0 190 189 99
SD 5 5 2.87 4.43 0.37 0.43 18 0.5 9 11 1
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AOD Lactate/PCr
Acc VO2 AOD % aerobic %anaerobic O2 cost  O2 Cost Peak La net B La      La       PCr Anaerobic %Anaerobic  O2 cost  O2 Cost

(ml.kg-1) ml.kg.-1m-1 ml.kg.-1s-1 Values contribution contribution     total contribution ml.kg.-1m-1 ml.kg.-1s-1

7.83 12.36 38.78 61.22 0.202 1.683 8.7 7.5 22.5 22.5 45.0 85.18
3.06 16.73 15.46 84.54 0.198 1.751 8.9 7.7 23.1 23.0 46.1 93.78
2.98 19.86 13.05 86.95 0.228 1.952 9.7 8.5 25.5 20.3 45.8 93.88 0.487 4.165
3.61 19.51 15.61 84.39 0.231 1.978 8.8 7.6 22.8 21.3 44.1 92.43 0.477 4.080
3.18 16.59 16.08 83.92 0.198 1.690 11.7 10.5 31.5 25.3 56.8 94.70 0.600 5.127
3.55 12.97 21.49 78.51 0.165 1.462 9.8 8.6 25.8 22.6 48.4 93.17 0.520 4.599
4.69 13.23 26.17 73.83 0.179 1.614 9.2 8.0 24.0 22.0 46.0 90.75 0.507 4.566
5.83 26.32 18.13 81.87 0.322 2.657 6.2 5.0 15.0 22.5 37.5 86.55 0.433 3.581
4.83 18.91 20.35 79.65 0.237 2.101 8.0 6.8 20.4 23.0 43.4 89.99 0.483 4.271

4.40 17.39 20.57 79.43 0.218 1.876 9.0 7.8 23.4 22.5 45.9 91.16 0.501 4.341
1.61 4.41 7.88 7.88 0.046 0.354 1.5 1.5 4.4 1.4 5.1 3.37 0.051 0.486

2.54 11.58 17.13 82.87 0.141 1.086 9.7 8.5 25.5 23.2 48.7 80.79 0.512 3.942
5.91 11.80 33.37 66.63 0.177 1.352 6.5 5.3 15.9
2.85 7.85 26.70 73.70 0.107 0.793 10.6 9.4 28.2 19.7 47.9 94.39 0.508 3.760
4.33 15.00 22.40 77.60 0.193 1.522 8.7 7.5 22.5 22.6 45.1 91.23 0.494 3.890
6.23 12.45 33.35 66.65 0.187 1.354 6.7 5.5 16.5 19.9 36.4 85.39 0.426 3.089
3.28 15.90 17.10 82.90 0.192 1.562 9.8 8.6 25.8 22.5 48.3 93.63 0.515 4.196

4.19 12.43 25.01 75.06 0.166 1.278 8.7 7.5 22.4 21.6 45.3 89.09 0.491 3.775
1.58 2.85 7.40 7.38 0.035 0.291 1.7 1.7 5.1 1.6 5.2 5.83 0.037 0.415
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           0-100 Speed (km.h-1)

aerobic anaerobic 0-100 m.s-1

30.84 69.16 30.00 8.33
17.27 82.73 31.86 8.85
13.05 86.95 30.76 8.54
6.16 93.84 30.80 8.56
5.03 94.97 30.77 8.55
21.49 78.51 31.85 8.85
26.21 73.79 32.43 9.01
26.32 73.68 29.75 8.26
20.35 79.65 31.86 8.85

18.52 81.48 31.12 8.64
9.01 9.01 0.92 0.26

17.13 82.87 27.48 7.63
33.37 66.63 27.48 7.63
26.70 73.30 26.67 7.41
22.40 77.60 28.34 7.87
33.33 66.67 26.09 7.25
17.10 82.90 29.31 8.14

25.01 75.00 27.56 7.66
7.40 7.40 1.15 0.32
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3000 

      

Mono 
Post 

1 2 3 4 5 6 7 8  Mean SD  SEM

VO2b 1036 1815 1091 1745 1433 1528 1517 925  1386 333 118
A1 3026 2568 4094 2965 3255 3346 3785 2742  3223 515 182
tau1 20 40 18 47 33 33 24 21  29 11 4 
td1 1 1 6 1 5 1 4 12  4 4 1 
MSE 15739 55109 46904 45662 71925 45359 31700 35833  43529 16610 5872

             
Bi (20s) 
post 

            

VO2b 936 1594 1034 1356 1279 1276 1496 777  1218 281 99 
A1 3033 2539 4037 2687 3131 3019 3743 2763  3119 521 184
tau1 18 29 16 16 25 16 22 24  21 5 2 
td1 1 1 6 1 4 1 4 6  3 2 1 
A2 113 256 132 787 339 616 81 191  314 257 91 
tau2 80 32 32 105 50 35 80 30  55 29 10 
td2 82 101 115 93 168 96 144 206  126 43 15 
MSE 13001 46630 44787 14897 61849 26626 31083 34964  34230 16565 5856
Atot 4082 4388 5203 4829 4749 4911 5320 3731  4652 548 194

             
Tri Post             
VO2b 1011 1600 1033 1300 1388 1372 1504 960  1271 242 85 
Ao 484 500 400 600 283 1041 598 352  532 234 83 
tau0 16 5 8 3 1 2 4 59  12 19 7 
td0 1 1 1 1 1 1 1 1  1 0 0 
A1 2478 2200 3600 2300 2692 2492 3090 2211  2633 488 173
tau1 18 20 15 14 17 48 20 9  20 12 4 
td1 1 14 6 9 13 1 9 19  9 6 2 
A2 112 30 200 700 382 1 129 205  220 227 80 
tau2 100 110 70 150 17 269 80 20  102 81 29 
td2 74 200 100 115 194 1 106 208  125 72 25 
MSE 14985 70352 47251 19514 55433 32857 30485 27604  37310 18879 6675
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1500 

      

Mono 
Post 

1 2 3 4 5 6 7 8 9 10  Mean SD  SEM 

VO2b 1473 1772 1755 1142 1623 1261 2306 1103 1684 1481  1560 357 113 
A1 2495 2367 3116 3383 3251 2956 2669 3125 2617 2891  2887 339 107 

tau1 10 20 9 34 21 29 18 28 32 22  22 9 3 
td1 7 1 6 1 1 4 5 2 1 2  3 2 1 

MSE 13283 31174 51720 32414 25054 27985 33563 42005 12700 32351  30226 11776 3724 
               

Bi (20s) post              
VO2b 1300 1754 1823 1045 1562 1214 2241 927 1663 1447  1498 396 125 

A1 2653 2383 3057 3188 3141 2714 2702 2957 2220 2883  2790 318 101 
tau1 15 19 13 25 18 21 18 18 18 20  18 3 1 
td1 1 1 1 1 1 4 5 2 1 2  2 1 0 
A2 124 300 1 451 202 419 58 454 511 65  258 192 61 

tau2 106 151 122 66 34 48 80 30 67 60  76 39 12 
td2 143 168 280 126 66 105 109 104 60 99  126 63 20 

MSE 12175 31573 54523 17972 22172 16362 31727 21897 7288 30820  24651 13386 4233 
Atot 4076 4437 4881 4683 4906 4347 5000 4339 4394 4395  4546 303 96 

               
Tri 

Post 
              

VO2b 1470 1700 1754 1045 1626 1266 2277 930 1651 1480  1520 385 122 
Ao 550 300 422 600 611 293 462 500 1274 632  564 277 88 

tau0 3 3 1 3 1 7 2 4 11 2  4 3 1 
td0 1 1 5 1 1 1 3 1 1 1  2 1 0 
A1 2000 2150 2692 2800 2229 2236 2224 2700 572 2146  2175 628 198 

tau1 12 19 7 30 9 12 14 22 2 14  14 8 3 
td1 9 4 9 7 10 12 12 5 11 12  9 3 1 
A2 100 200 1 350 446 561 1 300 875 146  298 274 87 

tau2 145 185 245 160 29 54 132 130 55 60  120 69 22 
td2 120 180 178 160 53 88 123 110 33 80  112 50 16 

MSE 14489 32585 50180 24473 17508 11540 29634 34670 5581 28057  24872 13085 4138 
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800 

     

Mono 
Post 

1 2 3 4 5 6 7 8 Mean SD  SEM 

VO2b 775 1230 780 758 655 665 976 1148 873 219 77 
A1 2976 3199 3153 2835 3452 3086 4016 2729 3181 405 143 

tau1 15 10 14 17 13 14 12 7 13 3 1 
td1 8 5 6 1 5 3 4 8 5 2 1 

MSE 19395 51746 28615 23035 20451 21515 37964 38699 30177 11575 4092 
            

Bi (20s) post           
VO2b 684 1143 638 703 621 654 985 952 797 199 70 

A1 3158 3260 3312 2812 3488 3093 4080 2941 3003 390 138 
tau1 20 10 16 16 13 14 12 11 14 3 1 
td1 2 5 3 1 5 3 4 2 3 1 0 
A2 44 79 154 158 98 80 195 97 113 51 18 

tau2 93 60 94 30 102 117 105 122 91 31 11 
td2 125 90 77 84 130 139 95 129 109 25 9 

MSE 27383 47615 20779 17904 19774 20809 31555 42001 28477 11119 3931 
Atot 3887 4481 4104 3673 4207 3827 5260 3991 4179 502 178 

           
Tri 

Post 
           

VO2b 689 1233 664 709 631 665 933 977 813 214 76 
Ao 600 585 564 472 571 341 347 578 507 108 38 

tau0 4 2 1 1 2 14 1 1 3 5 2 
td0 1 3 1 1 1 1 1 1 1 1 0 
A1 2750 2575 2431 2435 2900 2745 3699 2317 2732 437 155 

tau1 30 6 9 20 13 14 12 6 14 8 3 
td1 5 9 10 5 7 3 5 11 7 3 1 
A2 20 200 292 194 59 90 127 93 134 89 31 

tau2 100 97 17 110 126 100 59 97 88 34 12 
td2 90 94 44 153 202 144 95 152 122 50 18 

MSE 47404 40909 13994 29948 18875 21515 36020 31149 29977 11411 4034 
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A0    V&O2 baseline 

A1   amplitude of phase I V&O2

ADP   adenosine diphosphate 

ANOVA  analysis of variance 

AOD   accumulated oxygen deficit 

AT   anaerobic threshold 

ATP   adenosine triphosphate 

Ca++   calcium 

Caer   aerobic capacity 

CD   capillary density 

CI   confidence intervals 

CK   creatine kinase 

CO2   carbon dioxide 

CP   critical power  

Cr   creatine 

Cr   energy required to transport the body over one unit of distance 

CV   coefficient of variation 

EC   energy cost 

EPOC   excess post-exercise oxygen consumption 

Er   maximal metabolic power above resting levels 

ES   effect size 

ETC   electron transport chain 

GXT   graded exercise test 

H+   hydrogen 

HM and ES  Human Movement and Exercise Science 
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ICC   intra-class correlation 

La-   lactate 

[La-]b   blood lactate concentration 

[La-]m   muscle lactate concentration 

LDH   lactate dehydrogenase 

LT   lactate threshold 

MAOD  maximal accumulated oxygen deficit 

MAP    maximal aerobic power 

min   minute 

MM   muscle metabolites 

M.Mod.  mathematical modelling 

NAD   nicotinamide adenine dinucleotide 

O2   oxygen 

O2 debt  oxygen debt 

O2 deficit  oxygen deficit 

PCr   phosphocreatine 

PFK   phosphofructokinase 

PHOS   phosphorylase 

Pi   inorganic phosphate 

R   steady state maximal aerobic power 

s   seconds 

SC   slow component  

τ   tau 

TD   time delay 

TMAP    maximal duration of a race for which Peak = MAP. 
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UWA   University of Western Australia 

V&CO2   rate of carbon dioxide production 

νmax   maximal speed 

V&O2   rate of oxygen consumption 

V&O2 peak  peak rate of oxygen consumption 

V&O2 max  maximal rate of oxygen consumption 

λ1   rate of aerobic energy release 
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